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Electronic Communication through m-Conjugated Wires in Covalently
Linked Porphyrin/Cy, Ensembles
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Dirk M. Guldi+™

Abstract: Novel photo- and electroac-
tive triads, in which m-conjugated p-
phenylenevinylene oligomers (oPPVs)
of different length are connected to a

physicochemical investigation, concen-
trating mainly on long-range charge
separation and charge recombination
and kinetics, revealed small attenuation

factors f of 0.03+0.005 A~!. Energy
matching between the HOMO levels of
Cy and oPPVs emerged as a key pa-
rameter for supporting molecular-wire-

photoexcited-state electron donor (i.e.,
zinc tetraphenylporphyrin) and an elec-
tron acceptor (i.e., Cg), were designed,
synthesized, and tested as electron-
transfer model systems. A detailed

transfer

Introduction

The rational design of molecular-sized materials for elec-
tronic and photonic applications is currently a topic of great
interest. In particular, the preparation and integration of
multifunctional molecules into architectures of higher
order—the so-called bottom-up approach—is the basis for
the realization of molecular-scale electronics.!"

In this context, understanding and testing molecular wires
is at the forefront of science, since they provide the ultimate
means for electron transport.”! Among many examples, -
conjugated oligomers are promising prototypes for molecu-
lar wires. An important aspect for the use of m-conjugated
oligomers is that their chemical properties can be tailored
by controlling their length and constitution.®! Oligo-p-phe-
nylenevinylenes (0PPVs) have been successfully used as mo-
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like behavior: It favors rapid and effi-
cient electron or hole injection into the
oPPV wires. Large electronic coupling
values were determined as a result of
paraconjugation in the oPPV moieties.

electron
molecular

lecular wires. Recently, energy matching between the donor
and bridge units has been recognized as an indispensable re-
quirement for guaranteeing wire behavior.™

We have demonstrated wirelike behavior in a series of
soluble and fully conjugated oPPVs covalently connected to
a Cq, electron acceptor and to an extended tetrathiafulva-
lene (exTTF) electron donor (Cg-oPPV-exTTF) over distan-
ces of 40 A and beyond. Especially important for an excep-
tionally small attenuation factor of f=0.01+0.005 A" is
that the energies of the Cyy HOMOs match those of the
long oPPVs. This facilitates electron/hole injection into the
wire. Equally important is strong electronic coupling, realiz-
ed through the paraconjugation of the oPPVs into the
exTTF electron donor, which leads to donor-acceptor cou-
pling constants V in C¢y -0PPV-exTTF* of about 5.5 cm™
and assists charge-transfer reactions that exhibit a rather
weak dependence on distance.”

Porphyrins are naturally occurring light-harvesting build-
ing blocks. Rich and extensive absorptions (i.e., —m* transi-
tions) hold particular promise for increased absorptive cross
sections and thus efficient use of the solar spectrum. Their
excited-state properties are fine-tuned by varying the central
metal ion and the substituents at the peripheral meso or 3
positions.! Typically, high electronic excitation energies
(>2.0eV) power a strongly exergonic electron transfer,
which subsequently intercedes the conversion between light
and chemical/electrical energy. Fullerenes, on the other
hand, are three-dimensional electron acceptors that exhibit
small reorganization energies in electron-transfer processes.
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To achieve ultrafast charge separation while retarding
charge-recombination processes, these aspects are of central
importance.”? The ZnP/Cq, couple has emerged as an impor-
tant benchmark in unraveling the complexity of electronic
interactions occurring in photo-
synthesis and in model sys-
tems. 1! cHO

Here we present a full ac-
count on two novel donor—
bridge—acceptor systems with
Cy and zinc(11) tetraphenylpor-
phyrin (ZnP) as photo- and
redox-active components. The
two moieties are covalently
connected through  soluble
oPPVs of different length, that
is, a molecular trimer and pen-
tamer. To the best of our
knowledge this is the first ex-
ample in which both ZnP and
Cyq units are connected by
oPPVs.! The design and study
of these novel compounds,
ZnP-oPPV(3)-C¢;, (13a) and
ZnP-oPPV(5)-C¢ (13b) allows
an evaluation of the impact that
structural parameters have on
the following aspects:

< 03
N
H

1) The consequences for elec-
tronic communication.

2) The effect of the length of
the oPPV spacer on the
energy- and electron-trans-
fer mechanism.

3) The torsional mobility of
the porphyrin about the
phenyl ring connected to
the oPPV spacer.

4) Most importantly, the mo-
lecular-wire behavior.

Ar
w W
X
Ar

4 X=Br
P(OCH;);, A
5 X = P(O)}(OCH,), :'

Results

Synthesis and characterization: Scheme 1 summarizes the
preparation of target ZnP-oPPV-Cy, triads 13a,b and ZnP-

Ar
CHO BF, OEt,
CHCI,
_ 3 Ar X
p-chloranil
COOCH;
Ar

1 X = C(O)OCHs LA,
THF, 0°C

naco, 2 X=CHOH
THF, ta.
-« 3 X=CH,Br

CBr, / PPh,
CH,Cl,, &

CSO
N-methylglycine
Chlorobenzene

Scheme 1. Synthesis of the novel triads 13a,b.

Abstract in Spanish: En el presente articulo se describen el
diserio, sintesis y estudio de la transferencia electrénica de
nuevas triddas foto y electroactivas utilizadas como sistemas
modelo. Estos sistemas estdn constituidos por oligémeros -
conjugados derivados del p-fenilenvinileno (oPPVs) de dis-
tinta longitud conectados a un dador electronico con estado
excitado (i.e. tetrafenilporfirina de zinc) y un aceptor electro-
nico (i.e. Cy). El estudio fisico-quimico detallado, centrado
fundamentalmente en los procesos de separacion de carga a
larga distancia y los procesos y cinética de recombinacion,
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revela valores del factor de atenuacion (B) de 0.03+
0.005 A~'. La concordancia energética entre los niveles
HOMO de Cyy y de oPPV se ha revelado como un pardmetro
fundamental para confirmar el comportamiento de cable mo-
lecular: se favorece una rdpida y eficiente inyeccion de elec-
trones o huecos en los cables de oPPV. Se han determinado
valores de acoplamiento electrénico elevados como conse-
cuencia de la paraconjugaciéon presente en las unidades de
oPPV.

www.chemeurj.org  Chem. Eur. J. 2005, 11, 12671280
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oPPV references 12a,b. Zinc porphyrin (ZnP) was prepared
by using the Lindsey methodology."? Pyrrole and a 3:1 mix-
ture of 3,5-di-tert-butylbenzaldehyde!" and methyl 4-formyl-
benzoate were condensed in the presence of BF;-OEt,, fol-
lowed by oxidation with p-chloranil, to yield porphyrin 104
in 14% (Scheme 1). In the next step, conversion of the ester
functionality to a bromomethyl moiety was achieved by re-
duction with LiAlH, in THF and bromination with CBr, in
the presence of PPh;. The overall yield was 73 %.""! Quanti-
tative metalation of 3 with Zn(OAc), afforded zinc(11) por-
phyrin 4, and subsequent treatment with P(OMe); led to di-
methylphosphonate derivative 5. The single chromophore
Zn" tetrakis(di-tert-butylphenyl)porphyrinate (ZnTTP) was
also prepared as a reference compound.

ZnP-oPPV systems 12a and 12b were synthesized by
Wadsworth—-Emmons olefination between phosphonatopor-
phyrin 5 and oligomers 8 and 11 (Scheme 1), carrying two
formyl moieties. The reaction between 5 and equimolar
amounts of 8 or 11 in the presence of potassium fert-butox-
ide afforded 12a and 12b in about 45 % yield. Additionally,
certain amounts of the symmetrical ZnP-oPPV-ZnP systems
were isolated.!"")

Compounds 12a and 12b are suitable starting materials
for the synthesis of target molecules 13a and 13b, which
were prepared by 1,3-dipolar cycloaddition between 12a or
12b, N-methylglycine, and C, in chlorobenzene in 51 and
32% yield, respectively. Since the reaction takes place by

OCeH1 CHO

0 P(OCH;),
(H,CO),P (¢]

OCefis EtO” TOEt

1. tBUOK / THF
2. HCI; H,0/CHCI,

OCeH;;

i Saves

CeHy:0

8: X =CHO

o CN | BuOK
(H,CO),P THF

9

OCeHis

CeHy30

10: X, =X, =CN _

1. DIBAL-H / CH,Cl,
2. HCI/ H,0 / CHCl,

1Ma: X;=X,=CHO
11b: X, = CN; X, = CHO

———

Scheme 2. Synthesis of oPPVs 8 and 10.
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cycloaddition of in-situ-generated azomethyne ylides to Cq,
it creates a chiral center at the fulleropyrrolidine ring."”
Consequently, 13a and 13b were isolated as racemic mix-
tures.

The synthesis of oligomers 8 and 11a,b was carried out ac-
cording to a previously reported procedure (Scheme 2).1% It
proceeds through sequential Wadsworth-Emmons reaction
between phosphonate- and formyl-containing subunits. The
reaction between 2,5-bis(dimethylphosphonatomethyl)-1,4-
dihexyloxybenzene!™ (6) and the mono(diethylacetal) of
terephthaldehyde (7), followed by acidic treatment, afforded
trimer 8. Condensation of 8 and 9 then leads to pentamer
10, which was reduced with DIBAL-H (2:1 stoichiometry)
to the desired dialdehyde-containing pentamer 11a (54 %),
together with the monoformylated pentamer 11b, which was
obtained in a lower yield (12 % ).?"

All structures were confirmed by spectroscopic analyses
(NMR, FTIR, and MS). 'HNMR spectra of 12a,b and
13a,b show signals at around 6 =9 ppm for the pyrrolic pro-
tons of the porphyrin core. The pyrrolidine signature ap-
pears between 0=4.7 and 3.9 ppm as two doublets (AB
system) and one singlet. High-resolution 'H NMR spectra
reveal a trans configuration of the vinyl protons of the
oligomer moiety and thus confirm the stereoselectivity of
the Wadsworth-Emmons reaction. The absorption spectrum
of 13b in dichloromethane (Figure 1a) represents a linear

a) 400
—13b
100 = -+ = pentamer
ex10°
M em™
200
100 f~
O = =7"= - == e ,
300 400 500 600 700
Wavelength / nm
b) 400
—12b
- = C,-pentamer
300 |
ex10°
M~ Tem™!
100

300 400 500 600 700
Wavelength / nm

Figure 1. a) UV/Vis spectra of 13b and its molecular components ZnTPP,
pentamer, and Cg (N-methylfulleropyrrolidine) used as reference.
b) UV/Vis spectra of 12b and Cg-pentamer in dichloromethane.
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combination of the spectra of ZnTPP, pentamer, and Cg. A
similar trend is seen in 12b and Cg-pentamer (see Fig-
ure 1b).

Dyads 17 and 18 were synthesized, as reference com-
pounds for photophysical studies (see below), from the re-
spective monoformylated oligomers 11b and 16 by following
the typical Prato procedure for the preparation of fullero-
pyrrolidines (Scheme 3). Trimer 16 had not been previously

CHO
14 7
é (H,CO) P- - >
BUOK/THF T 1. BUOK / THF
OCeHys 2. HCI; H,O/CHCI,
15
16 —_— —— -
CGO
N-octylglycine
Chlorobenzene
11b _—

Scheme 3. Synthesis of oPPVs 16 and reference compounds 17 and 18.

reported in the literature, and it was obtained in a two-step
procedure from phosphonate 6 and benzaldehyde (14)
under basic conditions with careful control of the stoichiom-
etry (6/14 2/1). Further treatment of the resulting stilbene
derivative 15 with commercially available diethyl ketal 7
and subsequent acidic treatment afforded trimer 16 en-
dowed with a formyl group (see Experimental Section).

Electrochemistry: The electrochemical features of 13a and
13b were probed by cyclic vol-
tammetry at room temperature.
Their redox potentials are col-

H)/10 (X, =X,=H). Only the first and third oxidation proc-
esses are quasireversible, which leads to their assignment to
ZnP oxidation. The second and fourth oxidation steps are ir-
reversible and correspond to oligomer-centered events (see
Table 1).

The reduction scan of the cyclic voltammograms is domi-
nated by four quasireversible C4 reduction waves. These
appear together with two ZnP reduction steps and yet an-
other reduction wave at around
—1.90 V, which reflects the first
reduction wave of the oligomer
unit.

Theoretical calculations: Theo-
retical calculations were per-
formed at the semiempirical
PM3 level to determine the ge-
ometries of 13ab (Figure 2).
All the predicted geometrical
values were found to be in
good agreement with the exper-
imental data.l?!

Photophysics: All reference
compounds emit fluorescence
in different spectral regions of
the solar spectrum and with
drastically different quantum
yields. In decreasing order,
fluorescence maxima were ob-
served at 445 nm (trimer) >485
(pentamer) > 605  (ZnTPP)>
715nm (Cg). A summary of
the fluorescence spectra is
shown in Figure 3 for toluene as solvent. While the fluores-
cence quantum yields still follow the same trend—0.75
(trimer)>0.5 (pentamer)>4x1072 (ZnTPP)?>6x107*
(Cq)®'—the corresponding lifetimes diverge substantially
from both of these trends. In particular, the lifetimes lie be-
tween 2.7 and 0.8 ns for ZnTPP and pentamer, respectively.

Characteristic transient singlet and triplet spectra were re-
corded in the pico-, nano-, and microsecond time regimes.
Typically, in our ultrafast experiments (20 ps laser pulses)

Table 1. Redox potentials in o-dichlorobenzene/MeCN (4/1).1!

lected in Table 1, along with

. Compound E;ﬂ Efm E‘;a E‘;A Eéc Eic Ezc E“gc Ef)c
those of ZnTPP, Cg,, trimer (8:
X—_H d 10 ZnTPP 0.84 1.23 - - —1.42 —1.78 - - -
=—H), and pentamer (10: Ce - - - - ~0.59 ~1.01 147 ~1.94 -
X;=X,=H) as references. trimer 1.11 127 153 203 - - - - -
Compounds 13ab show an pentamer 0.99 1.28 1.41 1.74 - - - - -1.94
amphoteric redox behavior with 138 083 105 124 139 061  -102  -162  -205  —~128ZnP
. . —1.79 ZnP
waves at both oxidation and re- .
X . L —1.88 olig
duction sides. They exhibit four 13} 08 094 122 143 062  -102  -165  -210  —126ZnP
oxidation waves at potentials —1.90 olig

similar to those found for the
oxidation of ZnTPP and 8 (X=
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[a] V versus SCE; glassy carbon working electrode; Ag/Ag* reference electrode; Pt counterelectrode; 0.1m
Bu,NCIO,; scan rate: 200 mVs'; concentrations: 0.5-2.0 x 107> m.
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Figure 2. Minimum energy calculated structures (PM3) for 13a and 13b.
Hexyl and tert-butyl groups were removed for the computational study.

- trimer
— - pentamer
8 = — -ZnTPP

Emission
/a.u.

Wavelength / nm

Figure 3. Room-temperature fluorescence spectra of trimer, pentamer,
ZnTTP, and Cg, building blocks, recorded on toluene solutions that ex-
hibit optical absorptions of 0.5 at the 400 nm excitation wavelength. The

spectra are normalized to show similar fluorescence intensities at their
maxima.

we see singlet excited states that are formed instantaneously,
that is, with kinetics faster than 5x10°s™!. In the trimer,
pentamer, and ZnTPP references new singlet-singlet ab-
sorptions develop, which are red-shifted relative to the
ground-state transition. These ground-state transitions
appear in the differential absorption spectra as bleaching,
that is, loss in relative amplitude when photoexcited. For ex-
ample, in ZnTPP singlet-singlet maxima are seen at 500
and 615 nm relative to the minima of the ground-state tran-
sitions at 425 and 550 nm. A representative picosecond
time-resolved absorption spectra, taken after a 20 ps laser
pulse at 532 nm in toluene solution for ZnTPP, is displayed
in Figure 4.
Fast intersystem crossing (ki ~10%®s™, Figure 4b) governs
the fate of the metastable singlet excited states in all build-
ing blocks. The corresponding triplet-triplet absorptions of

Chem. Eur. J. 2005, 11, 1267 -1280 www.chemeurj.org
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Figure 4. a) Differential absorption spectrum (Vis) obtained upon pico-
second flash photolysis (532 nm) of ca. 1.0x107°m solutions of ZnTPP
building block in nitrogen-saturated toluene with a time delay of 50 ps at
room temperature. The spectrum corresponds to the singlet-singlet spec-

trum of ZnTPP. b) Illustration of the intersystem crossing process in pho-
toexcited ZnTPP.

trimer, pentamer, ZnTPP, and Cg are all located in the
range between 500 and 900 nm (Figures5 and 6). The
oxygen-sensitive triplets (Kogyeen~10°M 's™"), with triplet

0.06

80D 02 |-
/a.u.

-0.02

] N .
400 500 600 700

Wavelength / nm

Figure 5. Differential absorption spectrum (Vis and NIR) obtained upon
nanosecond flash photolysis (355nm) of ca. 1.0x10°m solutions of
trimer (dashed line) and pentamer (solid line) building blocks in nitro-
gen-saturated toluene with a time delay of 50 ns at room temperature.

The spectra correspond to the triplet-triplet spectra of both building
blocks.
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Figure 6. Differential absorption spectrum (NIR) obtained upon nanosec-
ond flash photolysis (355 nm) of ca. 1.0x 10~ m solutions of 12b in nitro-
gen-saturated toluene with a time delay of 50 ns at room temperature.
The spectrum corresponds to the triplet-triplet spectrum of the ZnP
chromophore.

lifetimes longer than 20 ps, are formed with quantum yields
of 0.98 (Cg) >0.88 (ZnTPP) > 0.2 (pentamer).

ZnP-trimer and ZnP-pentamer precursors: Next we investi-
gated the ZnP/oligomer interactions in the ZnP-trimer
(12a) and ZnP-pentamer (12b) precursors. In the ground
state, features of both components are discernable. The por-
phyrin transitions are sharp (Soret-band: 427 nm; Q-band:
550 and 590 nm) and dominate most of the absorption spec-
trum. Those of the oligomeric wires are broad (Figure 1D).
When the spectra of the ZnTPP/oligomer building blocks
are compared with those of 12a and 12b, no notable pertur-
bations or alterations of the spectra are seen. The spectra of
12a and 12b appear as the simple sum of the two compo-
nent spectra.

The characteristic fluorescence of the oligomeric wire
proved to be a more useful probe for electronic interactions
(excitation around 350 nm). In the 400-600 nm region, the
strong emission of the oligomeric wires, with maxima at
445 nm (trimer: 2.78 eV) and 485 nm (pentamer: 2.55 eV),
are seen for the building blocks. When ZnP is present,
strong fluorescence quenching, with quenching factors of
about 500 (@ values in toluene: 12a: 4.8x107*; 12b: 1.6x
107%), indicates almost instantaneous deactivation of the
photoexcited oligomer. Importantly, solvents of different po-
larity (i.e., toluene, THF, and benzonitrile) had virtually no
impact on the fluorescence quenching, and this supports a
deactivation by energy transfer.*]

In parallel experiments we excited the ZnP chromophore
at 427 nm or 550 nm and compared ZnTPP with 12a and
12b. Here no differences were found for the high-energy
emission (2.05eV) with quantum yields of about 4x1072
Also, the ZnP fluorescence lifetime of 2.04+0.2 ns remains
virtually indistinguishable in the different samples.

In time-resolved experiments, the only notable photo-
product on the nano- to microsecond timescale is the ZnP
triplet excited state (1.5 eV).”! An example of a spectrum is

1272
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shown in Figure 6. The characteristic triplet—triplet finger-
print around 860 nm is formed in nearly quantitative yield
(>90%).

Independent of which part of 12a or 12b is photoexcited,
that is, either the ZnP chromophore or the oligomeric wire,
singlet and triplet excited states both reside on the ZnP
moiety. Figure 7 summarizes the different pathways.

ZNP-""Wire s

\x

/ -~ *ZnP-wire
4

T e e 370 PLwire

= ZnP-wire

Figure 7. Energy levels of excited states in ZnP-trimer (12a) and ZnP-
pentamer (12b); solid arrows indicate major pathways.

Trimer-Cq, and pentamer-Cg, precursors: The relative weak
absorptions of Cy, in the trimer-Cq and pentamer-Cg, pre-
cursors (see Figure 1b) limit the fluorescence experiments
to probing the oligomeric part. In a typical experiment, with
400-420 nm excitation wavelength, the photoexcited oligo-
mer is deactivated almost instantaneously. This is evidenced
by 1) fluorescence quantum yields of 6.0x 10~ (Figure 8) or

0.8

0.6

Emission
/a.u.
0.4

0.2

T T T T T T T T T T T

| I .. S PR |

500 600 700 800

Wavelength / nm

Figure 8. Room-temperature fluorescence spectra of pentamer-Cg, (18)
recorded with a toluene solution that exhibits an optical absorption of 0.5
at the 400 nm excitation wavelength. The quantum yields of both photo-
excited species (i.e., pentamer and Cq) are 6x 107,

less and 2) the lack of any measurable fluorescence lifetimes
exceeding the 100 ps time window of our instrumental reso-
lution.

Concurrent with the disappearance of the oligomer fluo-
rescence in the visible region of the spectrum (400-600 nm),

www.chemeurj.org  Chem. Eur. J. 2005, 11, 12671280
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we noted the appearance of the Cy, emission in the near-in-
frared (650-800 nm) with a maximum at 720 nm (see
Figure 8).*1 Moreover, the Cq, fluorescence quantum yields
match that determined for Cg,. Fluorescence quantum yields
around 640.1 x 10~ illustrate this trend, despite the near ex-
clusive excitation of the oligomer moieties. Additional exci-
tation spectra of the Cg fluorescence, which reveal the
ground-state transitions of trimer and pentamer, led us to
postulate an efficient and quantitative transfer of singlet ex-
cited state energy from the highly energetic oligomer singlet
excited state (2.5-2.8eV) to the low-lying singlet excited
state of Cg (1.76 e V).

In time-resolved fluorescence experiments the only de-
tectable fluorescence was that of Cg,. Again, its lifetime (ca.
1.5 ns) is identical to that found for Cg. No residual traces
of the long-lived oligomer fluorescence were noted. This
suggests that the strong Cgy/oligomer coupling causes ex-
tremely fast intramolecular singlet-singlet energy-transfer
dynamics (>10").

Time-resolved transient absorption measurements further
corroborated the fluorescence experiments. In picosecond
experiments, the singlet excited states of Cg, (1.76 eV) and
of the oligomer (ca. 2.5eV) are populated, due to their
overlapping absorption in this spectral region (see Figure 1).
The relative absorption ratio of Cyy/oligomer is about 1/4 at
355 nm. Instead of showing the strong oligomer singlet-sin-
glet transitions, the transient spectra, recorded immediately
after the 20 ps laser pulse, show mainly a broad 880 nm
peak (not shown). This maximum corresponds to the sin-
glet-singlet fingerprint seen upon exclusive Cg, excitation.
This supports our earlier notion that a rapid intramolecular
transduction of energy funnels the excited-state energy to
the fullerene core to generate '#Cy, with quantum yields of
nearly unity.””

Again, the Cg, singlet growth kinetics could not be re-
solved within our time resolution of about 20 ps. Once
formed, the singlet-singlet transitions are metastable and
decay with monoexponential dynamics (5.0+0.5x10%s™") to
generate the triplet manifold. Spectral characteristics of the
latter, as recorded at the conclusion of the 4000 ps timescale,
are transient maxima at 380 nm and 700 nm.”!

In nanosecond experiments, the only photoproduct found
involves the same Cg, triplet state features. The C, triplet
transitions were then employed as convenient markers to
quantify the energy-transfer efficiency. In line with the con-
clusion of the fluorescence experiments, we found in the
trimer-Cy, and pentamer-Cg, precursors triplet yields, which
are virtually identical to that of Cy,. This confirms that, re-
gardless of the initially excited state (**trimer/'*pentamer or
%Cy,) the final photoexcited state is the same, namely, **Cg,
formed quantitatively by the indirect (i.e., exciting trimer or
pentamer) or direct (i.e., exciting Cg) route (see Figure 9).

ZnP-trimer-Cg, and ZnP-pentamer-Cg, wires: We focused in
our ZnP-trimer-Cy, (13a) and ZnP-pentamer-Cg, (13b) ex-
periments on populating the ZnP excited state exclusively
and monitoring its fate.”® In Figure 10, which summarizes

Chem. Eur. J. 2005, 11, 1267 -1280 www.chemeurj.org
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Figure 9. Energy levels of excited states in trimer-Cg, (17) and pentamer-
Cy (18); solid arrows indicate major pathways.
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Figure 10. Room-temperature fluorescence spectra of 13a and 13b, re-
corded with solutions that exhibit optical absorptions of 0.5 at the
425 nm excitation wavelength. The fluorescence quantum yields are for
13a: 0.01 (toluene), 0.006 (THF), 0.005 (benzonitrile), and for 13b: 0.021
(toluene), 0.018 (THF), 0.015 (benzonitrile).

the steady-state fluorescence experiments, several general
trends emerge. First, we see a difference between the trimer
and pentamer systems with typical fluorescence yields that
are twice as high in the latter (@ values in toluene: 13a:
0.010, 13b: 0.021). At first glance, this observation speaks
for a distance-dependent deactivation of the ZnP singlet ex-
cited state. Second, fluorescence quenching becomes pro-
gressively stronger in the more polar solvents: toluene <
THF < benzonitrile, which implies that the driving force for
intramolecular electron transfer changes with solvent polari-
ty. Better solvation of radical ions in, for example, benzoni-
trile, stabilizes the radical ion pair state and, in turn, enhan-
ces the free-energy changes for its formation. Third, the
emission is red-shifted in THF and benzonitrile, which can
be attributed to the coordination of a solvent molecule to
the axial position of the zinc center.

Time-resolved fluorescence decay measurements qualita-
tively support the first and second observations. In particu-
lar, fluorescence deactivation in 13a is faster than in 13b
(0.58 vs 0.28 ns, both in THF) and faster in THF than in
benzonitrile (0.28 vs 0.12 ns for 13b).
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Figure 11. Differential absorption spectra (Vis and NIR) obtained upon
picosecond flash photolysis (532 nm) of ca. 1.0 x 107> M solutions of 13b in
nitrogen-saturated THF with several time delays between —50 and
4000 ps at room temperature. The spectra correspond to the changes that
are associated with the transformation of the ZnP singlet excited state to
the radical pair ZnP-*-pentamer-Cqy~.

The fate of '*ZnP in 13a and 13b was also examined by
pico-/nano-/microsecond transient absorption spectroscopy.
Representative picosecond time-resolved absorption spectra,
taken after 532 nm laser excitation of 13b in THF solution,
are displayed in Figure 11.

At early times (50-100 ps), these are practically identical
to those of the ZnTPP building block, exhibiting strong
bleaching at 550 nm (similar to Figure 4) and attesting to
formation of the ZnP singlet excited state. At a delay time
of about 200 ps, a new transition around 670 nm starts to
grow in (Figure 11) together with another absorption in the
near-infrared, and their formation is completed around
2000 ps. Based on a spectral comparison, we ascribe the
former to the ZnP x radical cation (ZnP-"), while the latter
band belongs to the fullerene m radical anion (Cg ). An
important criterion is the kinetic resemblance 1) between
the decay of '*ZnP and the growth of ZnP'*/Cq ™, and
2) between decay/growth and the fluorescence lifetimes. The
charge-separation rate of 13a is 4.5x10°s™" in THF and
32x10°s7! in benzonitrile, while in 13b it is somewhat
slower (3.2x10°s™! in THF and 4.5x10°s™' in benzonitrile;
Table 2). In accordance with these results, we propose that

Table 2. Charge separation and charge recombination dynamics for 13a
and 13b in different solvents.

13a 13b
charge charge charge charge
separation recombination separation recombination
THF 45%x10°s™! 1.2x10°s™" 32x10°s™! 9.3x10°s™!
benzonitrile 3.2x10°s™!  44x10°s™'  45x10°s!  2.7x10°s7!

charge separation from the ZnP singlet excited state to the
electron-accepting fullerene creates ZnP-+/Cg . The forma-
tion of ZnP'*/Cgy~ is responsible for the fast deactivation of
the photoexcited chromophore. The absorption of the
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charge-separated ZnP"*/Cy, '~ pair is persistent on the pico-
second timescale and decays in the nano-/microsecond
regime (vide infra). The charge-recombination dynamics
were then analyzed by following the absorption changes of
the one-electron reduced form of the electron acceptor
(C¢") and that of the one-electron oxidized form of the
electron donor (ZnP't). An example is shown in Figure 12.
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Figure 12. a) Differential absorption spectrum (Vis and NIR) obtained
upon nanosecond flash photolysis (532 nm) of ca. 1.0x 10~>m solutions of
13b in nitrogen-saturated THF with a time delay of 100 ns at room tem-
perature. The spectrum corresponds to the radical pair ZnP'*-pentamer-
Cg~ - b) Decay of ZnP'*-pentamer-Cqy~ (at 1000 nm).

In oxygen-free solutions, the decays were well fitted by a
single exponential expression. For both systems, charge re-
combination is faster in more polar solvents (13a: THF:
1.2x10°s™!, benzonitrile: 4.4x10°s™'; 13b: THF: 9.3x
10° 57!, benzonitrile: 2.7x10°s™!). A decrease in —AG® and
faster charge-recombination kinetics is a typical phenomen-
on for the Marcus inverted region, where the electron trans-
fer rates start to decrease with increasing change in free
energy.”’!

Discussion
An important fact is that absorption spectroscopy and cyclic

voltammetry confirm the lack of significant electronic com-
munication between the constituents (ZnTPP, trimer, pen-
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tamer, and Cg) in 12a/12b and 13a/13b in their ground
state.

The photoreactivity of 12a/12b is rationalized by a ther-
modynamic evaluation. Among the singlet excited states,
the one that is localized on the ZnP moiety has the lowest
energy (2.05eV) and hence evolves as the thermodynami-
cally stabilized intermediate. The same observation must
hold for the triplet excited states, although the exact triplet
energies of the oligomeric wires are not known, since the
only triplet product is that of ZnP.

Formation of radical ion pairs, that is, oxidized ZnP/re-
duced oligomer (ca. 2.7eV) or reduced ZnP/oxidized
oligomer (ca. 2.6 eV), appears to be uncompetitive (i.e.,
starting with the trimer or pentamer singlet excited state) or
unfeasible (i.e., starting with the ZnP singlet excited
state).®”! Moreover, our physicochemical characterization
rules out these possibilities. No direct spectroscopic evi-
dence was found for the formation of ZnP-*/oligomer~ or
ZnP-/oligomer*. The solvent-independent fluorescence
quenching of the oligomer emission, as an indirect proof, is
also inconsistent with an electron-transfer mechanism.

For photoexcited trimer-Cq, and pentamer-Cg, intramolec-
ular electron transfer, as an alternative deactivation channel,
might evolve from the singlet excited state of the oligomers.
The energies of the radical ion pair states (ca. 1.8-1.9 e V)P
lead to a position somewhat higher than that of the Cg, sin-
glet excited state at 1.76 eV and prevent this reaction path-
way. Nevertheless, strictly on the basis of thermodynamic
considerations, we would expect the following reaction to
occur [Eq. (1)].

Ceo- " wire — Cg,~-wire * (1)

In line with a series of previous investigations on several
Cgo/oligomer systems, the more exothermic energy transfer
prevails, and this leaves electron-transfer deactivation as an
insignificant contribution.?”!

Although all the reference systems (i.e., 12a, 12b, trimer-
C¢, and pentamer-Cg) exhibit energy-transfer deactivation,
no energy-transfer activity was noted for ZnP. This is differ-
ent in 13a/13b. Connecting ZnTPP with Cg, through trimer
or pentamer results in rapid electron-transfer deactivation.
Relative to a previously reported ZnP-Cg, system,’! for
which rate constants of 8.3x10'"s™! (charge separation) and
7.7x10°s™! (charge recombination) were reported, both
processes are notably slower in 13a and 13b. Rate constants
for charge separation and recombination are about 10°s™
and about 10°s™, respectively. Considering the large edge-
to-edge distances of 26.1 A (13a) and 39.0 A (13b), such
rate constants are only feasible if good electronic coupling
between ZnP and Cy, is guaranteed. In fact, calculations of
the electronic coupling matrix element V within the frame-
work of the Marcus electron transfer theory yielded high
values.” The values of 49 cm™ (13a) and 4.1 cm™" (13b)
compare to 1.6x10™*cm™ derived for tetrads formed by
connected electroactive species (Fc-ZnP-Zn-Cy;) that span
comparable distances.”? Using an alternative approach,
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namely, analyzing the Inkcs versus distance relationship
(vide infra), also gave a high value of 2.2 cm™". In summary,
fully conjugated oPPVs are good mediators for electronic
coupling over large distances.

To analyze the charge-recombination mechanism we
probed the radical-pair lifetimes between 268 and 365 K
(Figure 13). The Arrhenius plot for 13a can be separated

T/ K

Figure 13. Arrhenius analyses of the temperature-dependent electron-
transfer rate constants for 13a and 13b in deoxygenated benzonitrile.

into two distinct sections: A low-temperature regime
(<300K) and a high-temperature regime (>300K). The
weak temperature dependence in the 268-300 K range sug-
gests that a stepwise intramolecular charge-recombination
process via transient ZnP-trimert-Cy~ is unlikely to pro-
ceed.”*! This leaves electron tunneling via superexchange as
the only operative mode. This picture is in sound agreement
with the thermodynamic barrier that must be overcome in
the formation of transient ZnP-trimert-Cg ™. At higher
temperatures (>300 K) the strong temperature dependence
suggests thermally activated charge recombination.’*! The
activation barrier E,, derived from the slope (0.2 eV), con-
firms the energy gap. Relative to our previous observation
on exTTF-trimer-Cy,l! with an experimentally determined
activation barrier of 0.5 eV, the smaller energy gap in 13a
reflects the lower HOMO of ZnP relative to exTTF.

In principle, electron and hole transfer may both contrib-
ute to charge recombination. Figure 14 shows that large
LUMO (Cg)-LUMO (wire) gaps of at least 1.1 eV result
exclusively in an electron tunneling mechanism. Hole trans-
fer from the HOMO at C4 to the HOMO at ZnP, on the
other hand, may proceed via superexchange or hopping. In
fact, the temperature dependence helps to recognize the in-
terplay between the two processes. Once the hopping mech-
anism dominates and the hole migrates first to the wire,
good HOMO (Cg)-HOMO (wire) energy matching and
strong electronic coupling leads to a kinetically fast and
spectroscopically unresolvable recovery of the ground state.

Interestingly, the ZnP'*/Cyq~ pair in 13b reveals a con-
trasting trend: charge recombination becomes slower with
increasing temperature. We believe that decoupling of the
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Figure 14. HOMO-LUMO levels, determined analogously to ref. [4a].

ZnP*/Cg~ pair by affecting the orbital alignment in the
oPPV bridge is likely to be responsible for this.*!

Following up on these temperature-induced changes, we
consider the theoretically calculated geometries of 13a/13b
(Figure 2). The aryl groups of the tetraphenylporphyrin
(TPP) moiety are in an orthogonal disposition relative to
the mean plane of the porphyrin ring. Dihedral angles of
around 66° are in agreement with those of other related
TPP derivatives.™ The TPP phenyl group that is linked to
the oligomeric spacer also preserves a dihedral angle with
the porphyrin ring of around 67°. In addition, we note the
following trends. First, the TPP phenyl rings are not copla-
nar with the oligomeric part. Dihedral angles between the
TPP phenyl ring and the first ring of the oligomer unit are
about 30°.% Second, a deviation from planarity along the
oligomer unit is noted. Relative to the phenyl rings at the
other terminus of the oligomer, this deviation is much stron-
ger for 13b (63.7°) than for 13a (55.3°).

These differences in geometry alone might not influence
the charge-recombination mechanism, but they do help to
rationalize why the reactivity of 13b is so susceptible to
temperature variation. More work is clearly needed to fully
understand this interesting and unprecedented phenomenon.

Finally, plotting the electron transfer rates as a function of
donor-acceptor separation (Figure 15) led to dependencies
from which we determined attenuation factors S of 0.03+
0.005 A~'. The underlying wirelike behavior in 13a/13b can
be best understood in terms of m conjugation between the
phenyl group of the donor/the oligophenylenevinylene
bridge, and the pyrrolidine ring of the fullerene derivative.
Values of 0.03+0.005 A~! are exceptionally small relative to
conjugated phenylenes,”” but somewhat larger than those
found in wires that carry exTTF (exTTF: 9,10-bis(1,3-di-
thiol-2-ylidene)-9,10-dihydroanthracene) as the electron
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Figure 15. Dependence of electron-transfer rate constants on center-to-
center distances for 13a and 13b in nitrogen-saturated THF (dashed
line) and benzonitrile (solid line) at room temperature.

donor.P! Besides the different nature of the electron donor,
the important difference between the previously reported
exTTF-wire-Cg, and the present ZnP-wire-Cy, systems is the
paraconjugation between the exTTF donor unit and the -
conjugated oligomer.

Conclusion

We have developed a multistep synthetic procedure for
novel photo- and electroactive arrays, in which a zinc tetra-
phenylporphyrin donor is covalently linked to an electron-
accepting fullerene through m-conjugated p-phenyleneviny-
lene oligomers of variable length (trimer and pentamer).

A small attenuation factor 8 of 0.03+0.005 A~! supports
the notion of wirelike behavior in 13a/13b. Important for
the wirelike behavior is that the energies of the C;y HOMOs
match those of the oPPVs. This facilitates electron/hole in-
jection into the wire. Equally important is the strong elec-
tronic coupling, realized through the paraconjugation of the
oPPVs. This leads to donor—acceptor coupling constants V
of about 2.0 cm™ and assists charge transfer reactions that
exhibit a weak dependence on distance.

Experimental Section

General: FTIR spectra were recorded as KBr pellets on a Nicolet-
Magna-IR 5550 spectrometer. Mass spectra with electrospray ionization
(ESI) were recorded on a HP1100MSD spectrometer. UV/Vis spectra
were recorded in dichloromethane solutions in 1 cm quartz cuvettes on a
Varian Cary 50 Scan spectrophotometer. NMR spectra were recorded on
Bruker AC-200 ("H: 200 MHz; "*C: 50 MHz), Bruker AC-300, or Varian
XL-300 ('H: 300 MHz; "*C: 75 MHz) and Bruker DRX-500 or AMX-500
(*H: 500 MHz; °C: 125 MHz) spectrometers at 298 K with partially deu-
terated solvents as internal standards. Chemical shifts are given as o
values (internal standard: TMS). m-Conjugated oligomers 8 and 11,
porphyrins 2" and 3, 4% were obtained by following previously de-
scribed synthetic procedures. Elemental analyses were performed on
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Perkin-Elmer 2400 CHN and 2400 CHNS/O analysers. Tetrahydrofuran
was dried with sodium.

Cyclic voltammograms were recorded on a potentiostat/galvanostat AU-
TOLAB with PGSTAT30 equipped with software GPES for Windows
version 4.8 in a conventional three-compartment cell by using a glassy
carbon working electrode, a standard calomel reference electrode,
Bu,NCIO, as supporting electrolyte, a o-dichlorobenzene/acetonitrile sol-

vent mixture (4/1), and a scan rate of 200 mVs .

Picosecond laser flash photolysis was carried out with 355 or 532 nm
laser pulses from a mode-locked, Q-switched Quantel YG-501 DP
Nd:YAG laser system (18 ps pulse width, 2-3 mJ per pulse). Nanosecond
laser flash photolysis was performed with 355 or 532 nm laser pulses
from a Quanta-Ray CDR Nd:YAG system (6 ns pulse width) in a front
face excitation geometry.

Fluorescence lifetimes were measured with a Laser Strobe Fluorescence
Lifetime Spectrometer (Photon Technology International) with 337 nm
laser pulses from a nitrogen laser fiber-coupled to a lens-based T-formal
sample compartment equipped with a stroboscopic detector. Details of
the Laser Strobe systems are described on the manufacture’s web site,
http://www.pti-nj.com. Error limits of 10 % must be considered.

Emission spectra were recorded with a SLM 8100 Spectrofluorometer.
The experiments were performed at room temperature. Each spectrum
represents an average of at least five individual scans, and appropriate
corrections were applied whenever necessary.

5: A mixture of Zn" bromomethyl porphyrinate 4 (0.2 g, 0.08 mmol) and
P(OCHj;); (3mL) was refluxed for 2 h. The remaining trimethyl phos-
phite was distilled off and the residue was washed with hexane and meth-
anol to give 02g (97%) of porphyrin 5. '"HNMR (200 MHz, CDCl,,
25°C, TMS): 6=9.03 (s, 4H; H,yoic), 8:98 (d, 2H, *J(H.H)=4.7 Hz; H,,,.
wiie)s 875 (d, 2H, *J(H,H)=4.7 Hz; H, . i.), 8.1 (brs, 6H; Hy,), 7.98 (d,
2H, J(H,H)=7.9 Hz; H,,), 7.8 (brs, 3H; H,,), 6.67 (d, 2H, J(H,H)=
79Hz; Hy,), 271 (d, 6H, *J(H,P)=11.0 Hz; POCH,), 2.62 (d, 2H,
3J(H,P)=20.0 Hz; PCH,); 1.53ppm (s, 54H; C(CHj);); “CNMR
(75 MHz, CDCl;, 25°C, TMS): 6=150.30, 150.25, 150.10, 148.35, 142.59,
131.87, 129.94, 121.79, 120.42, 142.52, 132.06, 131.86, 131.81, 129.82,
129.91, 129.88, 61.23, 35.04, 31.80 ppm; IR (KBr) #=2960, 2905, 2866,
1591, 1473, 1458, 1361, 1001, 798 cm™'; UV/Vis (CH,CL,): Ay (£) =423
(407500), 552 (15500), 592 nm (6000 mol 'cm*dm™"'); MS (ESI): m/z
(%): 1138 (100) [M*+H]; elemental analysis (%) caled for
C;;HgsN,O;PZn-H,0 (1154.83): C 73.29, H 7.58, N 4.95; found: C 73.05,
H 7.76, N 4.63.

11a and 11b: DIBAL-H (1 mL, 1M in CH,Cl,, 1 mmol) was added to a
refluxing solution of 10 (350 mg, 0.48 mmol) in dry methylene dichloride
(25 mL) under argon. After 4 h of stirring the reaction was left to reach
room temperature, and MeOH and a few drops of HCI were added with
vigorous stirring. The phases were separated, and the aqueous phase was
extracted with CHCI; (three times). The combined organic layers were
washed with water and dried over MgSO,. After evaporation of the sol-
vent, the resulting solid was purified by careful flash chromatography on
silica gel with a hexane/CH,Cl, (1/4) as eluent to give first monoaldehyde
11b (40 mg, 12%) and then 11a (184 mg, 54 %) as dark orange solids.
Unconverted oligomer was also recovered.

11a: '"HNMR (200 MHz, CDCl,, 25°C, TMS): §=10.0 (s, 2H; CHO),
7.88 (d, 4H, *J(H,H)=8.0 Hz; H,,), 7.67 (d, 4H, *J(H,H)=8.0 Hz; H,,),
7.55 (brs, 8H; Hy,), 7.54 (d, 2H, *J(H,H)=16.4 Hz; H,.), 7.29 (d, 2H,
SJ(HH)=16.4 Hz; H,,), 7.15 (d, 4H, *J(H,H)=16.4 Hz; H,), 7.14 (s,
2H; H,,), 401 (t, 4H, 3(HH)=6.4 Hz; CH,0), 1.90 (m, 4H; CH,),
1.58-1.18 (m, 12H; CH,), 0.91 ppm (t, 6H; CH;); CNMR (50 MHz,
CDCl;, 25°C, TMS): 6=191.5, 151.2, 143.5, 138.3, 135.3, 130.2, 127.3,
126.9, 126.8, 116.9, 109.0, 70.2, 31.6, 29.5, 26.0, 22.7, 14.0 ppm; IR (KBr):
7=2923, 2854, 1697, 1589, 1205, 1164, 960, 534 cm™'; UV/Vis (CH,CL):
Amax (£)=324 (sh, 22400), 360 (34700), 438 nm (69100 mol~'cm*dm™");
MS (ESI): m/z (%): 765 (15) [M*+Na], 722 (100), 638 (10), 304 (10); el-
emental analysis caled (%) for Cs,H5,0,: C 84.06, H 7.30; found: C
83.78, H 7.68.

11b: '"HNMR (200 MHz, CDCls, 25°C, TMS): 6=10.00 (s, 1 H; CHO),
7.88 (d, 2H, *J(H,H)=8.0 Hz; H,,), 7.68-7.61 (m, 6H, Hy, o5,), 7.55 (m,
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8H; Hy,), 7.54 (d, 2H, YJ(H,H)=16.3 Hz; H,,), 7.28 (d, 1H, *J(H,H)=
16.1 Hz; Hy), 7.23 (d, 1H, *J(H,H)=16.1 Hz; H,,), 7.19 (s, 1H; H,,),
7.15 (d, 2H, *J(H,H)=16.3 Hz; H,), 7.14 (s, 1H; H,,), 7.09 (d, 1H,
*J(HH)=16.3 Hz; H,,), 4.08 (t, 4H, *J(H,H)=6.6 Hz; CH,0), 1.90 (q,
4H, *J(H,H) =6.6 Hz; CH,), 1.56-1.25 (m, 12H; CH,), 0.94 ppm (m, 6 H;
CH;); PC NMR (50 MHz, CDCl,, 25°C, TMS): 6 =191.53, 169.91, 151.24,
143.50, 141.92, 138.45, 138.29, 135.67, 135.38, 135.31, 132.49, 131.85,
130.25, 128.19, 127.28, 126.95, 126.87, 126.81, 126.35, 124.00, 110.64, 69.60,
31.64, 29.48, 25.97, 22.66, 14.05 ppm; IR (KBr) 7=2923, 2854, 2225, 1699,
1589, 1203, 1164, 962, 576 cm™'; MS (ESI): m/z (%): 739 (100) [M*].
General procedure for the preparation of dyads 12a,b: Potassium fert-
butoxide (16 mg, 0.14 mmol) was slowly added to a refluxing solution of
porphyrin 5 (0.10 mmol) and the corresponding oligomer 8 or 11
(0.20 mmol) in dry THF (10 mL) under argon. After 16 h, the crude mix-
ture was cooled to room temperature and H,O/CH;OH (1/1) was added.
The phases were separated and the aqueous phase was extracted with
CHClI;. The combined organic phases were washed with water and dried
over MgSO,. After evaporation of the solvent, the mixture was purified
by chromatography on silica gel with hexane/toluene (1/3) as eluent to
give the corresponding dyad. Unconverted oligomer was recovered in
both cases.

ZnP-oPPV(3) (12a): Yield: 48%. 'HNMR (500 MHz, CDCl,, 25°C,
TMS): 6=10.00 (s, 1H; CHO), 9.0-8.9 (m, 8H; Hyyoi)s 825 (d, 2H,
3J(HH)=7.8 Hz; Hyp,), 8.1 (m, 6H; Hy,p,), 7.92 (d, 2H, J(HH)=
7.8 Hz; Ha,por), 7.88 (d, 2H, J(H,H)=8.1 Hz; Ha,0,), 7.81 (s, 3H; Hy,.
vor)> 7:68 (m, 4H; Hapope), 7.62 (d, 2H, J(H,H)=8.1 Hz; Hau,op,), 7-56
(d, 2H, *J/(H,H)=16.4 Hz; Hy,), 7.49 (d, 1H, *J(H,H)=16.4 Hz; H,,,),
744 (d, 1H, J(HH)=16.4 Hz; H,.), 722 (d, 2H, *J(H,H)=16.4 Hz;
Hee), 7.2 (m, 2H; Harop), 4.1 (m, 4H; CH,0), 1.9 (m, 4H; CH,), 1.6-
1.2 (m, 66 H; CH,), 0.97 ppm (m, 6H; CH,); *C NMR (125 MHz, CDCL,,
25°C, TMS): 6=191.64, 151.53, 151.11, 150.54, 150.39, 150.00, 148.68,
148.53, 144.20, 141.81, 137.38, 135.10, 134.83, 132.31, 132.24, 131.61,
130.26, 130.01, 129.68, 129.59, 129.58, 128.99, 128.85, 128.45, 127.32,
127.03, 126.84, 125.96, 124.72, 123.30, 122.48, 122.47, 120.97, 120.78,
110.90, 11047, 69.64, 69.53, 35.03, 31.75, 29.70, 29.44, 25.99, 22.68,
14.07 ppm; IR (KBr): #=2958, 2930, 2862, 1699, 1593, 1492, 1475, 1422,
1362, 1247, 1208, 1164, 1001, 965, 799, 717 cm™"; UV/Vis (CH,CL): A
(£) =249 (12900), 356 (19100), 403 (39800 sh), 424 (263000), 515 (4500),
551 (11700), 591 (4600), 650 nm (1300 mol~'cm*dm™"); MS (ESI): m/z
(%): 1549 (100) [M™*]; elemental analysis caled (%) for
C10sH11sN,0,Zn2 HLO (1585.5): C 79.54, H 7.76, N 3.53; found: C 79.21,
H 7.82, N 3.35.

ZnP-oPPV(5) (12b): Yield: 42%. 'HNMR (200 MHz, CDCl,, 25°C,
TMS): 6=9.90 (s, 1H; CHO), 9.03 (s, 8H; Hyoic), 825 (d, 2H,
3J(H,H) =8.0 Hz; Hy,pyr), 8.1 (brs, 6H; Hapor), 7.89 (d, 2H, J(H,H) =
8.0 Hz; Hypor), 7.8 (brs, 3H; Harpy), 7.6-7.4 (m, 14H; Hyop), 7.59 (d,
6H, *J(HH)=16.3 Hz; H,), 7.2-7.0 (m, 4H; Hu.op), 7.14 (d, 6H,
*J(H,H)=16.3 Hz; Hgy), 4.0 (m, 4H; CH,0), 1.9 (m, 4H; CH,), 1.5-1.2
(m, 66H; CH,), 0.9 ppm (m, 6H; CH;); "CNMR (75 MHz, CDCl,),
25°C, TMS): 6=191.57, 151.08, 150.40, 150.34, 149.95, 148.49, 143.44,
142.48, 141.83, 138.28, 137.36, 136.85, 136.79, 136.52, 136.34, 135.55,
135.14, 134.85, 132.30, 132.15, 131.82, 131.60, 130.87, 130.12, 129.69,
129.61, 129.01, 128.78, 128.29, 128.04, 127.26, 127.01, 126.87, 124.72,
123.94, 123.33, 122.54, 122.42, 120.73, 120.30, 110.52, 69.54, 35.02, 31.91,
31.74, 31.64, 31.42, 29.69, 29.54, 22.68, 14.12 ppm; IR (KBr): #=2953,
2923, 2853, 1697, 1592, 1464, 1422, 1362, 1247, 1204, 1165, 1000, 961, 821,
797, 717 em™"; UV/Vis (CH,CLy): Anyy (€) =245 (49000), 357 (49000), 425
(371500), 551 (20000), 591 nm (8500 mol 'cm?*dm™). MS (ESI): m/z
(%): 1753 (100) [M*]; elemental analysis (%) caled for C,H;3N,O5Zn
(1753.8): C 82.87, H 7.47, N 3.19; found: C 83.12, H 7.30, N 3.29.

General procedure for the preparation of triads 13a,b: A mixture of the
corresponding dyad 12a or 12b (0.04 mmol), [60]fullerene (0.04 mmol),
and N-methylglycine (0.12 mmol) in 25 mL of chlorobenzene was re-
fluxed for 24 h. After cooling to room temperature, the crude mixture
was purified by column chromatography on silica gel with CS, to elute
the unconverted fullerene followed by hexane/toluene (2/3) (13a) or
hexane/THF (3/1) (for 13b) to yield the corresponding triad.
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ZnP-oPPV(3)-C,, (13a): Yield: 51% "HNMR (200 MHz, CDCl;, 25°C,
TMS): =896 (s, 8H; Hyypoie)s 819 (d, 2H, J(HH)=6.5 Hz; Hy,pon),
8.1 (brs, 6H; Hypor), 7.89 (d, 2H, J(HH)=6.5 Hz; Hy,poy), 7.8 (brs,
3H; Happon), 7.7-7:4 (m, 12H; Hy,onp Hoer), 72-7.1 (m, 4H; Hyy); 4.77
(d, 1H, 2/(HH)=8.8 Hz; Hyyoigine)> 4.70 (5, 1H; Hyyroiane), 4.0 (m, SH;
CH,0, Hyyoiane)> 2.79 (s, 3H; CH,N), 1.9 (m, 4H; CH,), 1.7-14 (m,
66H; CH,), 0.9 ppm (m, 6H; CH,); “CNMR (75 MHz, CDCL/CS,),
25°C, TMS): 6=155.72, 155.69,153.50, 153.27, 152.95, 152.80, 152.70,
150.88, 150.80, 150.13, 149.73, 148.16, 146.66, 146.13, 145.85, 145.73,
145.51, 145.35, 145.29, 145.15, 144.97, 144.83, 144.73, 144.57, 144.47,
144.42, 14424, 144.11, 144.08, 143.91, 143.87, 143.77, 142.74, 142.45,
142.21, 142.12, 141.96, 141.86, 141.74, 141.48, 141.18, 141.01, 139.53,
139.28, 139.13, 137.98, 137.27, 136.35, 136.28, 135.90, 135.74, 135.01,
134.79, 132.18, 132.02, 131.81, 131.53, 129.64, 129.51, 129.39, 129.22,
128.74, 128.14, 128.08, 127.92, 126.81, 126.62, 126.45, 124.63, 123.80,
123.21, 122.27, 122.19, 120.61, 120.19, 110.12, 109.94, 83.14, 83.06, 69.13,
69.07, 39.80, 34.73, 31.63, 29.81, 29.56, 26.06, 22.88, 14.21 ppm; IR (KBr):
7=2950, 2926, 2857, 1590, 1463, 1421, 1204, 1180, 1068, 1001, 797, 716,
527 em™'; UV/Vis (CHCL): Ape (£)=255 (129000), 329 (61500), 403
(59000 sh), 424 (457000), 513 (7000), 550 (24000), 590 nm
(9500 mol 'ecm*dm™'); MS (ESI): m/z (%): 2297 (100) [M™*]; elemental
analysis (%) caled for C;;;H;2;N50,Zn-4H,0: C 84.66, H 5.57, N 2.96;
found: C 84.23, H 5.67, N, 2.99.

ZnP-oPPV(5)-Cq (13b): Yield: 32% 'H NMR (200 MHz, CDCl,, 25°C,
TMS): 6=897 (s, 8H; Hyyoic), 8.18 (d, 2H, *J(H,H)=7.4 Hz; H,,por),
8.1 (brs, 6H; Hy,por), 7.89 (d, 2H, J(H,H)=7.4 Hz; Hy,poy), 7.8 (brs,
3H; Harpor), 7.6-7.4 (m, 20H; Harong Hoper), 7.1-7.0 (m, 8H; Hyp); 4.69
(d, 1H, I(H,H)=7.9 Hz; Hyyrrotigine)s 4-58 (s, TH; Hyygridine)> 4.0 (m, 4H;
CH,0), 3.93 (d, 1H, *J(H,H)=7.9 Hz; Hpyrrotigine)s 2-75 (s, 3H; CH3N), 1.9
(m, 4H; CH,), 1.7-1.3 (m, 66 H; CH,), 1.0 ppm (m, 6H; CH,); "C NMR
(125 MHz, CDCIL/CS,), 25°C, TMS): 0=155.73, 155.38, 153.10, 152.91,
152.59, 150.88, 150.57, 150.16, 149.74, 14821, 146.58, 145.84, 145.53,
145.41, 145.24, 144.54, 144.45, 143.87, 143.68, 143.32, 142.31, 141.79,
141.29, 140.89, 139.37, 139.01, 137.37, 137.18, 137.01, 136.74, 136.52,
136.26, 136.11, 136.03, 135.69, 135.17, 134.85, 132.21, 132.11, 132.03,
131.53, 130.01, 129.67, 129.50, 129.01, 128.74, 128.55, 128.18, 128.01,
127.80, 127.72, 127.48, 127.38, 126.94, 126.86, 126.75, 126.25, 126.12,
125.02, 124.66, 123.96, 123.38, 123.24, 122.30, 122.22, 121.95, 120.63,
120.19, 110.09, 110.02, 82.89, 69.54, 69.13, 39.74, 34.76, 32.01, 31.77, 31.66,
31.33, 29.82, 29.57, 26.06, 22.87, 14.19 ppm; IR (KBr): 7=2962, 2876,
1694, 1595, 1474, 1384, 1260, 1093, 1017, 798, 623, 527 cm™'; UV/Vis
(CHLCL): A (£)=254 (72500), 330 (41500), 405 (53500 sh), 425
(234500), 513 (6500), 551 (13500), 591 nm (7000 mol'cm*dm™"); MS
(ESI): m/z (%): 2501 (100) [M™]; elemental analysis (%) caled for
CigsH13sNs0,Zn-CH;0H (2533.5): C 87.23, H 5.53, N 2.76; found: C
87.26, H 5.61, N 2.71.

15: Potassium tert-butoxide (168 mg; 1.5 mmol) was added portionwise to
a solution of 6 (1.05 g; 2 mmol) in dry THF (130 mL) at room tempera-
ture. The reaction was stirred for 20 min, and then a solution of benzalde-
hyde (106 mg, 1.0 mmol) in dry THF (35 mL) was added dropwise. After
2 h, methanol (5 mL) was added to the reaction mixture and the solvent
was evaporated. The resulting solid was purified by flash chromatography
(silica gel, CH,Cl,, CH,CL,/MeOH (98/2)) to obtain 265 mg (53 %) of 15
as a pale yellow oil.

'"HNMR (200 MHz, CDCl,, 25°C, TMS): 6=7.54-7.49 (m, 2H; Hy,,),
739 (m, 1H; Hy,), 7.35 (s, 1H; Hy,), 7.34 (d, 1H, J(H,H)=16.4 Hz;
Hep), 7.08 (d, 1H, *J(H,H)=16.4 Hz; H,), 7.07 (s, 1H; H,,), 6.92 (d,
1H, J(H,H)=2.8 Hz; H,,), 6.88 (d, 1H, VJ(H,H)=1.3 Hz; H,,), 3.97 (m,
4H; CH,0), 3.68 (d, 6H, %/ (H,P)=11.0 Hz; POCHs;), 3.26 (d, 2H, *J
(H,P)=21.0 Hz; PCH,), 1.80 (m, 4H; CH,), 1.53-1.25 (m, 12H; CH,),
0.90 ppm (m, 6H; CH;); "CNMR (75 MHz, CDCl,, 25°C, TMS): 0=
150.93, 150.78, 137.94, 128.70, 128.66, 128.59, 127.34, 126.56, 126.46,
126.03, 123.66, 121.19, 120.37, 120.17, 69.52, 69.12, 52.79, 52.65, 31.61,
31.58, 29.38, 25.79, 22.61, 13.90 ppm; IR (KBr): #=2950, 2935, 2856,
1506, 1475, 1421, 1269, 1213, 1058, 1028, 871, 754 cm™'; UV/Vis (CH,Cl,)
Amax (€): 229 (6700), 295 (12900), 342 nm (9300 mol ' cm*dm"); MS (EI):
mlz (%): 522 (29) [M*], 418 (35) [M*—CsHy;], 393 (3), 334 (89) [M*
—CsH,3], 302 (17), 223 (100), 91 (14), 86 (23).
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16: Potassium fert-butoxide (45 mg, 0.40 mmol) was added portionwise to
a solution of 15 (150 mg, 0.30 mmol) and 7 (63 mg, 0.30 mmol) in dry
THF (20 mL), and the reaction mixture was stirred at room temperature
for 40 min under argon. After removing the solvent, the residue was dis-
solved in CHCl; (100 mL), 1M HCI (100 mL) added, and the reaction
mixture stirred overnight. The organic phase was separated and dried
over MgSO,. Further purification was accomplished by flash chromatog-
raphy on silica gel with hexane/CH,Cl, (1/1) to obtain 110 mg (72 %) of
16 as an orange solid.

"H NMR (200 MHz, CDCl,, 25°C, TMS): 6=10.00 (s, 1H; CHO), 7.87
(d, 1H, *J(H,H) =8.0 Hz; Hy,), 7.66 (d, 1H, *J(H,H) =8.3 Hz; H,,), 7.56
(d, 1H, *J(H,H)=16.1 Hz; H,), 7.54 (d, 2H, *J(H,H)=8.3 Hz; H,,),
749 (d, 1H, *J(HH)=16.3 Hz; H,), 7.39 (d, 1H, *J(HH)=7.5Hz;
H,,), 7.35 (d, 1H, *J(H,H)=7.5 Hz; Hy,), 7.26 (d, 1H, *J(H,H) =16.1 Hz;
Hge), 7.16 (d, 1H, *J(H,H)=16.1 Hz; H,), 7.14 (s, 1H; Hy,), 7.13 (s,
1H; H,,), 4.07 (m, 4H; CH,0), 1.89 (m, 4H; CH,), 1.59-1.26 (m, 12H;
CH,), 0.93 ppm (t, 6H; CH;); *CNMR (50 MHz, CDCl;, 25°C, TMS):
0=191.56, 151.53, 151.09, 144.21, 137.84, 135.19, 130.22, 129.39, 128.66,
128.05, 127.57, 127.30, 127.17, 126.82, 126.58, 125.92, 123.37, 110.98,
110.60, 69.67, 69.54, 31.62, 29.47, 29.44, 25.96, 22.64, 14.01 ppm; IR
(KBr): #=2951, 2930, 2856, 1697, 1597, 1491, 1466, 1423, 1210, 1165, 964,
844, 810, 752, 690 cm™'; UV/Vis (CH,CL): A, (£)=246 (15400), 336
(19000), 408 nm (25600 mol~'cm*dm™"); MS (EI): m/z (%): 510 (100)
[M*], 418 (10) [M*—CH5], 105 (8).

Dyads 17 and 18: These two reference compounds were prepared by fol-
lowing the same synthetic methodology used for triads 13a,b with N-oc-
tylglycine® instead of N-methylglycine.

17: Yield 42%; '"H NMR (200 MHz, CDCl;, 25°C, TMS): 6=7.79 (d, 2H,
J(H,H)=7.0 Hz; H,,), 7.60-7.32 (m, 7H; H,,), 7.20 (d, 1H, J(H,H) =
16.1 Hz; Hye), 7.15 (d, 1H, *J(HH)=16.1 Hz; Hg), 7.12 (d, 2H,
SJ(HH)=16.1 Hz; Hg), 7.10 (s, 1H; Hy,), 511 (d, 1H, 2(HH)=
10.0 Hz; Hpgotgine)s 507 (5 1H; Hppnorigine)s 413 (d, 1H, 2/(HH)=
10.0 Hz; Hyyoiigine)» 4.03 (m, 4H; CH,0), 3.28 (m, 1H; CH,N), 2.58 (m,
1H; CH,N), 1.86 (m, 6H; CH,), 1.54-1.26 (m, 22H; CH,), 0.91 ppm (m,
9H; CH,); *CNMR (50 MHz, CDCl;, 25°C, TMS): 6=151.17, 151.10,
147.32, 146.48, 146.32, 146.26, 146.22, 146.15, 146.10, 145.95, 145.92,
145.79, 145.55, 145.50, 145.34, 145.32, 145.27, 145.24, 145.16, 144.73,
144.65, 144.40, 143.16, 142.99, 142.68, 142.58, 142.54, 142.34, 142.27,
142.16, 142.13, 142.08, 142.03, 141.94, 141.89, 141.67, 141.52, 140.18,
140.13, 139.88, 139.55, 138.09, 137.97, 135.77, 135.70, 129.82, 128.86,
128.62, 128.32, 127.40, 127.06, 126.79, 126.73, 126.52, 123.91, 123.53,
110.78, 110.64, 82.48, 69.61, 69.57, 68.91, 53.24, 31.94, 31.62, 29.65, 29.47,
29.34, 27.58, 25.93, 22.72, 22.65, 22.63, 14.16, 14.06, 14.01 ppm; IR (KBr):
7=2920, 2850, 1595, 1508, 1491, 1460, 1419, 1257, 1188, 1016, 960,
527 cm™'; UV/Vis (CH,CL): A (€) =246 (115400), 255 (123600), 328
(64600), 394 nm (54400 mol 'cm?dm™'); MS (ESI): m/z (%): 1356 (100)
[M*].

18: Yield 49%; 'HNMR (200 MHz, CDCl,, 25°C, TMS): 6=7.80 (m,
2H; H,,), 7.64 (d, 2H, *J(H,H)=8.6 Hz; H,,), 7.58 (d, 2H, *J(HH)=
8.6 Hz; Hy,), 7.56 (d, 2H, *J(H,H)=8.6 Hz; H,,), 7.53 (m, 4H), 7.52 (d,
2H, JJ(H,H)=16.3 Hz; H,,), 7.48 (m, 4H; H,,), 7.22 (d, 2H, *J(H,H) =
16.3 Hz; Hy), 7.14 (d, 2H, J(H,H) =163 Hz; Hy), 7.12 (s, 2H; Hy,),
7.09 (d, 2H, *J(H,H)=16.3 Hz; H,), 5.10 (d, 1H, */(H,H)=9.6 Hz; H,,.
otiging)s 3:06 (8, TH; Hypproriine)> 411 (d, 1H, 2J(HH) =9.6 HZ; Hpprrotaine)»
4.06 (m, 4H; CH,0), 3.24 (m, 1H; CH,N), 2.57 (m, 1H; CH,N), 1.88 (m,
6H; CH,), 1.56 (m, 8H; CH,), 1.40-1.26 (m, 14H; CH,), 0.93 ppm (m,
9H; CH;); "CNMR (75 MHz, CDCI3, 25°C, TMS): 6 =156.60, 154.28,
153.58, 153.54, 151.21, 151.13, 147.28, 146.81, 146.49, 146.28, 146.23,
146.19, 146.14, 146.10, 146.07, 145.91, 145.75, 145.53, 145.47, 145.30,
145.24, 145.20, 145.11, 144.70, 144.60, 144.37, 143.13, 142.97, 142.66,
142.55, 142.33, 142.26, 142.08, 141.99, 141.90, 141.82, 141.65, 141.50,
140.15, 140.11, 139.86, 139.50, 138.45, 137.40, 137.36, 136.88, 136.84,
136.55, 136.42, 135.82, 135.69, 135.30, 132.47, 132.05, 129.82, 128.66,
128.48, 128.03, 127.28, 127.17, 126.93, 126.85, 126.79, 126.67, 126.29,
124.12, 123.40, 119.05, 110.61, 110.51, 110.43, 82.36, 69.57, 69.52, 68.97,
66.87, 53.17, 31.96, 31.63, 29.67, 29.46, 29.36, 28.36, 27.58, 25.96, 22.74,
22.65, 14.19, 14.05 ppm; IR (KBr): #=2922, 2852, 2222, 1630, 1593, 1508,
1491, 1464, 1421, 1203, 1172, 1018, 960, 527 cm™'; UV/Vis (CH,CL,): Apax
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(6)=245 (111500), 255 (119300), 308 (54500), 349 (59800), 431 nm
(74000 mol ' cm®dm"); MS (ESI): m/z (%): 1585 (100) [M*—H].
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