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Introduction

Photoinduced electron transfer (ET) in electron donor–ac-
ceptor conjugates has recently attracted much interest. A
major goal of this research is to develop artificial photosyn-
thetic systems that mimic the light-energy conversion proc-
esses of natural photosynthesis.[1] The combination of por-
phyrins and fullerenes as donors and acceptors, respectively,
has allowed the rates and efficiencies of charge separation
to be maximized while simultaneously minimizing the rates
of charge recombination (CR).[2] Control over the electron
donor–acceptor geometry has thereby evolved as the most
versatile way to improve the efficiency of photoinduced
electron transfer. Different geometries, such as porphyrin–

fullerene cyclophane,[3] parachute,[4] and pacman[5] systems
have been reported. Porphyrins and fullerenes are covalent-
ly linked in all these structures and adopt specific conforma-
tions that allow the p-electron systems to interact, even in
the ground state. This has been attributed to strong van der
Waals interactions between the two chromophores that are
further augmented by Coulomb interactions in charge-trans-
fer states.[6] Note that “harpoon” folded charge-transfer con-
formations can also be formed from more extended ground-
state geometries on excitation.[7] Importantly, such folded
conformations allow through-space interactions between the
donor and acceptor moieties. Such through-space communi-
cations result in efficient and rapid deactivation of the por-
phyrin singlet excited state to give either fullerene excited
states by energy transfer or the charge-separated state by
electron transfer. These folded chargetransfer (CT) states
are strongly stabilized by their stable Coulomb interactions
compared to charge separation at longer distances.

The pacman structure is forced into this face-to-face align-
ment, which results in lower conformational freedom than
found, for example, in the cyclophane and parachute geome-
tries. Porphyrin–fullerene conjugates with more rigid geome-
tries have also been reported in which the fullerenes are
linked to the b-pyrrole position,[8] directly to the meso posi-
tion of the porphyrin ring,[9] or through the benzene ring at
the ortho position, as in the electron donor–acceptor conju-
gate 1 (Figure 1).[10] Compound 1 differs from most other
conjugates[8,9] because it contains a direct link between the
carbon of the phenyl ring of the porphyrin and the pyrroli-
dine nitrogen of the fullerene, which gives rise to a com-
pletely frozen geometry similar to that found in cocrystal-
lized porphyrin–fullerene systems.[6a,11] In addition, the close
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proximity between the two chromophores results in consid-
erable ground-state electronic interactions, as demonstrated
by NMR and UV/Vis spectroscopy.[10] A further advantage
of 1 is that additional photo- and electroactive chromo-
phores that bear an aldehyde functionality suitable for cy-
cloaddition reactions to C60 can be introduced.

Here, we report electrochemical and photochemical stud-
ies on conjugate 1 and its zinc derivative 2 (Figure 1) with
particular emphasis on the influence of the phenyl–pyrroli-
dine linker on the molecular properties. Cyclic voltammetry,
absorption, fluorescence, and transient absorption measure-
ments have been used to elucidate the energy- and/or elec-
tron-transfer reactions in polar and nonpolar solvents. Ac-
companying quantum mechanical calculations shed light on
the influence of the structures and the electronic configura-
tions of 1 and 2, especially on their charge-transfer proper-
ties.

Results and Discussion

Electrochemistry : Compounds 1 and 2 were characterized
electrochemically by cyclic voltammetry. All measurements
were carried out at room temperature in a 0.1 m solution of
tetra-n-butylammonium hexafluorophosphate (TBAPF6) in
o-dichlorobenzene (o-DCB) with ferrocene as internal
standard. The fullerene reference C60-ref (Figure 1) reveals
three reduction steps at �0.81, �1.18, and �1.71 V in the
electrochemical window between �2.0 and 1.7 V (Table 1).
The electrochemical behavior of the 5,10,15,20-tetraphenyl-
porphyrin (H2TPP), which features two oxidation steps at
0.9 and 1.25 V and two reduction steps at �1.39 and
�1.67 V, serves as an important reference point. The two re-
versible oxidation steps found in the cyclic voltammogram
of 1 at 0.81 and 1.35 V are associated with the porphyrin.
Importantly, these values are shifted relative to those of
H2TPP and suggest an intramolecular interaction between
the two chromophores. Four reversible reduction steps are
observed at �0.74, �1.09, �1.27, and �1.62 V. The E1/2

values for the first and the second reduction potential corre-

spond to the formation of the fullerene mono- and dianion,
whereas the third E1/2 is close to the first reduction potential
of H2TPP. The last reduction step at �1.62 V derives from
the overlapping between the second porphyrin reduction
and the third fullerene reduction. These potentials are also
shifted relative to those of H2TPP and C60-ref.

In general, the data for 2 are similar to those discussed
for 1. In particular, the cyclic voltammogram of zinc(II)
meso-tetraphenylporphyrin (ZnTPP) features two oxidation
steps at 0.74 and 1.1 V and two reduction steps at �0.82 and
�1.18 V. For 2, the two porphyrin-centered reversible oxida-
tion steps are seen at 0.74 and 1.1 V. The reversible reduc-
tion steps are centered at �0.81, �1.17, and �1.55 V. The
first two processes feature overlaps of the first two reduction
potentials of ZnTPP and C60-ref. The third reduction corre-
sponds to the formation of fullerene trianion.

UV/Vis absorption spectroscopy: At first glance, the absorp-
tion spectrum of 2 in toluene is essentially a combination of
the absorption spectra of ZnTPP and C60-ref (Figure 2).
Closer examination reveals, however, that in toluene the
Soret band of the porphyrin in 2 occurs at 430 nm and the
Q bands at 553 and 592 nm, whereas the Soret band in
ZnTPP is found at 423 nm. The molar extinction coefficient
of the Soret band in 2 (33.7 �10�4

m
�1 cm�1) is lower than

that for ZnTPP (57.4 �10�4
m
�1 cm�1). This is taken as strong

evidence for through-space and/or through-bond interac-
tions between the porphyrin and the fullerene. In more
polar solvents such as THF and benzonitrile (PhCN), the
Soret band is red shifted by 1 and 6 nm, respectively, rela-
tive to solutions in toluene (Figure 2). In addition, the molar
extinction coefficients of the Soret band are also lower in
more polar solvents than in toluene. This effect is due to a
different solvation in the more polar environments. Similar
trends evolve for 1 (Figure S1 of the Supporting Informa-
tion) and are reported in Table 2.

Interestingly, in the near-infrared part of the spectrum,
that is, between 600 and 800 nm, low-intensity absorption
bands were found for 1 and 2. On the basis of earlier re-
ports,[10] we attribute this band to a charge-transfer state due
to ground-state interactions between the two chromophores.
To better visualize the charge-transfer bands, the spectra of
ZnTPP and C60-ref or H2TPP and C60-ref were subtracted
from those of 2 or 1, respectively. As shown in Figure 3,
maxima evolve at 722 nm for 2 and at 716 nm for 1.[10]

Figure 1. Porphyrin–fullerene conjugates 1 and 2 and the fullerene refer-
ence C60-ref.

Table 1. Half-wave potentials (V versus GCE) for the reduction and oxi-
dation of 1 and 2 and their respective references in o-DCB containing
0.1m TBAPF6. All values are relative to a Fc/Fc+ internal reference.

Compound Oxidation Reduction
I II I II III IV

1 0.81 1.35 �0.74 �1.09 �1.27 �1.62
2 0.74 1.1 �0.81 �1.17 �1.55 –
H2TPP 0.9[a] 1.25 �1.39 �1.67 – –
ZnTPP 0.74 1.1 �0.82 �1.18 – –
C60-ref – – �0.81 �1.18 �1.71 –

[a] Irreversible processes.
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Emission spectroscopy : The emission spectra of 1 and 2
were measured in toluene, THF, and PhCN. The excitation
wavelength was 415 nm for 1 and 419 nm for 2. Figure 4
compares the emission spectra of 1 and H2TPP in toluene.
Compound 1 reveals two emission maxima centered at 653
and 718 nm, whereas H2TPP gives rise to two maxima at
652 and 716 nm. The fluorescence quantum yield of 1 was
calculated by the comparative method with H2TPP (F =

0.11) as standard to be 1.9 � 10�3 (Table 3). In more polar
THF and PhCN, a solvent effect governs the fluorescence
quenching. In particular, the quantum yields decrease upon
going from the less polar toluene (F= 1.9 �10�3) to the
more polar PhCN (F= 9.6 �10�4). A similar trend was
found for 2 relative to ZnTPP. Here, the emission maxima
of 2 were found at 596 and 644 nm, and those of ZnTPP

were found at 587 and 635 nm. These maxima are red shift-
ed to 602 and 653 nm in THF and to 607 and 658 nm in

Figure 2. Top: Absorption spectra of 2 in toluene (blue line), ZnTPP in
toluene (red line), and C60-ref in toluene (green line). Bottom: Absorp-
tion spectra of 2 in toluene (blue line), THF (red line), and PhCN (green
line).

Table 2. Soret bands of UV/Vis absorption spectra of 1 and 2 in toluene,
THF, and benzonitrile (PhCN).

Compound lmax [nm] (e � 10�4)
toluene THF PhCN

1 428 (21.1) 427 (18.5) 430 (20.9)
2 430 (33.7) 431 (27.6) 436 (24.7)

Figure 3. Top: Charge-transfer absorption (red line) of a solution of 2 in
toluene. The concentration of all compounds was 2.6� 10�5

m. Orange
line: 2 ; purple line: C60-ref; green line: ZnTPP. Bottom: Charge-transfer
absorption of a solution of 1 (purple line) and 2 (green line) in toluene.

Figure 4. Room-temperature fluorescence spectra of H2TPP in toluene
(blue line) and 1 in toluene (red line) upon excitation at 415 nm. The
insert shows emission bands of 1.
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PhCN. For 2, the underlying trend is, however, attributed to
the coordination of the solvent. Compound 2 features a
much lower fluorescence quantum yield (F= 1.2 �10�3) rela-
tive to 1 (vide supra) and ZnTPP (F =0.04), but no substan-
tial differences in the fluorescence quantum yield were ob-
served in the more polar solvents (Table 3).

Compounds 1 and 2 also exhibit broad emission bands in
the near-infrared with maxima between 850 and 1000 nm
(Figure 5). In line with other porphyrin–fullerene conjuga-

tes,[3d,9] this band is assigned to charge-transfer emission. To
confirm this assignment, the emission spectra were recorded
in solvents of increasing polarity (i.e. , toluene, THF, and
PhCN). Within this series, the emission intensity decreases
as the solvent polarity increases (Figure 5). Please note that
in benzonitrile the near-infrared emission is hardly visible.
The solvent effect also results in a redshift from 947 nm in
toluene to 965 nm in PhCN. A similar trend was observed
for 1, but with lower quantum yields. Here, the maxima shift
from 923 nm in toluene to 934 nm in THF. In summary, a
low-lying charge-transfer state that is subject to a radiative
deactivation to the ground state is formed in 1 and 2. Its
energy decreases strongly as solvent polarity increases.

Transient absorption spectroscopy: Transient absorption
measurements were used to test the lifetimes of the excited
species and the nature of the deactivation processes follow-
ing photoexcitation. Allthe compounds were excited at
420 nm in toluene, THF, and PhCN. The differential absorp-

tion spectra of ZnTPP and H2TPP upon 420 nm excitation
in toluene are shown in the Supporting Information (Figur-
es S2 and S3). These help to interpret the results for 1 and
2. A nearly instantaneous formation of the singlet excited
state of porphyrin is observed for ZnTPP and H2TPP. In the
case of ZnTPP, the singlet excited state is formed in toluene
in 0.6 ps and features minima at 551 and 592 nm and a maxi-
mum at 621 nm. The minima correspond with the maxima
seen in the ZnTPP ground-state absorption. As time in-
creases, we note that the singlet excited state features fade
out and that new absorption bands develop at 480 and
820 nm. The latter relate to the triplet excited state and, as
such, imply an intersystem crossing that transforms the
ZnTPP singlet excited state into the corresponding triplet
excited state.[12] For H2TPP, the singlet excited state is
formed in 0.8 ps in toluene. Bleaching of the ground state is
visible at 521, 555, 598, and 652 nm.

When investigating 1 and 2 in a solution of toluene, we fo-
cused our attention on the generation of the singlet excited
state. In fact, the same singlet excited states found for
H2TPP and ZnTPP were seen to develop upon photoexcita-
tion of 1 and 2, despite the presence of the electron-accept-
ing fullerene. This is taken as evidence for the successful
photoexcitation of the chromophores in the electron donor–
acceptor conjugates in all three solvents. However, at longer
delay times, compounds 1 and 2 reveal a different behavior
than that seen for the references.

The differential absorption spectra of 2 in toluene are
summarized in Figure 6. The corresponding differential ab-
sorption spectra in THF and PhCN are given in Figures S7
and S8 of the Supporting Information, respectively. In all of
the cases, the formation of the singlet excited state in form
of the 435 nm maximum is observed within 0.5 ps. At the
end of the singlet decay, new transient features emerged
with maxima in the visible and near-infrared regions, for ex-
ample, for 2. In the visible, a broad band with a maximum
at 621 nm corresponds to the one-electron oxidized ZnTPP
(ZnTPPC+), whereas the near-infrared maximum at 1021 nm
agrees well with the fingerprint of the one-electron reduced
C60 (C60C

�).[2f, h,5] In addition, no intersystem crossing between
the singlet excited state and the triplet excited state of
ZnTPP was observable. This led us to conclude that an in-
tramolecular electron transfer converts the initial excited
state into a charge-separated state.

In toluene, the ZnTPPC+ lifetime is 2.2 ns, and the C60C
�

lifetime is 1.7 ns. Upon increasing the solvent polarity, the
band at 621 nm shifts to 636 and 628 nm with lifetimes of 90
and 692 ps in PhCN and THF, respectively. In general, the
features of 1 (Figures S4–S6 of the Supporting Information)
are similar to those discussed above for 2. The only noticea-
ble differences are the formation and the decay of the
charge-separated states. In particular, they are formed faster
in 2 than in 1 with rise times of 0.8 ps in toluene, 0.77 ps in
THF, and 0.78 ps in PhCN versus 1.1 ps in toluene, 1.09 ps in
THF, and 1.1 ps in PhCN. Moreover, the charge-separated-
state lifetimes for 1 tend to be longer than in 2 with values
of 3.3, 1.4, and 0.51 ns in toluene, THF, and PhCN, respec-

Table 3. Fluorescence properties (emission maxima, lem [nm], and quan-
tum yields, F) of 1 and 2 in different solvents at room temperature.

Solvent 1[a] 2[b]

lem [nm] F lem [nm] F

toluene 653, 718 0.0019 596, 644 0.0012
THF 653, 718 0.0015 602, 653 0.0014
PhCN 653, 718 0.00096 607, 658 0.0035

[a] Excitation wavelength: 415 nm. [b] Excitation wavelength: 419 nm.

Figure 5. Room-temperature near-infrared emission spectra of 2 in tol-
uene (red line), and PhCN (purple line) upon excitation at 419 nm.
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tively. All of these data are comparable to those reported in
the literature[3d, 9] for porphyrin–fullerene conjugates with
similar geometries.

Quantum chemical investigations : We also performed com-
putational studies with 1 and 2, and the related C60-ref,
H2TPP, and ZnTPP to gain further insight into the experi-
mentally observed phenomena. All structures were opti-
mized at the wB97XD[13]/6-31G(d)[14] level. Molecular orbi-
tal analyses were performed at the same level of theory.[15]

All calculations were performed using the Gaussian 09[16]

program package.
As expected, the C60 moieties in 1 and 2 behave as elec-

tron acceptors. In fact, the LUMO energy of C60-ref matches
closely those of both porphyrin–fullerene conjugates
(Figure 7 and Figure 8). Similarly, the HOMOs in 1 and 2
are located on the porphyrins with HOMO energies that
match those of H2TPP and ZnTPP, respectively. These find-
ings are in excellent agreement with earlier calculations[17]

of similar porphyrin–b-oligo(ethynylenephenylene)–fuller-

ene conjugates that bear oligo(ethynylenephenylene) (oligo-
PPE) bridges.

The local electron affinity EAL)[18] mapped onto the
standard isodensity surface of 1 and 2 was computed with
Parasurf 11[19] and visualized using Molcad II[20] from PM6[21]

calculations with semiempirical MO program VAMP 11.0[22]

at the wB97XD/6-31G(d) geometries. This analysis
(Figure 9) confirms that the strongest electron acceptors are
the fullerenes and the strongest donors are the porphyrins.
Note that the EALis higher at the center of zinc porphyrin
because of the substantial positive charge of zinc. This ren-
ders the porphyrin in 2 a stronger electrondonor than in 1,
which helps to explain the faster charge-separation dynamics
observed for 2 than with 1.

As in all theoretical studies, it is important to calibrate
the performance of the level of theory used for the problem.
We have therefore calculated the wavelengths and intensi-
ties of the absorption bands by using the PM6 UNO-CIS
(unrestricted natural orbital, configuration interaction sin-
gles) method with AM1 density matrices for the initial guess
as implemented in VAMP 11.0. This technique has been
shown[23] to give good agreement with experiments for opti-
cal bandgaps for a series of organic compounds such as pol-
yynes and polycyclic aromatics. The absorption spectra were
also calculated with the conventional PM6 CIS method by
using the same number of orbitals in the active space as pre-
dicted by the PM6 UNO-CIS method, that is, 74 for 1 and
66 for 2. In addition, calculations were performed with stat-
istical averaging of orbital potentials[24] (SAOP) using TZP
basis sets as implemented in the Amsterdam density func-
tional (ADF) package.[25] The number of orbitals needed to

Figure 6. Top: Differential absorption spectra (visible and near-infrared)
obtained upon femtosecond flash photolysis (420 nm) of 2 (�1 � 10�6

m)
in toluene with time delays of 4.99 and 5000 ps at room temperature.
Purple circle: 4.99; yellow circle: 5000. Bottom: Time absorption profile
of the spectra shown above at 454 (purple circle), 618 (yellow circle), and
1021 nm (brown circle), reflecting the intramolecular electron-transfer
dynamics.

Figure 7. HOMO/LUMO energies of 1, 2, C60-ref, H2TPP, and ZnTPP at
the wB97XD/6-31G(d) level [eV].

Figure 8. HOMOs (red-orange) and LUMOs (blue-cyan) of 1 (left) and 2
(right) at wB97XD/6-31G(d) displaying their electron donor–acceptor
character.
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simulate the spectra in the major part of the experiments
for SAOP/TZP is 180. Spectra calculated in the gas phase
and in the different solvents at the PM6 UNO-CIS, PM6
CIS, and SAOP/TZP levels on the wB97XD/6-31G(d) geo-
metries are shown in Figures S9 and S10 of the Supporting
Information.

The PM6 UNO-CIS method predicts that the lowest-
energy Q band of 1 is around 622 nm in toluene, which is in
good agreement with corresponding experimental value of
approximately 654 nm compared to 653 nm predicted by
SAOP/TZP and to 620 nm at PM6 CIS. The position of the
longest-wavelength Q band for 2 in toluene is best predicted
by the PM6 UNO-CIS method. The corresponding calculat-
ed values are 526, 652, and 656 nm at PM6 CIS, PM6 UNO-
CIS, and SAOP/TZP, respectively, compared with the exper-
imental value of 592 nm.

Nevertheless, the energies of the Soret band in toluene
are too high at PM6 UNO-CIS. For 1 they are 401, 358, and
439 nm, whereas for 2 they evolve at 385, 334, and 436 nm
at PM6 CIS, PM6 UNO-CIS, and SAOP/TZP, respectively,
relative to the experimental values of 428 for 1 and 431 nm
for 2.

The influence of the solvent polarity on the electronic
transitions in 1 and 2 (Figures S9 and S10 of the Supporting
Information) was also studied computationally. The solvent
effects were considered using the conductor-like screening
model (COSMO)[26] for SAOP and the self-consistent reac-
tion field (SCRF) theory with the polarizable continuum
model (PCM)[27] for semiempirical UNO-CIS and CIS calcu-
lations. Nevertheless, no significant solvent dependence was
observed in the simulated UV/Vis absorption spectra.

HOMO–LUMO transitions are involved in the formation
of the first singlet excited states of 1 and 2 at the SAOP/
TZP level (Figure S11 of the Supporting Information).
These transitions correspond to p-porphyrin!p-C60 transi-
tions and, thus, to charge-transfer transitions.

However, the energies of the lowest charge-transfer tran-
sitions above the ground states are underestimated at
SAOP/TZP: the calculated values are 1.18 and 1.10 eV for 1
and 2 in toluene, respectively, compared with experimental
values of 1.73 and 1.72 eV, respectively. The oscillator
strengths of these transitions are 103 times lower than those
of the Soret band transitions, compared with an experimen-
tal factor of approximately 103 (Table S1 of the Supporting
Information).

Both PM6 CIS and UNO-CIS calculations also suggest
that HOMO–LUMO transitions are involved in the forma-
tion of the lowest-lying singlet charge-transfer state in tol-
uene. The changes in the dipole moment calculated by PM6
UNO-CIS relative to the ground state are 11.5 and 14.8 D in
1 and 2, respectively, and 16.7 and 14.4 D at PM6 CIS. The
Coulson charge on C60 in 1 and 2 (between �0.1 and �0.06 e
in the ground state) increases to �1.0 to �0.78 e in the
charge-transfer state at PM6 CIS and UNO-CIS (Table S2
of the Supporting Information). Visualization of the electro-
static potentials also confirms that charge transfer occurs in
these excitations (Figure 10 and Figure S12 of the Support-

Figure 9. Local electron affinity ( EAL) isosurfaces of 1 (top) and 2
(bottom) at PM6 in toluene on wB97XD/6-31G(d) geometries. The color
scale [kcal mol�1] is shown below the figure. The local electron affinity is
defined in the literature.[18b]
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ing Information). Molecular orbitals and electrostatic poten-
tials were visualized with Materials Studio 6.0.[28]

PM6 UNO-CIS gives the lowest CT state of 1 at 2.36 eV
and of 2 at 2.41 eV above the ground states. Likewise, PM6
CIS leads to values of 2.35 and 2.14 eV for 1 and 2, respec-
tively. These values, which were calculated in toluene, are in
fair agreement (0.4 to 0.6 eV higher in energy) with the ex-
perimental absorption charge-transfer bands of 1 at 1.73 and
2 at 1.72 eV in the same solvent. These charge-transfer
states are stabilized by 0.10–0.14 eV in toluene relative to
the gas phase (Table S2 of the Supporting Information) be-
cause of their high dipole moments. Their oscillator
strengths are lower by more than a factor of 103 than those
of the Soret band transitions (Table S3 of the Supporting In-
formation), which agree well with the experimental intensi-
ties of these transitions.

The calculations confirm the known trends of DFT-based
and semiempirical CI techniques to under- and overestimate
the energies of charge-transfer transitions, respectively. The
errors are close to equal but in opposite directions. A prag-
matic approach would be simply to average the SAOP/TZP
and PM6 UNO-CIS transition energies to obtain a closer es-
timate relative to the experimental results.

As expected, the relative positions of the porphyrins and
C60 moieties have a large influence on the electron-transfer
process. Donor and acceptor are very closely located in 1
and 2, so it is important to take noncovalent interactions be-
tween the porphyrins and C60 moieties into account. We
have therefore used the wB97XD functional, which includes
dispersion corrections. Indeed, the optimized geometries
depend strongly on the level of theory used for the optimi-
zation (Figure S15 of the Supporting Information). The cal-
culated distance between donor and acceptor is approxi-
mately 3 � at wB97XD/6-31G(d), which is in excellent
agreement with that obtained using the MM+ force field[10]

and with experimental distances between nonbonded por-
phyrins and C60 moieties in cocrystallates.[6a] The B3PW91[15]

functional, which does not include a dispersion correction,
gives an optimized distance between donor and acceptor of
more than 4 �, whereas it is more than 8 � at PM6.

Conclusion

The two electron donor–acceptor conjugates (1 and 2)—one
of which features a porphyrin-free base, and one of which
features a zinc porphyrin—described in this work differ fun-
damentally from those reported to date because of the
direct linkers between the carbon of the phenyl ring and the
pyrrolidine nitrogen, which results in a completely frozen
geometry. This geometrical constraint leads to fast photoin-
duced electron transfer as evidenced by a decay in just a
few picoseconds of the porphyrin singlet excited state. The
resulting charge-separated states are long-lived, with life-
times of 506 ps for 1 and 90 ps for 2. DFT and semiempirical
UNO-CIS calculations show that the HOMOs and LUMOs
are localized on the porphyrin donor and the C60 acceptor,
respectively, and HOMO–LUMO excitations therefore lead
to the charge-transfer states. The energies of frontier orbi-
tals of 1 and 2 correspond to those of the porphyrin and C60

references. The presence of zinc in the center of the por-
phyrin changes its local electronic properties and leads to
faster electron-transfer dynamics. Calculated electronic-tran-
sition energies and intensities agree reasonably well with the
experimental results, which reveals that DFT and semiempir-
ical UNO-CI methods under- and overestimate the transi-
tion energies by the same amount, namely, approximately
0.6 eV in toluene.

Compounds 1 and 2 form an ideal basis for future opti-
mized donor–acceptor conjugates for charge separation, in
which other photo- or electroactive moieties can be incorpo-
rated.

Experimental Section

General methods : 1H NMR spectra were recorded in CDCl3 solutions
using a Brucker AM-300 instrument with tetramethylsilane (TMS) as in-
ternal standard. Ultraviolet-visible (UV/Vis) spectra were recorded using
a Varian Cary 5000 Scan spectrophotometer and a Perkin–Elmer
Lambda 2 UV/Vis double-beam spectrophotometer with a slit width of
2 nm and scan rate of 480 nm min�1. Steady-state fluorescence studies
were carried out using a Horiba Jobin Yvon FluoroMax-3 spectrometer
with a slit width of 2 nm for excitation and emission and an integration
time of 0.5 s. All spectra were corrected for the instrument response. The
emission lifetimes for time-resolved fluorescence measurements were de-
termined by means of time-correlated single-photon counting (TCSPC)
using a Horiba Jobin Yvon FluoroLog3 emission spectrometer. For exci-
tation, a laser diode (NanoLED-405L, 403 nm, pulse width of �200 ps,
maximum repetition rate 100 kHz) was used. The femtosecond transient
absorption studies were performed with 387 and 420 nm laser pulses
(1 kHz 150 fs pulse width) from an amplified Ti:sapphire laser system
(model CPA 2101, Clark-MXR Inc.). Electrochemical data were obtained
by cyclic voltammetry using a conventional three-electrode cell in combi-
nation with an AUTOLAB eco chemie potentiostat. Platinum and silver

Figure 10. Isopotential surfaces for the molecular electrostatic potentials
of ground states (bottom) and CT states (top) of 1 (left) and 2 (right)
from PM6 UNO-CIS calculations. The color scale [kcal mol�1] is shown
in the middle of the figure.
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wires were used as counter- and pseudo-reference electrodes, respective-
ly. A glassy carbon electrode (GCE) was used as the working electrode.
The measurements were carried out in 1,2-dichlorbenzene (o-DCB) with
0.1m tetra-n-butylammonium hexafluorophosphate (TBAPF6) as support-
ing electrolyte.

Chemicals : Silica gel 60 (60–240 Merck) was used for column chromatog-
raphy. o-DCB for electrochemistry and tetra-n-butylammonium hexa-
fluorophosphate (TBAPF6) were purchased from the Aldrich Chemical
Co. C60 was purchased from Term-USA. All other reagents and solvents
were supplied from Fluka Chem. Co., Aldrich Chem. Co., or Carlo Erba
and used as received.

Synthesis : The preparation of 1 has been described previously.[10] For 2, a
saturated solution of ZnACHTUNGTRENNUNG(OAc)2 in methanol was added to a solution of 1
in chloroform. The mixture was left to react at room temperature under
nitrogen for 2 h. The solvent was evaporated and the product was puri-
fied using a plug of silica gel and eluting with chloroform. Yield: 97%.
1H NMR (300Mz, CDCl3): d=9.3–8.7 (series of broadened doublets and
multiplets, 8 H; b-pyrrole protons) 8.27–7.84 (br m, 5 H; phenyl protons),
7.79 (br s, 10H; phenyl protons) 7.5 (m, 5H; phenyl of pyrrolidine), 5.45
(s, 1 H; CH of pyrrolidine ring), 3.77 (d, 1H; methylene group of pyrroli-
dine), 3.33 ppm (d, 1H; methylene group of pyrrolidine); UV/Vis (tol-
uene): lmax (e)= 312 (70 258), 430 (337 453), 553 (21 048), 592 nm
(6410 m

�1 cm�1); MS (FAB): m/z : calcd: 1515 [M+]; found: 1515.93 [M+].
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