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A comparative study of electrochemical, spectroscopic and
ituted

structural properties of phenyl, thienyl and furyl su

ethylenes
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Ortoleva, ™ Silvia Cauteruccio, ® Emanuela Licandro, ™ and Clara Baldoli

Abstract: a detailed electrochemical and photophysical comparative
study of three parallel series of phenyl, thienyl and furyl substituted
ethylenes has been carried out, implemented by the computational
calculation of selected terms. Relationships have been highlighted
between molecular structure (number and type of aromatic rings)
and important functional properties (in particular, electronic features
and oligomerization ability). Interestingly, some of the studied
heteroaryl-ethylenes show emission in the solid state displaying an
aggregation-induced emission behavior.
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Figure 1. (Hetero)arylethylene series

Results and Discussion
Synthesis

Of the nine molecules object of the present paper (Figure 1),
phenyl derivatives, DTE and DFE are commercially available.
TrTE is a new molecule while TrFE has been mentioned in the
literature” but not fully characterized. TTE is a known molecule®®
while TFE, which was under investigation in our group,® has
been recently reported in the in literature.' For the purposes of
this work, we synthesized DFE, TFE, and TTE from the
corresponding carbonyl compounds 1-3," (Scheme 1) using a



slight modification of the reported McMurry conditions: pyridine
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Scheme 1. Synthesis of DFE, TTE and TrFE

The trisubstituted derivatives TrTE and TrFE were prepared
through a Pd-catalyzed cross-coupling reaction between gem-
dibromo derivatives > 4 or 5 and 2-thienyl or 2-furyl
dioxaborolanes 6 or 7. (Scheme 2) The reaction was carried out
in refluxing THF/H,O solution, in the presence of K,COs; the
target compounds were obtained, after chromatographic
purification, in 70% and 30% yield respectively and were
completely characterized.

D d(OAc),4PPh3
Cl/\r i K,CO3 1M H,0, THF
Reflux
X=8 X=8 r
X=0 X=0

Scheme 2. Synthesis of TrTE and TrFE

Moreover, we found that an alternative and convenient w
simultaneously obtain DFE, TrFE a
McMurry reaction between 2-furan
furyl)ketone 2. (Scheme 3) The th
homocoupling (DFE, and TFE) and h
rection, were obtained as a ymixture from
compounds could be easily i
column chromatography sep

TFE (40%)

TrFE (40%)

Scheme 3. Cross McMuri Rction to obtain DFE, TrFE and TFE
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Electrochemical studies

The redox properties and electropol
(hetero)arylethylenes, shown in Figure
cyclic voltammetry (CV)
dichloromethane (DCM) a

studied by
N) and in
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cycle are available
the ACN and the DCM
jvely). The two chosen
more polar than DCM)
ow, as DCM undergoes
Ss negative potential than
eventing the observation of the
the less conjugated molecules (e.g. di-
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Figure 2. Normalized CV patterns for the investigated (hetero)arylethylenes
(sorted by number of rings), in ACN + 0.1 M TBAPFg, at 0.2 V/s scan rate.

Normalized CV patterns at increasing scan rates are also
reported in the Sl (Figures EC3, EC4, ECS5), since they provide
information about two important features in the perspective of
device applications, i.e.: a) facility of the electron transfer (ET):
the larger the peak potential shift with increasing scan rate, the



higher the ET activation barrier, while constant peak potential
with  scan rate points to an extremely facile ET
(“electrochemically reversible” process) b) chemical reversibility
of the ET process: i.e. chemical stability of the ET product, so
that it can be reconverted into the reacting molecule by inverting
the potential scan: this is accounted for by the presence of a
symmetrical return peak. The presence of a competitive
chemical follow-up process is evidenced by this return peak
gradually disappearing upon reducing the potential scan rate.

As it can be seen in Figure 2, most first oxidation and reduction
processes appear chemically irreversible at 0.2 V/s, consistently
with the involvement of the radical-ion ET product in a
subsequent chemical process. However, in several cases
reversibility improves with increasing scan rate (SI, Figures EC3-
ECS5), particularly in the phenyl cases, showing a rather slow
chemical process following the electron transfer. Furthermore, in
most cases (either chemically reversible or irreversible) the peak
potential is nearly constant with scan rate, pointing to a rather
facile electron transfer.

Values of onset and peak potentials for first oxidations and
reductions in ACN are collected in Table 1 (data in DCM are
also available in the Sl) together with the corresponding HOMO
and LUMO energies and energy gaps (Eg), calculated from the
equations reported in the SI, ultimately based on the estimated
absolute value for the normal hydrogen electrode (NHE)."

A
Table 1. Key CV data for the (hetero)arylethylene series in ACN."!

Compd. EuVI”  EeM™  EnowoleVl  EwwoleVl  EqleV]
onset/max  onset/max onset/max onset/max /max

DPE 1.01/1.10 -2.57/-2.70 -5.81/-5.90 —2.23/-2.,3.58/ 0
DFE 0.57/0.71 -2.61/-2.72 -5.37/-5.51 -2.19/—& 3.1%
DTE 0.61/0.72 -2.44/-2.54 -5.41/-5.52
TrPE 1.03/1.14 -2.64/-2.54 -5.83/-5.94 -2.16/-2.26 3.
TrFE 0.52/0.61 -2.40/-2.49 -5.32/-5.41 -2.40/-2.31 2.926.1
TrTE 0.63/0.72 -2.34/-2.44 -5.43#& -2.46/-2.36 2.97 6
TPE 0.88/0.97  -2.49/-2.55 -5.M25 1/3.52

TFE 0.47/0.57  -2.08/-2.19 -5.27/-56.37 -2. .55/2.76
A

TTE 0.44/0.54,0.64 —2.05/—2.&.34 —2.75/—2.68Y 2.49/2.66
i O —
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expected. This is of course consistent with the increase in
effective conjugation. Comparing three series at constant
number of aromatic rings, both e- and furan-based
systems have smaller gaps with respe e corresponding
phenyl-based ones, pointing to higher jugation for
the heteroaryl-based sys ethyleffes a more
remarkable LUMO decrea reasing ring number is
observed.
Table 2 Electrochemical literature data'® for linear oligo(hetero)aryls
considered as benchmarks.
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As expected, heterocyclic derivatives also appear much electron
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P2

DPE € E
P . TIPE TIFE TTE
i A7 T TFE TTE
2 4
A =] A

i
3 i

i

i

i

i
4 i

i

i

i

i
-5 '

X x A
> A )

-6 -~

Figure 3. Electrochemical HOMO and LUMO energy levels and gaps for the
whole ethylene series, obtained in ACN (full symbols, solid lines) or DCM
(empty symbols, dotted lines) plus literature values for the benchmark
compounds.



It is also useful to compare ethylene derivatives with linear
oligoheteroaryls as benchmarks (Table 2 and figure 3).

DPE has a quite smaller gap respect to P2 (i.e. much higher
effective conjugation), consistently not only with its additional
central double bond, but also because in P2 the two phenyl rings
are significantly tilted as a consequence of the steric hindrance
between H atoms in ortho position. Instead gap differences
between TrPE and P3; and especially between TPE and P4 are
much smaller, consistently with TrPE and TPE having one or
two rings not complanar® with the main DPE conjugated system
(which appears to have an effective conjugation comparable to
Pa).

Turning to the thienyl series, again the DTE gap is narrower than
the T2 one, but the difference is much smaller; as in linear a-
oligothiophenes the steric ortho effect should not be considered.
Analogously to the phenyl series, gap differences between TrTE
and T; and between TTE and T4 are much smaller than that
between DTE and T,, consistently with lack of complanarity of
one or two rings.’

The solvent effect on the peak potentials (normalized against the
ferrocene couple to enable correct comparison of the solvent
effect) is significant but not remarkable. The first reduction peak
potentials are, for all available comparison cases, invariably
more positive (easier reduction) in ACN, while first oxidation
ones are less positive (easier oxidation) in ACN for
thienylethylenes, but in DCM (see SI) for the phenyl and fugyl
ethylene series.

Electrooligomerization

CV experiments also included a study of the olig
ability of the nine monomers by electrooxidation an
radical cation coupling, according to the classi
described by Heinze." Although the electroolj

(solvent, supporting electrolyte,
potential scan rate, electrode su
repeated potential cycles (in most
around the first oxidation peak of each

oligomer film was checked pe
monomer free solution, at fi

the facility of the do
the potential cycle

when available, re
Phenyl derivatives. , the CV patterns of the
show increasing chemical reversibility
increasing symmetrical return peak
g to the radical anions and radical

cations formed in the jon and first oxidation processes
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being rather stable. Consistently with this observation, almost no
electrodeposition was achieved pegiarming oxidative cycles with
these monomers in our working co
Thienyl derivatives. The monomers of t
chemically irreversible oxidation peaks,
of much higher effective cong
(as evident from their oxida

in Table 2).
-

Table 3. Oxidation potentials of the monomers and of their oligomer films
electrochemically grown on GC as working electrode, in DCM and ACN
Cathodic peak
(E IV vs Fc+|Fc)

, Which display
ctive films

the startiMg monomers
ction potentials reported

DCM ACN

/ -2.54
0.67 -2.24 /

0.72 / -2.44

0.52 -1.86 -1.95

TTE Mon. 0.54 0.54, 0.64 -2.34 212
0.38 / / /

DFE &:. 0.63 0.71 / 2.72
Film 0.20 0.37 / /

0.59 0.61 / -2.49
0.40 / / /

0.47 0.57 2.4 -2.19
Film 0.44 / / /

electrooligomerization  ability however remarkably

ses with increasing ring number, and is very slow but still
ivable for TTE. This trend might be a consequence of
er increasing stabilization of the radical cation and/or
creasing sterical hindrance due to the higher number of
thiophenes (actually, the TTE monomer oxidation peak shows
some return at 2 V/s scan rate, Flgure EC4 in the Sl). In DCM
the oligomerization process is fast for DTE, slow for TrTE. In
ACN the process is fast for DTE (even faster than in DCM), slow
for TrTE (like in DCM), negligible for TTE.

In the DTE case, the first oxidation peak of the monomer is
preceded by a prepeak (well evidenced in Figure EC4); cycling
around the latter only, without including the main one, results in
oligomerization of a film with similar patterns, but at a much
slower rate (Figure EC6.a in the Sl). Performing stability cycles
on the resulting oligo-DTE films, maxima appear significantly
shifting to more extreme potentials with increasing scan rate,
pointing to the doping/undoping process being kinetically
hindered (Figure ECG6.b). This effect is particularly evident
working in ACN on GC, as well as working on ITO transparent
electrodes, which also affords observation of the oligomer film
electrochromism.

With TrTE, the electrodeposition is slower working in the same
conditions, as already mentioned (but can be greatly increased
increasing the monomer concentration, Figure EC7a), and
proceeds at a similar rate in the two solvents. Stability cycles are
much more symmetrical than in the DTE case, with maxima
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nearly constant with scan rate, pointing to a facile the present paper, and those of DPE, TPE, DTE and TTE
doping/undoping process. This could be linked to the slower, reported in our previous paper.®
more regular electrodeposition and to the lower thickness of the  The absorption spectra of the DF
deposited film, since it does not apply to the films deposited at  recorded in dichloromethane (DCM) sol
higher monomer concentration on DCM Very thin films are 4.
electrodeposited from TTE in DCM (Figure EC8) but not in ACN.
Their stability cycles appear rather symmetrical and unaffected

by scan rate, as in the TrTE case and possibly for the same
reasons. Widening the potential range to study first reduction
processes, the films appear easier reduced than the monomers,

and able to release the negative charge at potentials only
slightly more positive than the reduction peak ones. Very slight
charge trapping effects could be observed in a few cases,
actually those of the thicker films, i.e. oligo-DTE grown in ACN

and DCM and oligo-TrTE grown in DCM with a tenfold monomer
concentration.

Furyl derivatives. Even the furyl derivative family gives
electrooligomerization, but with comparatively slower rates than

the thienyl one. Also in this series the same trend of decreasing
oligomerization ability with increasing number of heteroaromatic 01— = m—
rings is observed. DFE displays a slower, more regular 300 350 400 450
electrooligomerization than DTE (its behaviour looking similar to l Wavelength (nm)

that of TrTE). The stability cycles of the film grown on GC in re 4. NoM@lized optical absorption spectra of DFE, TFE, TrTE, TrFE,
ACN are particularly symmetrical (like oligomerization cycles, rPE in 10° M DCM solution
too) and constant with scan rate, pointing to a facile
doping/undoping process. TrFE oligomerization is slower thgn
the DFE one, and apparently the film lacks stability
performing the stability cycles. TFE oligomerization is ble 4). DFE molecule shows a well resolved
slower, and, again, the resulting films appear unstable upon vibronic strifcture with peaks at 310, 324 and 341 nm. When
cycling. three (TrFE) and four furanyl groups (TFE) are present, the
absorption band broadens losing the vibronic structure and red-
of 0.19 and 0.63 eV, respectively, compared to the
ule with only two furanyl groups (DFE). The red-shift of the
rption from DFE to TFE is in agreement with the reduction
the energy gap of about 0.6-0.7 eV obtained from the CV
esults (see Table 1).

TFE, TrTE and TrPE,
e shown in figure

Otpical Absorption

sorption of the furan containing ethylenes shows a red-
4 to 388 nm with increasing the number of furanyl

Electrochemical impedance spectroscopy (EIS) exp

Films obtained by electrooligomerization were
monomer-free solution by comparing their e
impedance spectra at different potentials, correspo
increasingly positive film charging. Details are reported in the
with Nyquist, Bode modulus, and Bode phase diagram

selected cases (Figures EC12-18). Evajuating them qualitat Table 4. Optical properties of (hetero)arylethylene series

presence of a charge transfer resi Compd. Aas: [nm] Aem™ [nm] Qy®

) . . . i DPE 300 385 0.70
(i.e. with increasing degree of positive film cha
unperceivable at all potentials, TrPE 300 430 0.26
charge transfer to the film. S TPE 307 445 0.37
be noticed between , the Recr DTE 343 438 0.30
pr?sence appears. creasing film TTE 350 480 0.03
thickness, (b) growing the an GC; (c) after
performing stability cycles; TTE 370 420 0.06
one (both of them grown with same protocol on the same DFE 324 388 0.33
kind of support). TrFE 341 435 <0.01
TFE 388 495 0.17

[a] absorption peak position in DCM solutions (10° M).
data of the whole ethylene series, [b] emission peak position and PL QY in the solid state at
. . room temperature.

ich we present the photophysical

data of DFE, TrFE, T nd TrPE molecules, objects of



Comparing the absorptions of trisubstituted derivatives (TrPE,
TrTE and TrFE) we observe that TrPE and TrFE displays broad
absorption bands centered at about 300 and 341 nm, while TrTE
shows a partially resolved vibronic structure with a maximum at
350 and a shoulder at 368 nm.

Most of these molecules, similarly to TPE derivatives, do not
show any detectable emission in solution but shows a quite
intense emission in the solid state, therefore displaying an
aggregation-induced emission behavior.™

The photoluminescence (PL) spectra of DFE, TrFE, TFE, TrTE
and TrPE in the solid state at room temperature are reported in
figure 5. The emission goes from a deep blue for the smaller
molecule, DFE, to a green emission for the larger one, TFE.
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Figure 5. Normalized PL spectra of DFE, TrFE, TFE, Tr
solid state.

680

The PL spectrum of DFE is characterized by a narrow ba
peaked at 388 nm and a PL Quantum Yield (QY) of 0.33..The
TrFE molecule shows a broad emissiory band, centered at a

characterized by a red-shifted PL b
nm and QY of 0.17.

A bathochromic shift of 107 nm
observed with four furanyl su
to the emission band of DFE,

characterized
,and a PL QY

three aromatic groups
in all the series of

ethylene
Due to tructure of this class of molecules,
the r ould be due to the restriction of

intramolecular rotation anism® and basing on this we
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might assume that the compounds with three aromatic groups
have lower tendency to aggregatgain rigid structures. This is
evident in the case of the TrFE that appears in the
form of oil, thus its emission properti expected to be
similar to those of the corresponding so

ared, weote that the
henyl ring substituents,
the thiophene ring, in
agreement with the
systems.?

Computational s|

Ab-initio comp,
nds namely TPE, TTE and
TFE.
computations have been done using
rograms. Meta-hybrid GGA functional
which accounts for no covalent
interactions and gives y barriers enough accurate. In HF
computations valence double zeta plus polarization on all atoms
sis set, 6-5(d,p),”® has been used. In DFT valence triple
plus pdgfrization on all atoms plus diffused on heavy atoms
set, 6-311+g(d,p), has been used.*

structure has been fully optimized and vibrational
cies have been computed to confirm the stationary point

described below that have been obtained by
artree-Fock (HF) and density functional theory
(DFT), it has emerged that both TTE and TFE can exist in
several conformers and they differ from one another by few
Kcamol, so that all of them are accessible from the energetic
poiof view.
Bg tetra(2-furyl)ethylene (TFE) and tetra(2-thienyl)ethene
E) have rings tilted out of plane as it happens in
etraphenylethylene (TPE) because of the steric hindrance of the
rings. The ethylene bond, also, is rather twisted featuring an
angle between 10° and 20°. The relevant geometrical data are
reported in Table 5.
Seven distinct structures have been identified for both TTE and
TFE. They are hereafter indicated by the form c+t-c+t-, where ¢
and t stand for cis and trans and indicate the orientation of the
heteroatom with respect to the ethylene double bond, and + and
— indicate the relative position of the heteroatom below or over
the mean plane of the molecule. The order is indicated by the
subscript of torsion angles in the following figure 6.

Figure 6. Torsion angles in tetrasubstituted ethylene structure
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Table 5. relevant geometrical parameters of TFE, TTE and TPE computed at HF and DFT level. BC=C is the torsion of the ethylene bond,
&1, $2, $3 and ¢4 are the torsions X-C-C=C, as indicated in figure 7. For comparison sake the C=C distance in ethylene is: 1.3223 A with
HF and 1.3230 with DFT.

HF/6-31g(d,p)

TFE
Sym Re=c (A) Oc-c 1 b2 #3
c+t+c+c- 1.3462 -141 -38 130 -37
t+t-c-t- 1.3432 -13.9 135 140 -38
t-t+c+c- C, 1.3440 -129 127 127 -35
ct+t+c+t+ C, 1.3443 -145 -37 132 -37
ctt+t-c- C, 1.3456 -15.5 -39 138 138
t-t+t-t+ D, 1.3425 -154 135 135 135
c+c-c+c- D, 1.3483 -14.7 -36  -36 -36
TTE
c+c-t-c- 1.3434 -10.3 -55 -54 128 -56 1.3667 -15.3 -41 -54 128 -35
t+t-c-t+ 1.3421 -11.2 123 122 128 '3657 -15.4 129 134 -39 127
c+c-t-t+ C, 1.3424  -10.2 -54 -54 123 1.3672 -17.7 -46 -46 135 135
ctHt+c+t+ C, 1.3434 -10.9 -56 128 128 1.3659 -14.1 -35 123 -35 123

cHt+t-c- C. 1.3426  -10.1 -58 1 1.3662 -16.1 -44 132 132 -44

t-t+t-t+ D, 1.3413 -10.7 124 3630 -13.5 131 131 131 131
ctc-c+c- D, 1.3437 -10.8 1.3671 -16.3 -46  -46 -46  -46
D, 1.3394 7.9 1.3537 94 -130 51 -130 51

ed scans, with both methods, of the complete rotation of a
le ring either in TFE or in TTE showed barriers of few
al/mol and anyway ranging (M06/6-311+g(d,p)) from 3 to 5
cal/mol for TFE, from 0.5 to 2 kcal/mol for TTE and from 5 to 7
kcal/mol for TPE. As a consequence, in experimental condition,
all the conformers should be present with a rather uniform
distribution both in gas and diluted solution phases. This means
that experimental measures are a thermodynamic mean on all
configurations.

In Table 7 are reported the gaps between the highest occupied
(HOMO) and lowest unoccupied (LUMO) orbitals. It should be
noted that HF eigenvalues are true energies of the orbitals and,
in the scheme of Koopmans theorem, the eigenvalue of HOMO
is the opposite of the energy to extract an electron and that of
LUMO is the energy to add an electron, so the difference
between LUMO and HOMO is an adiabatic approximation of
excitation energy to the first excited electronic state. Otherwise
the DFT eigenvalues are the derivate of energy with respect to
the occupation number of pseudo- orbitals: in fact in Kohn-Sham
method the “orbitals” are not true wave functions but only a tool
to get the correct electron density.

With a heavy approximation we can obtain the energy, AE to
extract an electron from i-th pseudo-orbital:

The structures of TTE, TFE and TPE have
strongly twisted respect the C=C double bond plane.
The only experimental structure found in Cambridge Struc
Database® shows that in the DTE molecule the two tiophene

Therefore the coplanar configuration |
packing interactions.

As can be deduced from tabl

consequence of the redu
are more out of plane.

The MO6 results are in agree with the HF ones; as this DFT
functional i gree of correlation error
correction it give ger than those computed
with HF: therefore i n of hindrance which
produces a lesser twis of both the C=C bond and the rings.

Energi i mers are reported in Table 6 and in
lay in a range of maximum 3
kcal/mol. A com f the reaction pathways among
such a number of conformers is outside the aim of this work.



19E(n)
AE = — —dni

2 Oy
If we assume that (0E(n)/an; is constant from ni=2 to ni=1, which
is a rough approximation then: AE= -9E(n)/dni= —¢; ®™"
Anyway it is known that LUMO energies, as computed by DFT
methods,? are generally unrealistically low, so, while HF gaps
are expected to be too high, the DFT gap are expected to be too
low.
In fact the differences between relaxed computations for cation
and anion give values more in line with HF computed HOMO-
LUMO gaps: TFE t-t+t-t+ 7.51, TFE c+c-ctc- 7.39, TTE t-t+t-t+
7.62, TTE c+c-ctc- 7.58. In table 6 are also reported the
energies of the first electronic transition as computed with the
time dependent DFT model (TD-DFT). These values are in line
with the CV measures

Table 6. Energies and relative energies of TFE and TTE
HF/6-31g(d,p) M06/6-311+g(d,p)

Eot (au)®  AEM Eio (2.u)™
TFE
cHtéctc-  -987.679483 0.80  -993.259444
tHt-c-t- -987.678242 157  -993.257334
t-t+ctc-  -987.679091 1.04  -993.257772
cHtrcHt+  -987.678133 164  -993.258392
cHtHt-c-  -987.678748 1.26  -993.258728
t-t+t-t+ -987.677909  1.78  -993.255831
ctc-ctc+  -987.680750 0.00  -993.260758
TTE
cHtéctc-  -2278.334534 1.97
tHt-ct-  -2278.336528 0.72
t-t+ctc-  -2278.335672 1.26  -2285.200031
cHttcHtt  -2278.335277 150  -2285.200711
cHt+t-c-  -2278.335450 1.40
t-t+t-t+  -2278.337675 0.00
cHc-ctct  -2278.333693  2.50

HOMO orbitals, as shown i
conjugation between rings an

. This fact is explained
f the HOMO orbitals (Figure 7) which

ital of the ethylene moiety and the
ti-bonding one.
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Table 7. HOMO and LUMO orbital energies of TFE, TTE and TPE along with
HOMO-LUMO gap, Ae. The LUMO HOMO gap in ethylene is 15.01 eV (HF)
and 7.76 eV (DFT). TDDFT are the energies of the first electronic transition
computed by time dependent M06/6-311+g(d,p). For comparison sake, in
ethylene the LUMO HOMO gap is 15.01 eV (HF) and 7.76 eV (DFT), the first
electronic transition is at 6.67 eV

HF/6-31g(d,p)

HOMO LUMO Ae TDDFT
(a.u.) (a.u.) (eV) (eV)
ctttctc- -0.2544 3.53 2.93
t+t-ct-  -0.2619 3.68 2.99
t-t+ctc-  -0.2602 -0.0678 3.62 2.98
ctt+c+t+ -0.2596 -0.0679 3.60 2.96
ctt+t-c-  -0.2565 -0.0682 3.56 2.93
t-t+t-t+ -0.0665 3.72 2.99
c+c-c+ct 1961 -0.0681 3.48 2.90
ctc-t-c- -0.2061 -0.0698 3.71 2.95
-0.2077 -0.0682 3.80 3.00
ctc-t-t+ -0.2062 -0.0699 3.71 2.93
ctt+c+t+ -0.2728 0.0792 9.58 -0.2074 -0.0683 3.78 3.02
0.0808 9.65 -0.2066 -0.0691 3.74 2.96
0.0859 9.91 -0.2098 -0.0661 3.91 3.09
0.0752 9.38 -0.2051 -0.0707 3.66 2.90

TPE

0.1017 10.19 -0.2192 -0.0518 4.56  10.19

HF 460 DFT
mn TPE
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3 [ ]
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& ’ 4.00
H m TE
T 920 | 4 3.80
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Figure 8. HOMO-LUMO energy differences as function of C=C bond distance
in the ethylene moiety, computed with HF/6-31g(d,p) on left and M06/6-
311+g(d,p) on right.



The dependency of HOMO-LUMO energy gap on C=C bond
distance is neater in HF results because the above pointed to
difference between HF and DFT orbitals. Figure 8 also shows a
difference between TFE and TTE: TTE gaps have a steeper
slope and correlate well with TPE gap.

This difference is paralleled by APT? (Atomic Polarization
Charge) values, whatever the model: in TFE the oxygen is
always negative, with a greater charge when it is in cis, while in
TTE sulfur atom is always slightly charged generally positively
by values not far from TPE with a slightly greater charge when
the sulfur is in cis configuration.

eft TPE, TTE and TFE
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So the HOMO-LUMO gap in such type of molecules depends
mainly by the stretching effect of
length and on the presence of stro
in the substituents. Above reported res
molecule, if the packing with other
hindrance effect we shall ex

re showed in colors in
found in Sl). It can be
TPE to TTE and
and the values of
trend is confirmed by a

cular orbitals involved in
orbitals of ethylene group

Therefore we
the electronic

is connected to the different slope of
the ethylene bond length.

nclus‘s

iled photophysical and electrochemical comparative study
n achieved for three parallel series of phenyl , thienyl
jtuted ethylenes, supported by the computational
elected terms. A systematic, exhaustive
electrochenfical investigation by cyclic voltammetry, also
supported by electrochemical impedance spectroscopy, enabled
to study electronic properties and oligomerization ability of the
)aryl ethylene monomers as a function of the number and
typgof aromatic rings. The central double bond significantly
ributes to the overall T-conjugation efficiency, on which the
esence of tilted aromatic rings plays a key role. With respect to
henyl-substituted ethylenes, the energy gaps of thiophene- and
furan-based ones are comparatively smaller and displaced to
higher energies, consistently with higher electron-rich character.
Unlike phenyl-based systems, both heterocycle families give
electrooligomerization, at a rate comparatively faster for the
thienyl series, and decreasing for both series with increasing
number of heteroaromatic rings. The electrodeposited oligomer
films show facile electron transfer as well as electrochromic
effects.

Results from the photophysical study confirm the above
considerations, indicating a remarkable red shift for the
heteroaryl systems compared to the phenyl series. At the same
time, in all of the cases a red shift is observed by increasing the
number of rings on the double bond. The highest emission
efficiency was observed for phenyl-substituted ethylenes series,
while a lower one was displayed by trisubstituted ethylenes
TrPE, TrTE and TrFE, when compared with di-and tetra-
substituted series, possibly indicating to their lower ability to
aggregate in rigid structures.

Computational studies (HF and DFT) performed on TTE, TFE
and TPE, indicate that the three molecules exist in seven distinct
conformers with an energy barrier as low as 3 kcal/mol.



Moreover, the four (hetero)aryl rings are strongly twisted with
respect to the carbon-carbon double bond plane: therefore, the
partial planarity of these systems mentioned in the literature
could be attributed to packing interactions in the solid state. The
same trend observed from electrochemical study is found in
calculated energy gaps that is lower gaps are found for TTE and
TFE with respect to TPE.

A palette of interpretative/predictive guidelines is thus made
available concerning the redox and spectroscopic properties of
(hetero)arylethylenes as a function of their molecular structure,
which could be particularly useful in view of their possible
application, as monomers and/or related oligomer films, in
various molecular devices.

Experimental Section
General information

Unless otherwise specified, all the reactions were performed under
nitrogen atmosphere using standard techniques using flask equipped
with a magnetic stirring bar, septum inlet, and reflux condenser when
necessary. All reagents and solvents were obtained from highest grade
commercial sources and used without further purification. Anhydrous
solvents were purged with nitrogen before use. The reaction outcome
was monitored by TLC silica gel plates and HPLC. All chromatographic
separations were carried out on Merck silica gel (60u, 230—400 me
Melting points were obtained with a Buchi B-540 melting point app
and are uncorrected. '"H NMR and "®C NMR spectra were record
Bruker AVANCE DRX-400, Bruker AC300 and AMX 300
spectrometers; the chemical shifts () are reported in parts
relative to the solvent residual peak (CDCl;). HPLC an
performed on an Agilent 1100 series equipped with a PD.
the reverse phase ZORBAX Eclipse XBD-C18, (4.6x%
particle size) eluent: CH3CN/H,O, (1mL/min). DPE, TP
dioxaborolane 6 and 7 are commercially available c
Aldrich).

Electrochemistry: The cyclovoltammetric study of all the compounds w:
performed at scan rates typically ranging 0.05-2 V s-1.
concentration of substrates was tipically 0.0005 M in CH2CI2
CH3CN with tetrabutyl ammonium hexaflu hosphate (TBAPFg)
as the supporting electrolyte. Glassy carb;

has been compensated by the p
cycles were run: one anodic a
where no electrode proci
of the signals of interest
the opposite reaction. The
AUTOLAB PGSTAT potentiost:
PC with GPES software. The worl
one (AMEL, dia
diameter = 1 ym) o
was a platinum wir
saturated calomel elec
intersolveptal redox pot
IUPAC) i ce of -0.

e of products of
eriments were d out using an
coChemie, The NE&therlands) run by a
electrode was a glassy carbon GC
ed by diamond powder (Aldrich,
P-Nap). The counter electrode
electrode was an aqueous
e (SCE), having vs the Fc+|Fc couple (the
ol reference currently recommended by
\/ in CH,CI, and -0.391 V in CH;CN.

Characteriz

Optical
performed

absorption measurements were

using a Perkin-ElImer Lambda-9 spectrometer on
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dichloromethane diluted solutions (10-5 M). Photoluminescence (PL)
spectra were recorded at room tempggature by using a 270M SPEX
spectrometer equipped with a N2 SPEX Jobin Yvon CCD
(charge-coupled device) detector, and by with a Xenon lamp
connected to a Jobin Yvon Gemini monochr the wavelength

antum yields (QY) on solid-
made integration sphere,
following the procedure
Xenon lamp. The exg
recording the PL spec

mixture was stirred for 10 min at the same
for 3 h (in the case of 2 it was stirred at
room temp g to room temperature, a saturated
Na,CO;3 solution (20 mL added and the solvent evaporated. The
residue taken-up with CH,Cl, (50 mL) was filtered over a pad of Celite®.
The aqueous se was extracted with CH,Cl, (4x20 mL) and the
bined or c phases were washed with H,O (20 mL), dried over
O, and "evaporated. The residue was purified by column
atography (hexane/ CH.Cl,, 9:1) affording the target compounds:
6%), TFE (49%), pale-yellow solid m.p. 163-164 °C (not reported
1

') and TTE 12 (55%), whose analytical and spectroscopic data
9,10,11

ept with those reported in the literature.

rTE and TrFE: general procedure

To a solution of of 2,2-dibromovinylheterocycle 4 or 5 (0.5 mmol) and
riate dioxaborolane 6 or 7 (0.8 mmol) in THF (5 mL), K,CO3; (1 M
, 3 mL, 3.0 mmol), Pd(OAc), (0.025 mmol), and PPhs (0.1 mmol)
added. The mixture was refluxed for 8 h, then a second portion of
ropriate dioxaborolane (0.7 mmol) was added and the mixture
fluxed for 8 h. After cooling to room temperature, H20 (20 mL) was
dded and the mixture taken-up with CH,Cl, (20 mL) was filtered over a
pad of Celite®. The organic phase was separated and the aqueous
phase extracted with CH,Cl, (4x15 mL). The combined organic phases
were washed with H,O (20 mL) dried over Na,SO, and evaporated. The
crude product was purified by column chromatography (hexane) affording
the target compound.

TrFE (30%) light brown oil (easy degradable by air-exposure) 'H-NMR
(300 MHz, CDCls): 8, ppm = 7.60 (s, 1H), 7.51 (s, 1H), 7.42 (s, 1H), 7.09
(s, 1H), 6.57-6.61 (m, 2H), 6.48 (ps, 1H), 6.42 (ps, 1H,), 6.30 (d, 1H, J =
2.9), 6.04 (d, 1H, J = 3.3). *C-NMR (75 MHz, CDCl3): 8, ppm = 153.87,
152.16, 149.51, 142.70, 142.63, 142.55, 142.12, 118.20, 111.94, 111.83,
111.19, 110.69, 109.29. MS-EIl (m/z) C14H1003: 226 [M+].

TITE (70%) yellow solid, m.p.: 58-60 °C "H-NMR (300 MHz, CDCls): 8,
ppm = 7.54 (d, 1H, J = 5.1 Hz), 7.38 (s, 1H), 7.21-7.17 (m, 2H), 7.14 (d,
1H, J = 5.1 Hz), 7.08 (d, 1H, J = 3.4 Hz), 7.01 (d, 1H, J = 3.5 Hz), 6.97-
6.90 (m, 2H), 6.83 (d, 1H, J = 3.6 Hz). *C-NMR (75 MHz, CDCI3): §,
ppm = 122.98, 124.86, 125.89, 126.42, 127.63, 127.75, 127.81, 129.01,
129.70, 140.32. HRMS-EI (m/z): calc. for CisH1oSs: 273.99446, found
273.993960.

Cross McMurry reaction to obtain DFE, TrFE, TFE



To a solution of carbonyl compounds 1 (5 mmol) and 2 (5 mmol) in dry

THF (30 mL) cooled to —20 °C, TiCls (24 mmol, 1.2 eq) was slowly added.

The reaction mixture was stirred 20 min at -20 °C, then zinc (50 mmol,
2.5 eq) was added in three portions. The mixture was stirred for 10 min at

the same

temperature, then refluxed for 3 h, (following the

disappearance of the starting compounds by TLC: hexane/AcOEt, 9:1). A
saturated Na,COj3 solution was added and the solvent evaporated, then
CH.CI, (30 mL) was added and the mixture was filtered over a pad of
Celite®. The aqueous phase was further extracted with CH.Cl, (4x10
mL) and the combined organic phases were washed with H,O (30 mL),
dried over Na,SO,4 and evaporated. The residue was purified by column
chromatography (hexane/ CH,Cl,, 8:2) affording DFE (44%), TrFE (27%)
and TFE (8%).
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