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Structure-Dependent Photoinduced Electron Transfer in Fullerodendrimers
with Light-Harvesting Oligophenylenevinylene Terminals

Nicola Armaroli,*'*! Gianluca Accorsi,”! John N. Clifford,'” Jean-Francois Eckert,” and

Abstract: Oligophenylenevinylene
(OPV)-terminated phenylenevinylene
dendrons G1-G4 with one, two, four,
and eight “side-arms”, respectively,
were prepared and attached to Cy, by a
1,3-dipolar cycloaddition of azomethine
ylides generated in situ from dendritic
aldehydes and N-methylglycine. The
relative electronic absorption of the
OPV moiety increases progressively
along the fullerodendrimer family
CsG1-Cg G4, reaching a 99:1 ratio for
CsG4 (antenna effect). UV/Vis and
near-IR luminescence and transient ab-
sorption spectroscopy was used to elu-
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benzonitrile), taking into account the
fact that the free-energy change for
electron transfer is the same along the
series owing to the invariability of the
donor—acceptor couple. Regardless of
solvent, all the fullerodendrimers ex-
hibit ultrafast OPV —Cy, singlet energy
transfer. In CH,Cl,, the OPV—Cq,
electron transfer from the lowest fuller-
ene singlet level ('Cq*) is slightly exer-
gonic (AGs~0.07eV), but is ob-
served, to an increasing extent, only in
the largest systems CgzG2-C4G4 with

lower activation barriers for electron
transfer. This effect has been related to
a decrease of the reorganization energy
upon enlargement of the molecular ar-
chitecture. Structural factors are also at
the origin of an unprecedented OPV —
Cy electron transfer observed for
CsG3 and C4G4 in apolar toluene,
whereas in benzonitrile, electron trans-
fer occurs in all cases. Monitoring of
the lowest fullerene triplet state by sen-
sitized singlet oxygen luminescence
and transient absorption spectroscopy
shows that this level is populated
through intersystem crossing and is not
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Introduction ture is based on the possibility of producing multichromo-

Due to their unique branched structure, dendrimers are in-
trinsically original scaffolds for the preparation of photoac-
tive molecular devices,' and a particularly appealing fea-
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phoric ensembles that mimic the characteristic features of
the natural photosynthetic system.'®") In such dendrimer-
based photoactive devices, an array of peripheral chromo-
phores is able to transfer the collected energy to the central
core of the dendrimer, thus mimicking the natural light-har-
vesting complex where antenna molecules collect sunlight
and channel the absorbed energy to a single reaction center.
Furthermore, in the most-sophisticated systems, this initial
transduction of excitation energy can be followed by an
electron-transfer event as observed in natural photosynthet-
ic systems.'“] These studies are not only important for the
fundamental understanding of photoinduced processes, but
appear to be of great interest for the design of new photo-
voltaic materials with optimized absorption properties!'>!3
or for the preparation of efficient light-emitting devices.!"!
[60]Fullerene (Cg) is an attractive functional core for the
preparation of such light-harvesting dendrimers.” Effec-
tively, its lowest singlet and triplet excited states are rela-
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tively low in energy, and photoinduced energy-transfer
events have been observed in numerous fullerene-based
dyads.'! Furthermore, Cq, is a good electron acceptor in
photochemical molecular devices. Several examples of den-
drimers with a fullerene core and phenylenevinylene'" 2" or
phenyleneethynylene??! dendritic branches have been re-
ported so far. Remarkable light-harvesting capability of the
peripheral units relative to the
central core has been observed
in these compounds. Martin,
Guldi, and co-workers have
shown that the end-capping of
the dendritic phenylenevinylene
spacer with dibutylaniline units
yields a multicomponent photo-
active system in which the den-
dritic wedge plays simultane-
ously the role of an antenna ca-
pable of channeling the absor-
bed energy to the fullerene
core and of an electron-donat-
ing unit."® Photophysical inves-
tigations in benzonitrile solu-
tions have shown that, upon
photoexcitation, efficient and
fast energy transfer takes place
from the initially excited anten-
na moiety to the fullerene core.
This process populates the
lowest fullerene singlet excited
state that is able to promote
electron transfer from the den-
dritic unit to the fullerene core.
Langa et al. have also prepared
related fullerodendrimers in
which the phenylenevinylene
dendritic wedge is connected to
a pyrazolino[60]fullerene core.
Preliminary photophysical in-
vestigations suggest that the ef-

. RO,
ficient energy transfer from the RO :
excited antenna moiety to the

. . RO
pyrazolino[60]fullerene core is
followed by an electron transfer
involving the fullerene moiety
and the pyrazoline N atom."
As part of this research, we
have prepared dendrimers RO
CqG1-C4G3, and preliminary RO_Q_/
photophysical investigations RO

have revealed that these com-
pounds are interesting systems
with light-harvesting proper-
ties."”! Herein, we describe the
preparation of the next-genera-
tion derivative CgG4 and
report in detail on the photo-
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physical properties of the whole series of compounds. Light-
harvesting oligophenylenevinylene (OPV) moieties convey
excitation energy to the carbon sphere by singlet energy
transfer. The singlet fullerene excited state thus generated
triggers an electron-transfer process that is dramatically de-
pendent on medium polarity and dendrimer structure.
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Results and discussion
Synthesis

The preparation of CgG1 is depicted in Scheme 1. Com-
pound 1 was obtained in two steps from p-bromobenzalde-
hyde as previously reported.” Reduction with LiAlH, fol-
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Scheme 1. Preparation of CgG1. Reagents and conditions: a) LiAlH,,
THF, 0°C (90%); b) PPh;, CBr,, THF, room temperature (84%);
c) P(OEt);, 150°C (85%); d)4, tBuOK, THF, 0°C—RT (88%);
e) CF;CO,H, CH,Cl,, H,O, room temperature (96 %); f) C4, N-methyl-
glycine, toluene, A (46 %).

lowed by bromination of the resulting alcohol 2 with CBr,/
PPh; gave 3. Subsequent treatment with P(OEt); then af-
forded phosphonate 4. Reaction of 4 with aldehyde 5§ under
Wadsworth—-Emmons conditions yielded the OPV tetramer
6, which after treatment with CF;CO,H gave 7. The func-
tionalization of Cg, was based on the 1,3-dipolar cycloaddi-
tion of the azomethine ylide?!! generated in situ from 7. The
reaction of Cg with 7 in the presence of an excess of N-
methylglycine in refluxing toluene gave CgG1 in 46 % yield.
Compound G1, which was used as a reference compound
for absorption and emission properties, was also prepared
by reduction of 7 with LiAIH,.

RO ) )
RO'®\\® /‘\\//(,/>\\///\:>/\OH
/

RO G1R = C,Hys

The preparation of bis-phosphonate 13, the key building
block for the preparation of the OPV-terminated phenylene-
vinylene dendritic wedges, is shown in Scheme 2. 3,5-Dibro-
mobenzaldehyde (8) was prepared from 1,3,5-tribromoben-
zene according to the literature.” Reaction of 8 with 2,2-di-
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Scheme 2. Preparation of 13. Reagents and conditions: a) 2,2-dimethyl-
1,3-propanediol, C;Hy, p-TsOH cat., A, Dean-Stark trap (97 %); b) rBuLi
(4 equiv), THF, —78—-0°C, then DMF, —78 —=0°C, then aq. HCI (2m)
(58%); c) diisobutylaluminum hydride (DIBAL-H), CH,Cl,, 0°C (97 %);
d) PPh;, CBr,, THF, room temperature (75%); e)P(OEt);, 150°C
(88%).

methyl-1,3-propanediol in refluxing benzene in the presence
of a catalytic amount of p-toluenesulfonic acid (p-TsOH) af-
forded 9 in 97% yield. Treatment of 9 with an excess of
BuLi in THF followed by quenching with N,N-dimethyl-
formamide (DMF) and subsequent reduction of the result-
ing dialdehyde 10 with diisobutylaluminium hydride
(DIBAL-H) gave diol 11 in 56 % overall yield. Bromination
with CBr,/PPh; followed by treatment of the resulting bis-
bromide 12 with P(OEt); under Arbuzov conditions yielded
13 in 66 % overall yield.

Reaction of 13 with aldehyde 5 in the presence of BuOK
afforded compound G2 in 91 % yield (Scheme 3). Treatment
with CF;CO,H in CH,Cl,/H,O and subsequent reaction of
the resulting aldehyde 14 with Cy, in the presence of N-
methylglycine gave CgG2. The next-generation dendron G3
was obtained in 90% yield by reaction of 13 with 14

RO OR

R=CHys

Scheme 3. Preparation of C4G2. Reagents and conditions: a) 13, tBuOK,
THEF, 0°C—RT (91%); b) CF;CO,H, CH,Cl,, H,0, room temperature
(90%); c) Cqy, N-methylglycine, toluene, A (18 %).
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(Scheme 4). Subsequent deprotection with CF;CO,H in
CH,Cl,/H,0 vyielded aldehyde 15, which after reaction with
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Scheme 4. Preparation of C4G3. Reagents and conditions: a) 13, fBuOK,
THEF, 0°C—RT (85%); b) CF;CO,H, CH,Cl,, H,O, room temperature
(90%); c) Cgy, N-methylglycine, toluene, A (25%).
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Cq and N-methylglycine in refluxing toluene gave CgG3 in
25% vyield.

The last-generation compound was obtained from 15 by
repeating the same synthetic sequence (Scheme 5). Reaction
of 13 with 15 and subsequent deprotection with CF;CO,H in
CH,CI1,/H,0 yielded aldehyde 16. Treatment of 16 with Cg,
and N-methylglycine in refluxing toluene finally gave CqG4
in 30 % yield.

The structures of fullerodendrimers CgG1-C4,G4 were
confirmed by analytical and spectroscopic data. The
'"H NMR spectra of C4G1 and C4G2 in CDCl, exhibit the
expected features with signals arising from the OPV branch-
es, an AB quartet and a singlet for the pyrrolidine protons,
as well as a singlet for the N—CHj; group. Importantly, the
signals corresponding to the protons of the phenyl group di-
rectly attached to the pyrrolidine ring are broad at room
temperature. As previously described for phenylpyrrolidino-
fullerene derivatives,?*? this indicates restricted rotation of
the phenyl substituent on the pyrrolidine ring. This was con-
firmed by variable-temperature NMR spectroscopic studies,
which showed a clear coalescence at about 10°C for the two
lower-generation derivatives, and a reversible narrowing was
observed in the spectra of CgG1 and CgG2. The 'H NMR
spectra of the two highest-generation derivatives Cg4G3 and
C4G4 were more complicated at room temperature. Besides
the restricted rotation of the phenyl unit on the pyrrolidine
ring, other dynamic effects are also involved. Such behavior
has already been reported by Langa et al. for related den-
drimers.” A variable-temperature study (CDCIL,CDCI,,

16 X=CHO =——

Scheme 5. Preparation of C4G4. Reagents and conditions: a) 13, rBuOK, THF, 0°C—RT (63 %); b) CF,CO,H, CH,Cl,, H,O, room temperature (95%);

¢) Cq, N-methylglycine, toluene, A (30%).
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400 MHz) showed a perfectly reversible narrowing of all the
peaks, and a sharp peak was obtained at 100°C for both
compounds. Finally, the structures of Cg,G1-C4G4 were
confirmed by mass spectrometry. In all cases, the expected
molecular-ion peak was clearly observed.

Whereas liquid-crystalline properties have been observed
for almost all the dendritic OPV precursors,”” fulleroden-
drimers C4G1-CgG4 do not show any mesomorphic behav-
ior. Actually, the m—m interactions among the dendritic
wedges capable of stabilizing the mesophases in the unsub-
stituted precursors are prevented owing to the presence of
the bulky fullerene cores in C4,G1-CgG4.

Electronic Absorption Spectra

Reference Compounds

The electronic absorption spectra of the organic conjugated
systems G1-G4 in CH,Cl, are shown in Figure 1. The ab-
sorption maxima are in the range 390-395 nm and are bath-

75+ ~
[ 3 -
i . =
4 »
n E L= YO
A A ke
i S
50 i >k
- § i S
R R - &
5 £ h S % =
p : - :
a =5 -
> EAN 0 &
|o S 5. P :5.
2 25 RN " =
X - “a -2
@ B s " -3
: : p.
. 0, ea '
..,'. erj ; o: » ) .'}
oo, ' E 4 . b
o, Wﬁﬁlaﬂ . e’ - &
Pop o e A 3 %...

400 500 600
Alnm ——

300

Figure 1. Absorption (left) and fluorescence spectra (right; A, =395 nm,
0.D.=0.2) of 5 (W), G1 (O), G2 (O), G3, (@), and G4 (A). All spectra
were recorded at 298 K in CH,Cl,.

ochromically shifted by about 30 nm relative to the shorter
analogue with a trimer OPV unit.**!

The trend in the absorption spectra of G1-G4 shows that
ramification at the meta positions of the phenyl rings does
not promote efficient m-electronic conjugation within OPV
dendronic subunits, as already observed for oligophenyl-
enecethynylene (OPE) arrays.?’! Practically, G3, for example,
can be regarded as an assembly
of two groups of OPV tetram-
ers sharing a phenyl ring. Simi-
lar considerations can be made
for the largest molecule G4.
The absorption spectrum of
CqRef shows the well-known
features of  pyrrolidinoful-
lerenes.***!

CeoRef R = CypHas
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Fullerodendrimers

The absorption spectra of the fullerodendrimers CgG1-
CsG4 in CH,(CI, are displayed in Figure 2 and clearly show
the spectral features of both OPV (UV range) and fullero-
pyrrolidine (visible window).
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Figure 2. Absorption (left) and fluorescence spectra (right; 1., =500 nm,

0.D.=0.2) of C4G1 (O), CsG2 (A), C5G3, (@), and C, G4 ([0J). All
spectra were recorded at 298 K in CH,Cl,.

Exact matching with the spectral profiles calculated by
summing the absorption spectra of the carbon sphere and
the pertinent OPV fragment was not obtained, in line with
previous reports.”” This indicates some degree of intramo-
lecular electronic ground-state interaction between the den-
drons and the fullerene core. The difference between calcu-
lated and experimental spectra is particularly marked for
CsG3 and CyG4, suggesting that electronic interactions are
more important when large dendronic networks are present.
Molar absorptivities ¢ (M 'cm™') at the OPV-type band
maximum (394 nm) are as follows: 95800 for CgG1, 134800
for C4G2, 255100 for CgG3, and 730400 for CeG4. Thus,
the relative amount of light captured by the dendronic
moiety compared to the fullerene unit (e=7600mM 'ecm™!,
394 nm) increases progressively along the series, reaching a
ratio of 99:1 for Cg4G4, where incident light is harvested
almost exclusively by the OPV-terminated dendrons (anten-
na effect).

Luminescence Properties and Photoinduced Processes
Reference Compounds

G1-G4 exhibit intense fluorescence bands in CH,Cl, with
Amax 1N the range of 465-470 nm (Figure 1, Table 1). Strong
fluorescence is maintained at 77 K,B°% at which structured
spectral profiles were recorded (not shown).

The high fluorescence quantum yields and short singlet
excited-state lifetimes at room temperature®?! are similar
along the series (Table 1). Fulleropyrrolidine CqRef exhibits

Chem. Asian J. 2006, 1, 564 -574



Structure-Dependent Photoinduced Electron Transfer in Fullerodendrimers

Table 1. Luminescence properties of dendrimers in CH,Cl, at 298 K.
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was found, and the quenching

OPV moiety Fullerene moiety rates are as follows: 10%

Amax . D, kEan[bJ T . Amax al Dy - kl:‘l'l[' . T el (C60G1), 25% (C60G2), and

[nm] (s [ns] [nm] [x10°] [s7] [ns] 55% (CgG3, CgG4). For the

CoRef - - - - 710 5.5 - 1.3 three largest dendrimers, the
G1 464 0.66 - 1.1 - - - - .

CaGl 5067 0002  30x10" 710 5.0 77x107 130 observed quenching was sub

G2 464 070 ~ 13 N B B B star.1t1a1 and well w1th1n the ex-

CeG2 5001 0.003 1.8x 10" el 708 4.5 17x10° 130 perimental  uncertainty;  for

G3 468 0.70 - 1.3 - - - - CsG3 and C4G4, shorter sin-

t n Ie) s . 1.8l .

CuG3 490 0003 1.8x10 e 716 26 86x10°  07:18" ot lifetimes were measured

G4 468 0.67 - 14 - - - - dinel (T bl 1) D t

CaG4 468 00150 31x10 716 2.8 74x10°  07;180 accordingly (lable 1).- Lue 1o

[a] Ax=390 nm. [b] Estimated from [Eq. (1)]. [c] Ax=407. [d] A,=500 nm. [e] A,=637 nm. [f] Red-shifted
due to very low intensity that was strongly affected by instrument noise. [g] Below the temporal resolution of
our instrument. [h] The small quenching could not be detected with the time-resolved method. [i] Double ex-
ponential decay; the shorter component is attributed to the quenched fullerene unit, the longer is likely to be
experimental noise related to the very weak signal and the long accumulation time; a comparable trend has
been found for similar measurements in fullerene dyads.!”’ [j] Possibly affected by some residual G4 impurity.

singlet excited-state parameters (Table 1) identical to those
of very similar systems reported previously.”>!

Fullerodendrimers: OPV Quenching by Energy Transfer

Upon excitation at the OPV band maximum, dramatic
quenching of OPV fluorescence was observed for all fullero-
dendrimers in CH,Cl, (Table 1). The residual fluorescence
band in the OPV region was so faint that it was affected by
instrument noise and turned out to be artificially red-shifted
for C4G1-C4G3 (see Supporting Information). This effect
was not observed for Cg G4, for which the residual lumines-
cence signal was more intense. Excitation spectra taken in
the range 300-450 nm at A.,,=730 nm (fullerene fluores-
cence) show that sensitization of the Cg, moiety occurred for
CqG1 and C4G2, pointing to an OPV —C, singlet-singlet
energy-transfer process.?**2 Unfortunately, for the two
largest arrays, the OPV residual emission tail covered the
weak Cg, fluorescence and prevented clean excitation spec-
troscopy. The extent of fullerene fluorescence was reduced
by increasing the solvent polarity, owing to competing elec-
tron-transfer quenching of the fullerene singlet level **%? as
discussed later on. By means of [Eq. (1)],*% it is possible
to estimate the rates of the OPV —C, singlet energy-trans-
fer process, which are presented in Table 1. In [Eq. (1)], @
and @, are the OPV fluorescence quantum yields of the
multicomponent arrays and the reference compounds, re-
spectively, and 7, is the OPV singlet lifetime of the latter.

(% -1) 1)

ref

kEnT =

Fullerodendrimers: Size Dependence of Cy, Fluorescence
Spectra

Direct excitation of the C, moiety of C4,G1-C4G4 in
CH,(CI, at 1>430 nm produced the fluorescence spectra in
Figure 2. Relative to the pyrrolidinofullerene reference mol-
ecule, a progressive decrease in fluorescence quantum yield
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energetic reasons (see below),
the only possible quenching
mechanism for the C,, singlet
level is Gn—Cy, electron trans-
fer, in line with the behavior of
several other Cy—OPV arrays
investigated by us and
others.”33 By means of
[Eqg. (1)], the rate of electron
transfer can be estimated from fluorescence data (Table 1).

The fact that the electron-transfer rate is dependent on
the OPV size is somewhat surprising if one considers that
the oxidation potential of the OPV unit is not expected to
change substantially along the series because the oxidation
process is centered at the terminal methoxybenzene unit,!
which is identical for the whole family investigated here. On
the other hand, the fullerene reduction behavior is also not
expected to change appreciably by linking OPV units to pyr-
rolidinofullerenes.” From the first reduction and oxidation
potential of C¢G1-C4,G4,P* the free energy of the charge-
separated state Co, —-Gn™ is estimated to be 1.6540.02 eV
in CH,CL.” The relative position of this level with respect
to the localized lowest singlet and triplet states of the OPV
and Cg moieties can be seen in the energy level diagram
shown in Figure 3.

It is clear from Figure 3 that, for C4G1-C4G4 in CH,Cl,,
Gn—Cy, electron transfer from the fullerene singlet is
slightly exergonic (AGcs~0.07 eV) in all cases. Such a small
change in free energy is critical, if related to the activation
barrier for electron transfer, AG.s*, which, according to the
classical Marcus approach,® depends on the reaction ther-
modynamics and reorganization energy 4 [Eq. (2)]:

2

4Gt =49 @

We have shown previously that, for a system structurally
similar to CgG1 and characterized by a shorter donor
moiety (OPV trimer), the activation barrier for electron
transfer in CH,CL, is relatively high (AG*=0.22¢eV) and
able to prevent a slightly exergonic (AGcs~0.03 eV) elec-
tron transfer.” A very similar activation barrier is present
here for CgG1, in which minor (if any) fullerene fluores-
cence quenching is detected. By contrast, C4G2, CsG3, and
CqG4 undergo electron transfer in CH,Cl, (Figure 2,
Table 1), and this points to lower AG* values, which implies,
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3Cqp —GNy, 2> hv

Ground state

Figure 3. Energy diagram showing the energy levels of the lowest excited
states of CgG1-C4G4 and the light-induced intercomponent processes
following light excitation of the OPV subunit. The energy of the charge-
separated state is determined with the redox potentials and is the same
along the fullerodendrimer series. Pyrrolidinofullerene energy levels are
known,”® whereas the OPV singlet-state position was evaluated from the
highest-energy feature of the fluorescence spectra at 77 K. For more de-
tails, see text. En T=energy transfer, El T=electron transfer.

given the virtually identical AGg values, a lower reorganiza-
tion energy A. This parameter is the result of two contribu-
tions [Eq. (3)]:%

A=Ii+ A 3)

where A; and A, are the internal (nuclear rearrangement)
and external (solvent factor) reorganization energies. For
Cg dyads, 4; is in the range 0.2-0.3 eV,*2¥-3 whereas 1, can
be estimated from the following equation, assuming a spher-

ical shape of the donor and acceptor partner [Eq. (4)]:*

2
e (ot )L 0
gTey \2rt  2r Rpa ) \n? &
where g is the electron charge, ¢, is the vacuum permittivity,
Rp,4 is the center-to-center distance of the positive and nega-
tive charges in the charge-separated state, r* and r~ are the
radii of the oxidized and reduced species, respectively, and n
and ¢, are the refractive index and dielectric constant of the
solvent, respectively.

Given the increasing complexity of large dendritic struc-
tures, it is not straightforward to quantitatively relate the
observed electron transfer with the above equations, also
because the donor moieties in CgG1-C4G4 are not spheri-
cal and are structurally different from one another. For in-
stance, the r* value can hardly be estimated, and perhaps
even compared, among the various dyads, owing to the in-
creasing ramification of the donor moiety. However, on a
qualitative basis, the following considerations can be made:
1) The donor—acceptor (DA) distance between the Cg, core
and the closest trimethoxybenzene OPV terminal unit de-
creases progressively with dendrimer size; molecular-model-
ing calculations give the shortest DA distances as 23.5, 18.2,
15.9, and 14.5 A from CgG1 to CgG4.14 2) Partial delocali-
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zation of the positive charge among the acceptor trimethox-
ybenzene OPV terminal could occur from CgG2 onwards,
leading to a bigger r* value. Both factors concur to promote
a decrease in external reorganization energy when the full-
erodendrimer structure grows, according to [Eq. (4)]. This
prompts a decrease in the activation energy and favors elec-
tron transfer in larger structures, as observed experimentally.
The closest distance among electron donor/acceptor couples
and the more-compact structure in larger dendrimers is also
in line with the differences in ground-state absorption spec-
tra, which do not match the sum of the spectra of the com-
ponent units (see above).

Fullerodendrimers: Solvent Dependence of C4, Fluorescence
Spectra

As discussed above, the charge-separated state and the
lowest fullerene singlet level are almost isoenergetic for all
fullerodendrimers in CH,Cl, (Figure 3). Thus, it is reasona-
ble to expect that a slight tuning of the solvent polarity can
substantially affect the extent of electron transfer.” To test
this hypothesis, we also investigated the whole series of
dyads in toluene (TOL) and benzonitrile (BN), which are
less and more polar than CH,Cl, (DCM), respectively. As
an example of the observed trend, the C4 fluorescence
spectra of CgG2 recorded in the three solvents are dis-
played in Figure 4 (top). The results of the whole fulleroden-
drimer series in terms of relative fluorescence intensity
versus solvent polarity are gathered in Figure 5 (top).

A clear trend showing an enhanced fullerene singlet
quenching, that is, an enhanced Gn—Cy, electron transfer,
was found for all compounds. In BN (most polar), the three
largest dendrimers exhibited extensive electron transfer
(>50%), whereas the efficiency in C¢G1 is lower (~30%).
A rather interesting and unexpected result is that the largest
systems Cg,G3 and C4G4 undergo electron transfer with
about 40 % efficiency also in nonpolar TOL. This is, to the
best of our knowledge, unprecedented in dyads made of Cy,
and organic conjugated moieties" and highlights once
again the importance of structural factors in addressing
light-induced processes in complex arrays.'>3! Practically,
what is thermodynamically forbidden in simple systems may
become allowed in complex architectures in which the same
donor-acceptor partners can assume different relative posi-
tions and distances or experience modified local polari-
ties.”?! In Figure 5 (bottom), the trend in solvent polarity
is described as a function of dendrimer ramification, show-
ing that the largest differences are found up to the third-
generation dendrimer CgG3, after which a plateau is
reached. Importantly, the trends in Cg, fluorescence intensi-
ty are the same, within a 10% experimental uncertainty,
both by exciting the Cg, moiety (4., >450 nm) and the OPV
unit (395 nm). This unambiguously confirms that the singlet
excited state of the OPV unit does not trigger electron
transfer, but simply sensitizes the Cg, singlet level by energy
transfer,?® as discussed above.

Chem. Asian J. 2006, 1, 564 -574



Structure-Dependent Photoinduced Electron Transfer in Fullerodendrimers

= - n
. 'Ll "
sor . .
P .
L] L -
o . = .
H "= -
» % =)
S e . =
=] - 2 L]
3 a
o o om L] L
z ou .
Gl ]

I/au. —
w om
e

N .
\.EHE-E-U.U. A g .
kﬂ‘:’.gn.-n

\‘
1=}
S
[e:]
oA
s
~
o
S

800 700 800
Alnm ——

>
S

\ N

.' [

il

H

0 I .
T i b |
5 ] H : :

. - s Eﬂl = H
S E - =g [l H -
< E Hi EH H .

[ 3 M a H H
-~ H af oL . »
-~ H 4 i 3% H ]
H H 8 Y] H H
! H b w H :
] [ a o% H H
i i} H H

-
.

1200 1300 1200 1300 1200 1300
Alnm ——

Figure 4. Top: Cq, fluorescence spectra of C4,G2 () in TOL (left),
DCM (middle), and BN (right) at 298 K relative to that of C4Ref (H)
(Aex=500nm, O.D.=0.3). Bottom: Sensitized singlet oxygen lumines-
cence spectra of Cg,G2 ([J) in TOL (left), DCM (middle), and BN
(right) at 298 K relative to that of C4Ref (M) (A4,=390 nm, O.D.=0.5).
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Triplet Behavior

To gain further insight into the photophysical processes fol-
lowing light excitation of CgG1-C4 G4, the yield of forma-
tion of the lowest fullerene triplet excited state in the three
solvents was measured. To this end we took advantage of
the singlet oxygen sensitization process brought about by
the lowest triplet state of fullerenes
[Eq (5)]:[16,43,44]

according to

Coo L2 1C) BC.3¢C 2. ¢y + 10, (3)

where ISC denotes intersystem crossing and 'O,* stands for
Oz(lAg), commonly termed “singlet oxygen”. The excited
'0,* state deactivates to the ground state, giving rise to a
characteristic IR emission band centered at A=1268 nm.*!
The quantum yield of singlet oxygen sensitization (®,) and
of fullerene triplet formation (@) are found to be identical
for C, for its closed-cage!* and open-cage!” derivatives, as
well as for higher fullerenes like C;,*¥ and C...[*) Therefore,
the value of @,, which is proportional to the intensity of the
sensitized IR emission of 'O,*,*>° can be used as an indi-
rect measurement of @, for all fullerenes.”®>'! The sensi-
tized singlet oxygen luminescence bands of C4G2 in TOL,
DCM, and BN, with CiRef as internal reference in all cases,
is shown in Figure 4 (bottom). The relative 'O,* lumines-
cence intensity ratios (CgRef/CsG2) obtained by exciting
both compounds at 395nm (OPV moiety) and above
450 nm (Cg, subunit) were identical.

Importantly, the spectra of Figure 4 show that the relative
amount of fullerene singlet formed (monitored by Cy, fluo-
rescence) is identical to that of triplet (monitored by sensi-
tized 'O, luminescence) in any solvent.? Triplet lifetimes of
CqRef and CgG2 were identical in air-equilibrated and air-

free solution (698 ns and 22 ps,
respectively).’?! This shows that

1% —>

no fullerene triplet quenching
occurs in the fullerodendrimers
and the lower yield of triplet
formation is simply due to sin-
glet depletion by electron trans-
fer (see above); triplet excited-

state dyad molecules undergo
regular deactivation. The paral-
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Figure 5. Top: Relative Cq, fluorescence intensity of C¢G1 (O), CsG2 (A), C5G3, (@), and C4,G4 () as a
function of solvent polarity. Bottom: Relative Cg, fluorescence intensity as a function of dendrimer ramifica-
tion/size for dendrimers in TOL (@), DCM (Q), and BN (2). The reference value 100, recorded for each ex-
periment, corresponds to the fluorescence intensity of the pyrrolidinofullerene CgRef under the same experi-

mental conditions (see top panel of Figure 4 as an example).
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emission spectra of CgG4, re-
corded with a near-IR (NIR)-
sensitive detector that is able to
record both the fullerene fluo-
rescence and the singlet oxygen
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luminescence, are shown in Figure 6. One can see the de-
crease in intensity with solvent polarity, as well as the unex-
pected luminescence quenching of the largest fulleroden-
drimer Cg4 G4 in low-polarity toluene as described above.

T T T _— T T T
600 800 1000 1200 600 800 1000 1200
Alnm ——>

Figure 6. Luminescence spectra (A, =500 nm, O.D.=0.3) of CgG4 (full
line) and CgRef (dotted line) in TOL (left) and DCM (right) recorded
with a NIR-sensitive photomultiplier detector, showing the parallel de-
crease of Cg fluorescence and sensitized singlet oxygen luminescence;
the same trend is observed for all compounds in all solvents. The highest
relative intensity of 'O,* emission in DCM compared to TOL reflects the
intrinsic higher yield of the radiative process in the former solvent. By
contrast, there is virtually no difference in Cg, fluorescence yield between
the two solvents.

Finally, in an attempt to detect the charge-separated state
Cq —Gn*, we recorded transient absorption spectra in the
visible/NIR region up to 1200 nm. Figure 7 shows the spec-
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Figure 7. Transient absorption spectra of CgG1 in degassed TOL (O)
and C4G3 in degassed BN (@) at 298 K upon laser excitation at 532 nm
(E~5mJ per pulse). The spectra were recorded at a delay of 0.25 ps fol-
lowing excitation. The inset shows the time profile of AA (700 nm) from
which the spectral kinetic data were obtained; the fitting is monoexpo-
nential and gives a lifetime of 14.1 and 20.2 ps for C4,G1 and CgG3, re-
spectively. Such triplet lifetime values do not change when the decay is
examined at 1000 nm.
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tra of C¢G1 in TOL and C4G3 in BN. No trace of fullero-
pyrrolidine anion around 1000 nm®>%! or OPV cation in the
visible/NIR region®>**! was found down to a temporal
window of 10 ns because the charge-separated state is much
more short-lived, as found for other C,—OPV dyad sys-
tems.”™ However, the high intensity of the spectrum of
C4G3 relative to Cg4G1 is pretty much in line with that of
the singlet oxygen spectra, thus confirming the above illus-
trated rationalization of light-induced processes.

Conclusions

A series of dyads with an increasingly large dendritic OPV
moieties and an identical pyrrolidinofullerene core has been
prepared. The molecular design of these architectures
prompts a unique ensemble of electronic and spectroscopic
properties. C4G1-Cg G4 are characterized by an increasing-
ly efficient light-harvesting moiety (OPV), which quantita-
tively conveys the excitation energy to the carbon sphere.
Eventually, this process results in an ultrafast OPV—Cy,
charge separation and recombination. Branching of the
OPV dendritic subunits at the meta position of the phenyl-
ene rings does not promote effective m delocalization within
the electron-donor OPV moiety; its oxidation potential is
unchanged with molecular size. Consequently, owing to the
invariance of the acceptor carbon sphere, the energy of the
charge-separated state is virtually the same along the series,
and the differences in the extent of electron transfer as a
function of OPV ramification or solvent polarity are attrib-
uted to structural factors only. The observed regular trends
are related to electron-transfer theory, albeit only on a qual-
itative basis, owing to the high complexity of fulleroden-
drimer structures. The most relevant results are found for
the largest dendrimers C4,G3 and C4G4, which exhibit, in a
given solvent, the largest electron-transfer efficiency and,
quite unexpectedly, show evidence of charge separation
even in nonpolar toluene. These results demonstrate once
again the crucial role played by structural factors in foster-
ing charge separation within complex fullerene architec-
tures.*Y! Notably, this is somehow reminiscent of the concept
that local nanomorphology is a key factor for successful ex-
citon dissociation and efficient conversion of light energy in
plastic photovoltaic devices made with fullerene materi-
als.P®!

Experimental Section

General Methods

Reagents and solvents were purchased at reagent grade and used without
further purification. Compounds 1, 5,5 and 8! were prepared as pre-
viously reported. The experimental details for the preparation of all the
compounds are reported in the Supporting Information. NMR spectra
were recorded on a Bruker AC200 (200 MHz) or a Bruker AM 400
(400 MHz) spectrometer with solvent peaks as reference. FAB MS was
performed on a ZA HF instrument with 4-nitrobenzyl alcohol as matrix.
MALDI-TOF MS was performed on a Brucker BIFLEX™ mass spec-
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trometer under previously reported conditions.* Elemental analyses

were performed by the analytical service at the Institut Charles Sadron,
Strasbourg.

Synthesis

C¢G3: A mixture of 15 (520 mg, 0.13 mmol), Cg (110 mg, 0.15 mmol),
and sarcosine (100 mg, 1.10 mmol) in toluene (120 mL) was heated under
reflux and Ar for 24 h. After cooling, the resulting solution was evaporat-
ed to dryness. Column chromatography (SiO,, hexane/toluene =1:1) fol-
lowed by gel permeation chromatography (Biorads, biobeads SX-1,
CH,Cl,) gave CgG3 (125mg, 25%) as a dark-brown glassy product.
'"H NMR (400 MHz, 100°C, C,D,Cl,): 6=8.02 (s, 2H), 7.77 (s, 1H), 7.50
(m, 38H), 7.34 (AB, J=17 Hz, 4H), 7.24 (AB, J=17Hz, 8H), 7.18 (s,
8H), 7.03 (AB, /=17 Hz, 8H), 6.78 (s, 8H), 5.14 (d, /=10 Hz, 1H), 5.12
(s, 1H), 4.42 (d, /=10 Hz, 1H), 4.09 (t, J=6 Hz, 16H), 4.06 (t, /=6 Hz,
8H), 2.83 (s, 3H), 1.83 (m, 24H), 1.50-1.20 (m, 216H), 0.89 ppm (t, J=
6 Hz, 36 H); >*C NMR (100 MHz, C,D,Cl,): 6 =153.3, 147140 (br), 138.0,
136.6, 136.2, 132.1, 128.8, 128.1, 127.8, 126.8, 126.7, 104.7. 68.8, 31.8, 30.2,
29.9, 29.65, 29.6, 29.5, 29.3, 29.25, 26.0, 22.6, 14.1 ppm; MS (MALDI-
TOF): caled for Ci,sHseNOy,: 4496.6 [M+H]™; found: 4498; elemental
analysis: caled (%) for Cs;sH;NO,,CHCl;: C 84.84, H 8.39, N 0.30;
found: C 85.09, H 8.53, N 0.29.

CgG4: A mixture of 16 (600 mg, 0.079 mmol), C4, (114 mg, 0.15 mmol),
and sarcosine (70 mg, 0.79 mmol) in toluene (120 mL) was heated under
reflux and Ar for 24 h. After cooling, the resulting solution was evaporat-
ed to dryness. Column chromatography (SiO,, hexane/toluene =1:1) fol-
lowed by gel permeation chromatography (Biorads, biobeads SX-1,
CH,Cl,) gave Cg G4 (198 mg, 30%) as a dark-brown glassy product.
'HNMR (400 MHz, 100°C, C,D,Cl,): 6=7.70-6.90 (m, 70H), 6.73 (m,
8H), 4.04 (m, 24H), 3.03 (s, 3H), 1.83 (m, 24H), 1.28 (m, 216H),
0.89ppm (t, J=6Hz, 36H); MS (MALDI-TOF): caled for
Cs7H76;N,0,,K: 8380.7 [M+K]*; found: 8380; caled for Cs3H.;NO,,:
76209 [M—Cgq]*; found: 7620; elemental analysis: caled (%) for
Cso7H;:N, 0,40 C 85.96, H 9.27, N 0.17; found: C 85.57, H 9.12, N 0.16.

Photophysical Measurements

Absorption spectra were recorded with a Perkin—Elmer 240 spectropho-
tometer. Emission spectra were obtained with an Edinburgh FLS920
spectrometer (continuous 450-W Xe lamp) equipped with a Peltier-
cooled Hamamatsu R928 photomultiplier tube (PMT; 185-850 nm) or a
Hamamatsu R5509-72 supercooled PMT (193 K, 400-1700 nm). Correct-
ed spectra were obtained by a calibration curve supplied by the instru-
ment manufacturer. Emission quantum yields were determined according
to the approach described by Demas and Crosby"”! by using air-equili-
brated [Ru(bipyridine);Cl,] (®.,,=0.028 in air-equilibrated water)® or
quinine sulfate (®,,=0.546 in 1~ H,SO,)™ as standards. Emission life-
times were determined with the time-correlated single photon counting
technique by using an Edinburgh FLS920 spectrometer equipped with a
laser diode head as excitation source (1 MHz repetition rate, A., =407 or
637 nm, time resolution upon deconvolution=200 ps) and a Hamamatsu
R928 PMT as detector. Transient absorption spectra in the nanosecond—
microsecond time domain were obtained by using the nanosecond flash
photolysis apparatus Proteus by Ultrafast Systems LLC. The excitation
source was the second harmonic (532 nm) of a Continuum Surelite II
Nd:YAG laser with 5-ns pulse duration at 5mJ per pulse. Light signals
were passed through a Chromex/Bruker 250IS monochromator (equip-
ped with two gratings blazed at 500 or 1000 nm) and collected on a high-
speed Silicon (DET210) or InGaAs (DET410) Thorlabs detector in the
visible (400-800 nm) or NIR (400-1700 nm) region, respectively. The
signal was then amplified by means of a variable-gain wideband voltage
amplifier (Femto DHPVA-200) interfaced with a Tektronix TDS 3032B
digital oscilloscope connected to a PC with the acquisition software Pro-
teus. The probe light source was a 150-W continuous wave Xe arc lamp
(Spectra Physics 69907). Triplet lifetimes were obtained by averaging 264
different decays recorded around the maximum of the absorption peak
(680-720 nm). The samples were placed in fluorimetric 1-cm path cuv-
ettes and, when necessary, purged from oxygen by at least four freeze—
thaw—pump cycles.
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All measurements were carried out in spectroscopy-grade solvents used
without further purification. Experimental uncertainties are estimated to
be 8% for lifetime determinations, 20% for emission quantum yields,
5% for relative emission intensities in the NIR, and 1 nm and 5 nm for
absorption and emission peaks, respectively.
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