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Abstract: Two families of dyad and
triad systems based on perylene monoi-
mide (PMI), quaterthiophene (QT),
and 9,10-bis(1,3-dithiol-2-ylidene)-9,10-
dihydroanthracene (extended tetrathia-
fulvalene, exTTF) molecular compo-
nents have been designed and synthe-
sized. The dyads (D1 and D2) are of
the PMI-QT type and the triads (T1
and T2) of the PMI-QT-exTTF type.
The two families differ in the saturated
or unsaturated nature of the linker
groups (ethynylene in D1 and T1, eth-
ylene in D2 and T2) that bridge the
molecular components. The dyads and
triads have been characterized by elec-
trochemical, photophysical, and com-
putational methods. Both the experi-
mental and the computational (DFT)
results indicate that in the unsaturated

systems strong intercomponent interac-
tions lead to substantial perturbation
of the properties of the subunits. In
particular, in T1, delocalization is par-
ticularly effective between the QT and
exTTF units, which would be better
viewed combined as a single electronic
subsystem. For the dyad systems, the
photophysics observed following exci-
tation of the PMI unit is solvent-depen-
dent. In moderately polar solvents (di-
chloromethane, diethyl ether) fast
charge separation is followed by re-
combination to the ground state. In tol-
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separation

uene, slow conversion to the charge-
separated state is followed by intersys-
tem crossing and recombination to
yield the triplet state of the PMI unit.
The behavior of the triads, on the other
hand, is remarkably similar to that of
the corresponding dyads, which indi-
cates that, after primary charge separa-
tion, hole shift from the oxidized QT
component to exTTF is quite ineffi-
cient. This unexpected result has been
rationalized on the basis of the anoma-
lous (simultaneous two-electron oxida-
tion) electrochemistry of exTTF and
with the help of DFT calculations. In
fact, although exTTF is electrochemi-
cally easier to oxidize than QT by
around 0.6 V, the one-electron redox
orbitals (HOMOs) of the two units in
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triad T2 are almost degenerate.

Introduction

The rational molecular design of photomolecular assemblies
for efficient light-induced charge separation is a topic of
considerable importance owing to its fundamental and prac-
tical implications for solar energy conversion (artificial pho-
tosynthesis!' and photovoltaics!®®!). Towards this goal, the
general approach, which is essentially inspired by the strat-
egy adopted by Nature in photosynthesis, involves creating a
multistep electron-transfer chain along a molecular assembly
that exhibits a defined redox gradient that allows the vecto-
rial spatial separation of the photogenerated charges. In this
context, many covalently linked donor-bridge—acceptor (D-
B-A) systems have been prepared.’*'?! To produce a long-
lived charge-separated state with high quantum yield, it is
essential to maximize the rate of forward charge separation
while reducing the rate of charge recombination by separat-
ing the two photogenerated charges over a large distance.
So far the vast majority of triads designed for multistep elec-
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tron transfer are of the type
shown in Figure 1 ab, that is,
based on a light-absorbing unit
(photosensitizer, P) sandwiched
between a donor (D) and an ac-
ceptor (A) to form a triad of
the type D-P-A or a photosen-
sitizer covalently linked to sev-
eral electron acceptors to give a
triad of type P-A,-A,’" In
the first case, the charge-sepa-
ration process takes place by
sequential electron- and hole-
transfer processes,>!"1¢ where-
as in the second, the charge
separation takes place through
two sequential electron-transfer steps.”®!

The reverse design, that is, the development of triads con-
sisting of an electron-acceptor photosensitizer linked to dif-
ferent electron donors (such as P-D;-D,, Figure 1c) in
which the photosensitizer decays by reductive quenching fol-
lowed by a cascade hole transfer chain, are rare.'”?2! We
have previously designed and reported bis-porphyrin-based
photomolecular systems that undergo fast single-step photo-
induced electron transfer over distances of 20-45 A by a su-
perexchange mechanism.*2"! However, the very fast and ef-
ficient forward photoinduced charge separation was ob-
tained at the expense of an also fast charge recombination,
which precludes the formation of a long-lived charge-sepa-
rated state. Herein, we describe two new molecular triads of
the type P-D,-D, (T1 and T2; Scheme 1), designed to ex-

Figure 1. Schematic represen-
tation of the photoinduced
charge separation in different
types of triads.

Scheme 1. Structures of the dyads and triads studied in this work.
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plore the possibility of extending the lifetime of the charge-
separated state by a hopping mechanism. In this study the
first electron donor is quaterthiophene (QT) because it is a
rigid m-conjugated molecule, the electronic properties of
which have been proved to be particularly suitable for
acting as an effective bridging group or electron donor in
molecular systems for photoinduced charge separation. For
example, Otsubo and co-workers reported several interest-
ing fullerene- or porphyrin-based photochemical systems
connected to oligothiophenes, mostly oriented towards the
development of plastic solar cells.®***’] Perylene monoimide
(PMI) is an attractive light collector to use for our purpose
because it displays quite high molar absorptivity and strong
electron-acceptor characteristics suitable in its photoexcited
state for pulling away an electron from the quaterthiophene
unit.’” Furthermore, the radical anion of PMI exhibits a
clear spectroscopic signature, which will ease the photophys-
ical characterization.”" In addition, PMI was previously con-
nected to an oligothiophene chain and photoinduced charge
separation was evidenced."**?>* Finally, the 9,10-bis(1,3-di-
thiol-2-ylidene)-9,10-dihydroanthracene, also known as ex-
tended tetrathiafulvalene (exTTF), is an excellent electron
donor, which has previously been used as a component in
photomolecular arrays.*3**! Another attractive feature of
exTTF is its bis-electron-donating capability, which makes it
a potentially useful molecule to serve as a hole reservoir for
photoaccumulative electron transfer.[* =

We describe herein the synthesis and extensive characteri-
zation of original photomolecular triads and demonstrate
that photoinduced hole transfer between PMI and quater-
thiophene is a very fast process, irrespective of the solvent
and the linkage between these units. Surprisingly, in spite of
the presumably large driving force, the secondary hole-shift
reaction ("P-D;*-D,— P-D;-D,*) was not observed in
these triads. Quantum chemical calculations have been used
to rationalize this unexpected behavior, namely by showing
that the first oxidation potential of exTTF is underestimated
when determined by cyclic voltammetry.

Results and Discussion

Synthetic procedures: The synthesis of T1 and T2 is shown
in Scheme 2 and relies on iterative Sonogashira cross-cou-
pling reactions. The bromo-perylene imide 1, which is one
of the key synthons, was prepared by O-arylation of the cor-
responding trisbromo-perylene imide by copper-catalyzed
Ullmann reaction, as described previously.*” Tmide 1 was
subjected to the first Sonogashira cross-coupling reaction
with trimethylsilylacetylene to afford 2 in a yield of 87 %
using classic conditions for this transformation. The trime-
thylsilyl protecting group was cleaved by using potassium
carbonate and the resulting perylene imide 3 was treated
with the known iodo-quaterthiophene-triisopropylsilylacety-
lene 41 in a second Sonogashira cross-coupling reaction
using palladium tetrakis(triphenylphosphine) and copper
iodide as the catalytic system to give 5 in a yield of 49%.
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Scheme 2. Preparation of the triads T1 and T2. a) Cul, [Pd(PPh;),Cl,], trimethylsilylacetylene, toluene, Et;N,
50°C (87 %); b) K,CO;, CH,Cl,, MeOH, RT (100 %); ¢) Cul, [Pd(PPh;),], THF, Et;N, 80°C (49 %); d) Bu,NF,
THEF, RT (100%); e) BuLi, THF, —78°C (49 %); f) Cul, [Pd(PPh;),], THF, Et;N, 80°C (63 %); g) Pd/C, 40°C

(100%).

Removal of the triisopropylsilyl group with tetrabutylammo-
nium fluoride afforded 6 in an almost quantitative yield. 2-
Iodo-9,10-bis(4,5-dimethyl-1,3-dithiol-2-ylidene)-9,10-dihy-
droanthracene (9) was prepared by the Wittig-Horner reac-
tion by condensation of the 2-iodoanthraquinone (7) with
the carbanion generated from dimethyl (4,5-dimethyl-1,3-di-
thiol-2-yl)phosphonate (8) and butyllithium.**" The result-
ing iodo-substituted extended TTF 9 was finally grafted
onto 6 in the last Sonogashira cross-coupling reaction to
afford the first triad T1 in a yield of 63 % after purification.

The second triad T2 was obtained by reduction of the
triple bonds in triad T1 under a hydrogen atmosphere using
palladium on charcoal as the catalyst (Scheme 2). Note that
triad T2 was systematically contaminated with a small
amount of not fully reduced triad (<15%), as judged by the
presence of a small signal for [M—2H]" in the mass spec-
trum of T2. The separation of these two compounds was not
possible by column chromatography and therefore all the
analyses were conducted on the mixture.

The synthesis of dyads D1 and D2 is outlined in
Scheme 3. It starts with the iodo-quaterthiophene-triisopro-
pylsilylacetylene 4, which was first capped with phenylacety-
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lene in a Sonogashira cross-cou-
pling reaction to give 10. Subse-
quently the triisopropylsilyl
protecting group in 10 was
cleaved with tetrabutylammoni-
um fluoride and the resulting
acetylene 11 was connected to
bromo-perylene imide 1 in a
second Sonogashira cross-cou-
pling reaction to give D1. Dyad
D1 was finally reduced with hy-
drogen to afford the expected
dyad D2. The new compounds
were satisfactorily characterized
by 'HNMR spectroscopy and
high-resolution mass spectrom-
etry

Electronic absorption spectra:
Figure 2 shows a superimposi-
tion of the spectra of triad T1
and dyad D1 along with those
of their constituents and the
spectroscopic data of the com-
pounds are presented in
Table 1.

The spectra of the two com-
pounds T1 and D1 are dominat-
ed by two broad absorption
bands located at around 430
and 560 nm, but each band is
composed of several transitions
that occur in the different chro-
mophores. The perylene imide
dye displays an intense absorp-
tion band at around 530 nm, which corresponds to a wt—a*
transition, the vibronic bands of which are still visible in the
spectrum of trimethylsilylacetylene-perylene imide 2.5
Quaterthiophene exhibits a broad m—m* transition at

octyl
_ a) _ N\ s i\ _s_
‘“—_Q — =W s L =R
10: R = TIPS octyl
b)I—_>11:R=H
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Scheme 3. Preparation of the dyads D1 and D2. a) Cul, [Pd(PPhs),],
THE, Et;N, 80°C (69 %); b) Bu,NF, CH,Cl,, MeOH, RT (100%); c) Cul,
[Pd(PPh;),], THF, Et;N, 80°C (7 %); d) H,, Pd/C, 40°C (100 % ).
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Figure 2. Absorption spectra of dyad D1, triad T1, and of their molecular
components in dichloromethane (absorbance, arbitrary units; molar ab-
sorptivity values are given in Table 1). 10’=5-(triisopropylsilylethyny-
lene)-5""-(trimethylsilylethynylene)-3,3"-dioctyl[2,2":5',2":5" 2" | quater-
thiophene.

Table 1. Characteristics absorption data for the dyads, triads, and molec-
ular components recorded in dichloromethane.

Aaps [nm] (¢ [M~'em™])

D1 276 (45000), 383 (29000), 418 (39000), 528 (44.000), 556 (49000)

D2 274 (42000), 393 (24000), 488 (29000), 519 (33000)
T1 273 (37000), 427 (36000), 464 (32000), 554 (36000)
T2 268 (35000), 399 (20000), 489 (13000), 525 (19000)
2 275 (29000), 494 (22000), 522 (33000)

9 288 (30000), 383 (17000), 430 (19000), 453 (24000)
10 256 (8600), 289 (5800), 404 (21000)

107! 398 (28000)

[a] 10’ =5-(Triisopropylsilylethynylene)-5"'-(trimethylsilylethynylene)-
3,3"-dioctyl[2,2":5',2":5" 2" |quaterthiophene.  [b] 10”=3,3""-Dioctyl[2,2":
5'2":5" 2" |quaterthiophene.

around 400 nm located in the same region as those of the
extended TTF. The absorption bands of exTTF are also at-
tributed to m—m* transitions characterized by significant
charge transfer from the dithiolium units to the central aro-
matic core.’l Clearly the spectra of dyad D1 and triad T1
are not a mere linear combination of the spectra of each
chromophore. This indicates significant ground-state elec-
tronic interactions between each unit in D1 and T1. For ex-
ample, the absorption band of the parent perylene imide 2,
initially located at 522 nm, is red-shifted, respectively, to 556
and 554 nm in dyad D1 and triad T1.

This shift can be the consequence of a decrease in the
HOMO-LUMO gap within the PMI unit as a consequence
of increased intercomponent interactions and/or the appear-
ance of a new band arising from charge transfer from the
quaterthiophene unit to PMI. Both hypotheses are consis-
tent with DFT calculations (see below). Tails attributed to
charge-transfer transitions have previously been observed
by Béuerle and co-workers for perylene imide linked to oli-
gothiophene units.®>>4 The spectrum of triad T1 differs to
that of dyad D1 first by the enhanced intensity of the band
at around 420 nm and secondly by the presence of a should-
er at 464 nm. These changes are brought about by the over-
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lapping contribution of the two transitions of exTTF
(Figure 2).

Further clear evidence for ground-state electronic cou-
pling between the units can be found by comparison of the
absorption spectra of the two triads T1 and T2, which differ
significantly in the larger absorbance in the PMI region for
T1 (Figure 3). In the triad T1, there is significant electronic
communication between the linked chromophores, which is

0.5
04 T2
’ ---- D2
——— 1
0.3 L °
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Figure 3. Absorption spectra of dyad D2, triad T2, and of their molecular
components in dichloromethane (absorbance, arbitrary units; molar ab-
sorption values are given in Table 1). 10”.

promoted by the ethynylene linkages that create a m-conju-
gated pathway throughout the molecule. Conversely, in the
triad T2, the presence of saturated ethylene linkages be-
tween each unit interrupts the conjugation and disrupts the
communication between the linked elements. As a result,
the three units behave independently and the spectrum of
T2 can be considered as a reasonable sum of the absorban-
ces of each individual chromophore (Figure 3). In the spec-
trum of triad T2, the tail on the red edge of the perylene
monoimide absorption band is due to a small amount (from
spectral fitting, ca. 15%) of an unsaturated compound that
results from the incomplete reduction of T1 in the synthetic
procedure. After repeated attempts at purification by vari-
ous means (see Synthetic procedures), this impurity proved
to be unavoidable.

Electrochemical study: The elementary electron-transfer
processes that can take place following excitation of the
PMI chromophore in the dyad and triad systems are defined
in Scheme 4. To determine the thermodynamic requirements
of the various electron-transfer processes, the redox poten-
tials of the units comprising the dyads and triads were deter-
mined by cyclic voltammetry and square-wave stripping in
dichloromethane. The half-wave potentials are collected in
Table 2. The assignments of the redox processes in the
dyads and triads were made by comparison with the redox
potentials of individual units such as 2, 9, and 10’, which
serve as references for PMI, exTTF, and QT, respectively.
The cathodic region shows two reversible reduction pro-
cesses attributed to the stepwise introduction of an electron
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*PMI-QT — PMI-QT*
charge separation (CS)

PMI-QT* — PMI-QT
charge recombination (CR)

*PMI-QT-exTTF — PMI-QT*-exTTF
charge separation (CS)

PMI-QT"-exTTF — PMI-QT-exTTF
primary charge recombination (CR1)

PMI-QT*-exTTF — PMI-QT-exTTF"
hole shift (HS)

PMI-QT-exTTF" — PMI-QT-exTTF
long-range charge recombination (CR2)

Scheme 4. Elementary electron-transfer processes following excitation of
the dyads and triads.

Table 2. Redox potentials of the dyads and triads measured in dichloro-
methane with 0.15M of Bu,NPF; as the supporting salt."?!

ERedZ ERedl E()xl EOXZ EOXS EOx4
(PMII—/Z—) (PMI()/I—) (exTTF“’”) (QT1+/0) (QT2+/1+) (PMII+/0)
[V] [V] [V] [V] [V] (V]

2 -136 —0.95 1.25

9 0.38

10’ 0.94 1.20

D1 -1.29 —0.93 0.84 1.12 1.37

D2 -1.30 —1.04 0.82 1.05 1.22

T1 -1.26 —0.94 0.42 0.83 1.15 1.37

T2 -1.36 —1.01 0.34 0.80 1.00 1.20

[a] All the potentials are referenced versus the saturated calomel elec-
trode (SCE).

into the perylene monoimide to form PMI~ and PMI*", re-
spectively, in which the spin density is mostly delocalized on
the aromatic system of the perylene core (see the molecular
orbital representations below). In the unsaturated systems
(D1 and T1), these reduction processes are shifted anodical-
ly owing to the longer & conjugation through the ethynylene
linkages, which induce a stabilization of the LUMO orbitals
(see the Computational study section below). Conversely,
the inductive effect of the ethylene linkers in D2 and T2
makes the PMI more difficult to reduce than the parent
compound 2.

The anodic region exhibits multiple waves because all
three units are redox active in the electrochemical window
explored under our conditions. In the dyads, the two first
one-electron reversible waves at around 0.82 and 1.1 V cor-
respond, respectively, to the formation of the mono- and di-
cation of the quaterthiophene. They are followed by a rever-
sible oxidation reaction located on the PMI at around 1.3 V.
The presence of the ethynylene linkage in D1 raises the
energy of the HOMO orbital and also increases the coulom-
bic electrostatic repulsion when several positive charges ac-
cumulate in the same molecule. As a consequence, the half-
wave potentials are shifted towards more positive values in
D1 with respect to D2.

In the triads the additional exTTF unit gives its electro-
chemical signature at around 0.4 V. Referring to published
works reporting the electrochemical properties of exTTF,
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this wave is attributed to a two-electron process involving
the direct transformation of the neutral exTTF into the di-
cation.®***% The reason for the two-electron process (and
for the lack of an intermediate one-electron step) lies in the
large stabilization accompanying the transformation of the
saddle-shaped neutral molecule, in which the central ring is
not aromatic, into a planar anthracenyl system with the 1,3-
dithiolium cations lying almost orthogonal to the newly
formed aromatic core. At higher potentials, we observe the
two stepwise oxidations of quaterthiophene and finally that
of PML.

The potentials measured in the conjugated systems (D1
and T1) differ significantly to those with the saturated link-
ages (D2 and T2). This confirms the conclusion drawn from
the UV/Vis absorption study that there are significant elec-
tronic interactions between each unit when they are linked
through an ethynylene spacer.

The above redox potentials, together with the absorption
and fluorescence spectra, permit the free-energy changes ex-
pected for the electron-transfer processes in Scheme 4 to be
estimated. The free energy of the various charge-transfer
states can be estimated by using the classic Weller formalism
given by Equation (1), whereas the energy of the excited
singlet state of the PMI unit (Ey) can be obtained as an
average of the absorption and emission maxima of the
dyads and triads, or of model systems thereof. In Equa-
tion (1), e is the charge of the electron, ¢, is the permittivity
of a vacuum, R, is the donor—acceptor center-to-center dis-
tance, r* and r~ are the radii of the positive and negative
ions, & is the dielectric constant of the solvent used (diethyl
ether: &=4.33; toluene: &=2.38; dichloromethane: &=
8.93), and ¢, is the dielectric constant of the solvent in
which the electrochemical data are obtained (in this case, di-
chloromethane). The Rp, distances and the effective radii
r* and r~ were estimated from DFT-optimized structures
(see below and the Supporting Information). The free-
energy changes calculated for the electron-transfer processes
in Scheme 4 are collected in Table 3.

@2
" 4dmee Rpa

e 1 1 1 1
T8we \r ) \e e

Photophysical study: The photophysical behavior of the
dyads and triads was studied by emission and time-resolved
absorption techniques in solvents of different polarity. The
results will be presented and discussed in some detail for the
saturated systems D2 and T2, which are better defined from
a supramolecular viewpoint. The unsaturated analogues D1
and T1 will be then be discussed on a comparative basis.
Detailed experimental results are given in the Supporting
Information.

AG(A7D+) = e[on(D) - Ered(A)]

Model PMI: The absorption and emission spectra of the
model compound 2 in dichloromethane are shown in Fig-

Chem. Eur. J. 2010, 16, 9140—-9153


www.chemeurj.org

Hole-Transfer Dyads and Triads

Table 3. Excited-state energies and free-energy changes!® associated with
the electron-transfer processes presented in Scheme 4.

Dichloromethane Diethyl ether Toluene
Ey 2.31001 2,311 2.33
D2 AGcs —0.54 —-0.35 —0.05
AGey -1.77 —~1.960 —2.28
Ey 2.18M° 2.18M! 2.12
D1 AGcs —0.50 —0.31 0.07
AGey —1.68 -1.87 —2.19
Ey 2310 2310 230
AGcs -0.59 —0.40 —0.08
T2 AGcg -1.72 -1.91 —2.22
AGys —-0.42 —-0.37 —0.34
AGcrs -1.30 -1.52 -1.88
Ey 2.18M°! 2.18M! 2.12
AGgl —0.50 —0.31 0.07
T1 AGeg —-1.68 —~1.87 -2.19
AGysl —0.37 -0.33 —0.29
AG g —1.31 —1.54 —1.90

[a] Calculated from Equation (1). [b] Given the complete quenching of
the fluorescence of the PMI unit, the excited-state energy was estimated
from the absorption of the dyad/triad and emission from the model
system 2. [c] The physical meaning of these formal labels is limited by
the strong delocalization found in this system in the QT-exTTF moiety
(see below).

ure 4a. The intense emission with 1., =564 nm has a quan-
tum yield close to unity and a lifetime of 5.0 ns. The transi-
ent difference spectrum of the singlet excited state of PMI,
as obtained by ultrafast spectroscopy of 2 in dichlorome-

0.8 4

- /X\
5 P JIN z

absorbance (a.u.)
Intensity (a.u.)

— ]

0.0 T T T T
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wavelength (nm)
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™~

‘°'°51: \/\/ P

T T T T T T — T T T T T T
450 500 550 600 650 700 750
wavelength (nm)

Figure 4. Photophysical properties of PMI model system 2 in dichlorome-
thane. a) Absorption and emission spectra. b) Transient spectrum ob-
tained in ultrafast spectroscopy (excitation at 490 nm); constant in the
time window 0-1 ns.
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thane, is shown in Figure 4b. The bleaching observed in the
470-620 nm range with a maximum at around 530 nm is due
to a combination of ground-state absorption bleaching and
stimulated emission, whereas the positive feature with a
maximum at around 730 nm represents an excited-state ab-
sorption. As expected on the basis of the emission lifetime,
this difference spectrum is manifestly constant in the 1 ns
time frame of the ultrafast experiment. No transient was ob-
served in the nanosecond laser photolysis of 2 (timescale
>10 ns), which is consistent with high fluorescence efficien-
cy and the negligible intersystem crossing yield of this mole-
cule.

Dyad and triad with saturated linkers

Dyad D2: The energy-level diagram for dyad D2 in di-
chloromethane, obtained from spectroscopic and electro-
chemical data (Table 2), is shown in Figure 5. The energies
of the triplet states of the two molecular components have
been taken from literature data.*>)

3.0q
25 PMI-QT
\2.9 ps
. 207 PMI_QT* PMI=>QT
S —— —
2
& 1.5
2 *PMI-QT
(0] —
1.04 35ps
0.51
A\
0.0q
PMI-QT

Figure 5. Energy-level diagram for dyad D2 in dichloromethane.

In dyad D2 in dichloromethane (dielectric constant, £=
8.93), the emission of the PMI unit is completely
quenched.” On the basis of the energy-level diagram in
Figure 5, the emission quenching is very likely due to photo-
induced electron transfer from the QT unit to the excited
PMI. Ultrafast spectroscopy (Figure 6) permits direct obser-
vation of the process. The first spectrum, taken immediately
after the pump pulse, is identical to that of the model
system 2 (Figure 4b) and is thus assigned to the S; state of
the PMI component. It consists of bleaching at 1 <600 nm
(bleaching of the ground-state absorption plus some stimu-
lated emission) and of a positive absorption peaking at
660 nm. The transient spectral changes are clearly biphasic.
In the first process (Figure 6a), the bleaching corresponding
to the PMI ground-state absorption at around 530 nm is es-
sentially maintained, whereas that corresponding to stimu-
lated emission in the 550-650 nm range disappears and the
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Figure 6. Ultrafast spectroscopy of dyad D2 in dichloromethane (excita-
tion at 490 nm).

maximum at 660 nm evolves into a broader two-featured
profile (maximum at 690 nm, shoulder at 610 nm). These
spectral changes are exactly as expected for photoinduced
electron transfer based on spectroelectrochemistry observa-
tions in which the 610 nm absorption of the PMI radical
anion and the 690 nm absorption of the QT radical cation
are observed upon reduction and oxidation of the D2 dyad,
respectively (Figure SI1 of the Supporting information). In
the second process (Figure 6b), the spectral features of the
charge-separated state decay monotonically with isosbestic
points close to the baseline, consistent with a charge recom-
bination process leading back to the ground state (the resid-
ual absorption, with the same profile as the initial spectrum,
is assigned to the same impurity of free PMI observed in
emission). The kinetics observed (Figure 6¢) agree with
standard electron-transfer theory,” ! which predicts a very
high rate for the moderately exergonic charge-separation
step (AG=-0.54 eV, likely to be close to the activationless
regime) and a lower rate for the highly exergonic charge-re-
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combination step (AG=—-1.77 eV, likely to lie in the Marcus
inverted region).®!! Consistent with the finding that charge
recombination leads efficiently to the ground state, no long-
lived transient was observed in laser flash photolysis experi-
ments (timescale >10ns) in dichloromethane. The photo-
physical behavior of D2 in dichloromethane is summarized
in Figure 5.

In diethyl ether (¢=4.33), the PMI fluorescence is again
completely quenched in the D2 dyad.®™® The transient spec-
tral changes (Figure SI2) are qualitatively the same as in di-
chloromethane, with the formation and subsequent decay of
a two-peak structure corresponding to the radical ions. The
kinetics for the formation (45 ps) and decay (680 ps) of the
transient are slower than in dichloromethane. This can be
easily explained on the basis of the expected rise in energy
of the charge-separated state in the less polar solvent and
the consequent changes in the driving force for the charge
separation and recombination processes.”’ The former, in
the normal free-energy region, is expected to slow down as
the driving force decreases, whereas the latter is pushed fur-
ther into the Marcus inverted region by the increase in the
driving force.[” Again, no long-lived transient was observed
in laser flash photolysis experiments (timescale>10ns) in
diethyl ether.

In toluene (£=2.38), in contrast to the other solvents, the
PMI emission of dyad D2 is only partially quenched: The
lifetime is 3.0 ns and the quantum yield is around 60% of
that of the PMI model 2. Also, the transient behavior
(Figure 7) is very different to that observed in the other sol-
vents. The initial spectrum is again that of the singlet excited
state of PMI (see Figure SI3), but the spectral changes are
qualitatively similar to, but much slower (ca. 2ns) than
those observed initially in the other solvents and no transi-
ent decay is observed in the time window (0-1 ns) of the ex-
periment. On a longer timescale, flash photolysis experi-
ments revealed the presence of a long-lived transient
(Figure 8) with an oxygen-dependent lifetime (deaerated,
2.6 us; aerated, 350 ns), which, by comparison with literature
data,®™ can be unequivocally assigned to the triplet state of
the PMI unit.

The sharply different behavior observed in toluene is very
likely determined by the low polarity of this solvent, which
raises the charge-separated state to energies comparable to
that of the singlet state of the PMI unit (Table 3,
Figure 9).*4 In this case, the small fluorescence quenching
and the slow transient spectral changes are consistent with
the PMI excited singlet state undergoing conversion to (or
equilibration with) a charge-separated state, a process with
little, if any, driving force. As to the efficient formation of
the PMI triplet state observed on the longer timescale,
direct S; T1 intersystem crossing within the PMI unit can be
ruled out because no triplet state can be observed following
excitation of the highly fluorescent model 2. Therefore a
likely mechanism is triplet formation upon charge recombi-
nation. For this mechanism to be efficient, the charge-sepa-
rated state (initially formed by photoinduced electron trans-
fer in a singlet spin state) must be able to undergo spin in-
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Figure 8. Nanosecond flash photolysis of dyad D2 in toluene (excitation
at 532 nm).

version (intersystem crossing) before recombination. This
process can be efficient in toluene because of the intrinsic
slowness of the competing spin-allowed recombination to
the ground state brought about by its highly exergonic in-
verted nature. This recombination mechanism in solvents of
low polarity is common to other dyad systems involving aro-
matic imides.'>%! Whether the PMI triplet is formed directly
by charge recombination or by the intermediate formation
of the QT triplet followed by fast triplet energy transfer is
not possible to determine on the basis of the experimental
results. The photophysical behavior of D2 in toluene is sum-
marized in Figure 9.
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Triad T2: The energy-level diagram for triad T2 in dichloro-
methane, obtained from the spectroscopic and electrochemi-
cal data (Table 3), is shown in Figure 10. The only triplet
state included in this energy-level diagram is the lowest one,
localized on the PMI unit. As for the PMI -QT-exTTF*
charge-separated state, a lower limiting energy value (see
discussion in the Computational study section) is indicated
by the full line, based on the experimental two-electron oxi-
dation potential of the exTTF unit. For the triad T2 in di-
chloromethane, the PMI emission is totally quenched rela-
tive to model 2. Similarly to the corresponding dyad D2, the
quenching is very likely due to photoinduced electron trans-
fer from the directly linked QT unit. The ultrafast spectros-
copy experiments (Figure 11) confirm this assumption. The
very fast (1.2 ps) process with bleach recovery in the 550-
630 nm range (stimulated emission) and the positive change
with the formation of a broad absorption maximum at
longer wavelengths (Figure 11a) is attributed to the primary
charge-separation step '"*PMI-QT-exTTF—PMI -QT*-
exTTF. The subsequent spectral evolution shows complete

3.0
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1"*PMI—QT—exTTF

\1;2 ps

2.09 PMI —QT —exTTF
S
= N\ PMI —QT—exTTF"
- . <17%
5 **PMI-QT—exTTF
C
(0] 1.04
23 ps 150 ps
0.5
0.0
PMI—QT—exTTF

Figure 10. Energy-level diagram for triad T2 in dichloromethane. For the
PMI -QT-exTTF* charge-separated state, the lower limiting energy
value calculated using the experimental 2e~, oxidation potential of
exTTF is shown (full line; see text).
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Figure 11. Ultrafast spectroscopy of triad T2 in dichloromethane (excita-
tion at 530 nm).

decay of the spectral changes back to the baseline (Fig-
ure 11b). The process is not a simple one, as indicated by
the lack of a clear isosbestic point and by the biexponential
kinetics (Figure 11c) but, overall, it is remarkably similar to
that observed for dyad D2. This suggests that the decay of
the primary charge-separated state involves as the main pro-
cess fast (23 ps) charge recombination to the ground state
(PMI -QT*-exTTF—PMI-QT-exTTF). Note, however,
that clear spectroscopic discrimination between primary
(PMI-QT*-exTTF) and long-range (PMI -QT-exTTF™)
charge-separated states is difficult because of the largely
similar signatures expected for the radical cations of QT
(Amax=690 nm, Figure SI1) and exTTF (=680 nm!*).
Therefore the occurrence of some charge shift (PMI-QT*—
exXTTF —PMI -QT-exTTF%) in competition with the main
primary charge recombination process cannot be ruled out.
In this hypothesis, the minor, longer-lived (150 ps) compo-
nent of the overall decay can be tentatively associated with
a long-range recombination process. The yield of this pro-
cess can be estimated from the weight of the slow compo-
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nent (17 %) assuming similar molar absorption coefficients
of the primary and long-range charge-separated states at the
examined wavelength. The strong similarity between the be-
havior of triad T2 and that observed for dyad D2 is main-
tained in solvents of lower polarity. In diethyl ether, the re-
combination of PMI occurs in the short ps timescale and
leads again to the triplet state of the PMI unit (Figure SIS).

Dyad and triad with unsaturated linkers

Dyad DI: The photophysical behavior of dyad D1 is qualita-
tively similar to that described above for D2. In particular,
complete quenching of the PMI emission is observed in di-
chloromethane and diethyl ether, whereas only partial
quenching is observed in toluene. The transient spectral
changes of D1 (Figure 12) are again biphasic and indicate
the occurrence of charge separation and recombination with
the eventual formation of ground-state products in dichloro-
methane and diethyl ether and of the PMI triplet state in
toluene (Figure SI6). Differences with respect to D2 (e.g., in
the spectral shape of emission and transient absorption) can
be traced back to the previously mentioned large intercom-
ponent interaction taking place in the dyad across the unsa-
turated ethynylene linkage. In particular, the emission ob-
served in toluene, which is significantly red-shifted and
much broader than that of the PMI model 2 and dyad D2
(Figure SI7), can be attributed to a strongly perturbed PMI
fluorescence or, alternatively, to a new emission with
charge-transfer characteristics. The appreciable delocaliza-
tion of the MOs of PMI and QT on the neighboring unit in
D1, as indicated by the DFT calculations (see below), indi-
cates that, indeed, emission from the PMI -QT™* charge-
separated state may have appreciable oscillator strength.
Charge-transfer emission has previously been observed by
De Schryver and co-workers in a directly linked PMI-bis-
thiophene dyad.P¥

Triad TI: In line with the observations made for the dyad
systems, the behavior of the unsaturated triad T1 is rather
similar to that of the saturated analogue T2. The transient
spectral changes observed in dichloromethane are shown in
Figure 13. Again, after a very fast (Figure 13a, 1.4 ps, inset
Figure 13c) process similar to that exhibited by the corre-
sponding dyad and attributed to charge separation, a two-
component decay (major time constant 26 ps, minor time
constant 160 ps, Figure 13b,c) restores the original baseline.
As for the saturated analogue, it is likely that the main re-
combination path is similar to that of the dyad, that is, fast
recombination to the ground state with any other processes
constituting, at best, a minor pathway. The solvent effects,
including the efficient formation of triplet PMI in toluene
(Figure SI8), also follow closely those observed for T2.

Energy levels: Computational study: Overall, the results ob-
tained with the triads are somewhat deceiving as the pri-
mary charge-separated state seems to recombine largely by
primary charge recombination with no substantial gain in
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Figure 12. Ultrafast spectroscopy of dyad D1 in dichloromethane (excita-
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charge-separation lifetime with respect to the dyads. This
may be surprising considering the almost ideal driving force
(ca. 0.4 eV) estimated for charge shift in both T2 and T1
(Figure 10 and Table 3). Given the similar driving force and
the identical spacers involved, charge shift is expected to be
as fast as primary charge separation (few ps), that is, should
be able to compete effectively with the slower primary
charge recombination process. This not being the case seems
to point to a fundamental problem in the evaluation of the
energetics of the triads. In fact, it should be kept in mind
that the energy of the long-range charge-separated state in
Table 3 and Figure 10 was calculated, as usual,®” by using,
faute de mieux, the experimental two-electron oxidation po-
tential of the exTTF unit. The fact that only a two-electron
oxidation is experimentally observed for this unit is attribut-
ed to the strong stabilization (gain in aromaticity) experi-
enced by the dication upon planarization of the central poly-
acenic moiety.”™ Thus, the one-electron oxidation potential
of exTTF is not known, except for the fact that it must be
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Figure 13. Ultrafast spectroscopy of triad T1 in dichloromethane (excita-
tion at 560 nm).

equal or higher than the experimental two-electron value.
The observed disproportionation of the radical monocation,
generated radiolytically™ or by flash photolysis,*!! strongly
suggests that the one-electron oxidation potential must be
higher than the experimental two-electron value. This is an
example of “potential inversion”, a phenomenon extensively
studied by Evans” in organic molecules undergoing struc-
tural change coupled with electron transfer. In appropriate
cases, the extent of potential inversion (the difference be-
tween the first and second redox potentials) can be estimat-
ed by voltammetry or by EPR measurement of the compro-
portionation equilibrium. For exTTF, a lower limit of 0.28 V,
determined by voltammetry, was confirmed by quantitative
EPR measurements.”! Interestingly, in cyclophane-type de-
rivatives of exTTF, in which planarization of the dication ox-
idation is prevented by steric constraints, two stepwise one-
electron oxidation processes are observed and the radical
cation can be electrochemically generated and spectroscopi-
cally characterized." Thus, because of the above-mentioned
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problems, the energetics of the triads estimated from elec-
trochemical data are intrinsically uncertain. In an attempt to
circumvent the experimental problem, and possibly to un-
derstand the reasons for inefficient charge shift, we per-
formed the DFT computational work described below.

Calculations on the electronic ground state of the dyad
(D1 and D2) and triad (T1 and T2) model systems were car-
ried out by using the B3LYP functional within the density
functional theory method.”*” The “pruned” molecular
models were tailored for the computational study (aryl and
aliphatic substituents replaced with phenyl and methyl resi-
dues, respectively) to reduce complexity and cost while still
providing a reliable description of the molecular systems in-
vestigated experimentally. The geometry (see Figure SI9;
the coordinates are presented in the Supporting Informa-
tion) was fully optimized, without symmetry constraints, by
describing the systems with a Dunning-Huzinaga valence
“double-£” quality basis set."® Single-point energy calcula-
tions with the standard basis set 6-31G**"" were accom-
plished to account for the polarization effects. Additional
calculations on T2 were performed to include the solvent
effect using the polarizable continuum model® (PCM) to
simulate dichloromethane (¢ =8.93), that is, the solvent
used to collect the spectra of the present molecular systems.
All calculations were performed by using the Gaussian 03
software package.™!

The MO energy diagrams attained at the DFT level for
dyads D1 and D2 are shown in Figure 14, with each MO la-
beled by the prominent localization on the system. Whereas
for the saturated dyad D2 the MOs, including the frontier
orbitals, are strongly localized on either the PMI or QT

units, the unsaturated system exhibits a larger degree of de-
localization through the ethynylene spacers. Thus, the fron-
tier orbitals in D1, although still being predominantly local-
ized on either the PMI or QT unit, also have significant am-
plitudes on the neighboring unit. The calculated relative en-
ergies of the MOs are consistent with the spectroscopic data
for the dyads (Figures 2 and 3), in which the PMI absorption
(HOMO-1—LUMO transition) is red-shifted in D1 relative
to D2, and the electrochemical data for the dyads (Table 2),
with D1 easier to reduce but more difficult to oxidize than
D2. In very much the same way, Figure 15 shows the MO
energy diagrams for triads T1 and T2. As observed for the
dyads, the unsaturated linkers between fragments allow effi-
cient it conjugation and therefore delocalization of the MOs
in the case of T1. As for the dyads, this is reflected by sta-
tionary absorption spectroscopy (Figures 2 and 3) in which
the PMI region of the spectra is strongly influenced by the
degree of ground-state electronic coupling between the
units.

The calculated energy-level diagrams are also valuable in
interpreting the photophysical results. For the dyads,
Figure 14 clearly shows that the lowest excited state (corre-
sponding to the HOMO —LUMO transition) is a PMI -
QT charge-separated state and that the driving force for
populating such a state from the PMI local excited state is
large (to a first approximation, the HOMO-HOMO-1
energy difference). These findings are fully consistent with
the very fast charge separation observed for both dyads in
dichloromethane.

The most interesting result relates to the triads, however.
In the energy-level diagram of T2 (Figure 15) it is clearly

- T pm TPMI-QT o
Tpmi
= Tpmi-QT
QT
= Tqr
= Tppg TpmI
1.94 eV 2.04 eV

1

e 3

= TpMI-QT | TPMI ==
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= TpmI KM o=

D2

Figure 14. MO energy diagrams of the dyads D1 and D2 calculated in the gas phase at the B3LYP/6-31G** level of theory, along with HOMO and

LUMO contour plots.
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seen that the highest-occupied MOs are a pair of very close-
ly spaced orbitals, one localized on QT and the other on the
exTTF unit. The two orbitals are quasi-degenerate, with gy
slightly higher than s . in dichloromethane (quasi-degen-
erate also in the gas phase, but in the reverse order). The
similar energies of the two orbitals imply that the unknown
one-electron potential for the oxidation of the exTTF unit
must be similar to that of the QT unit, that is, substantially
higher (by ca. 0.4 V) than the experimental two-electron po-
tential (Table 2) so that the driving force for charge shift in
triad T2 in dichloromethane must be, if any, very small. The
energy state schematized by the dashed level in Figure 10
accounts for the experimental finding that the primary
charge-separated state deactivates largely by charge recom-
bination rather than by charge shift and the fact that the
minor decay component, attributed to long-range charge re-
combination, is only moderately slower than the primary
process (a two-step process through the almost isoenergetic
QT unit is expected to be much faster than a direct transfor-
mation).

The results for T1 show again the presence of two closely
spaced highest-occupied MOs. The main difference with re-
spect to the saturated triad lies in the strong delocalization
of both orbitals on the QT and exTTF units. Note that the
extent of delocalization between neighboring units through
the ethynylene linkages is much greater between QT and
exTTF (Figure 15) than between PMI and QT (see, for ex-
ample, the corresponding dyad in Figure 14). In terms of
through-bond perturbation, this can be explained by the
smaller energy difference between the interacting orbitals of
the QT-exTTF fragment relative to PMI-QT. From the
photophysical point of view, the strong delocalization in the
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QT-exTTF fragment suggests that for T1 some of the terms
used in the above discussion should be reconsidered. In par-
ticular, the picture of two distinct charge-separated states
(primary and long-range) is inappropriate and should be re-
placed by that of two charge-separated states containing a
reduced PMI unit and a collectively oxidized QT-exTTF
fragment.

Conclusion

Two dyad and triad systems of the PMI-QT and PMI-QT-
exTTF type, differing in the saturated (ethylene) or unsatu-
rated (ethynylene) nature of the linker groups, have been
designed, synthesized, and characterized electrochemically,
photophysically, and computationally. All the experimental
results indicate that, although the saturated systems have
weakly interacting, essentially unperturbed molecular subu-
nits (i.e., are strictly supramolecular in nature), in the unsa-
turated systems strong intercomponent interactions lead to
substantial perturbation of the properties of the subunits.
The DFT study on D2 and T2 indicates MOs largely local-
ized within the molecular components, whereas for D1 and
T1 more or less extensive delocalization of the MOs over
neighboring units takes place across the ethynylene linkers.
In T1, the delocalization is particularly effective between
the QT and exTTF units, which should be more appropriate-
ly viewed combined as a single electronic subsystem. This
implies that for T1 the definition of “triad”, as well as no-
tions such as charge shift and primary versus long-range
charge separation and recombination, lose much of their
meaning.
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For the dyad systems, the photophysics observed following
excitation of the PMI unit is solvent-dependent. In moder-
ately polar solvents, such as dichloromethane and diethyl
ether, fast charge separation is followed by recombination
to the ground state. In the less polar toluene, slow conver-
sion to (or equilibration with) the charge-separated state is
followed by intersystem crossing and recombination to yield
the triplet state of the PMI unit. This difference in behavior
is related to the solvent effect on the energy of the charge-
separated states.

The behavior of the triads is remarkably similar to that of
the corresponding dyads, with only minor differences. This
indicates that, after primary charge separation, the charge
shift to yield a long-range charge-separated state is quite in-
efficient. At first sight, this result was surprising given the
large driving force calculated for charge shift from the elec-
trochemical data. In fact, the problem lies in the electro-
chemistry of exTTF for which, because of the strong gain in
aromaticity achieved in forming the dicationic species, only
a single two-electron oxidation process is observed. The
matter is clarified by DFT calculations on triad T2, which
show that, although from electrochemistry exTTF looks
much easier to oxidize than QT, the highest-occupied MOs
(one-electron redox orbitals) of the two units are almost de-
generate. Such a result quantifies the potential inversion!”"!
of exTTF at around +0.4 V. This value may be of interest
for the design of charge-separation systems that include this
type of unit, particularly when small driving forces are rele-
vant.[®!
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