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Abstract: A concept is elaborated of pairing electron donors and electron acceptors that share a common
trait, wire-like features, as a powerful means to realize a new and versatile class of electron donor—acceptor
nanohybrids. Important variables are fine-tuning (i) the complexation strength, (ii) the electron/energy transfer
behavior, and (iii) the solubilities of the resulting architectures. In particular, a series of supramolecular
porphyrin/fullerene hybrids assembled by the hydrogen bonding of Hamilton receptor/cyanuric acid motif
has been realized. Putting the aforementioned variables into action, the association constants (Kass), as
they were determined from 'H NMR and steady-state fluorescence assays, were successfully tweaked
with values in the range of 10*—10° M~1. In fact, our detailed studies corroborate that the latter reveal a
dependence on the nature of the spacer, that is, p-phenylene-ethynylene, p-phenylene-vinylene, p-
ethynylene, and fluorene, as well as on the length of the spacer. Complementary performed transient
absorption studies confirm that electron transfer is indeed the modus operandi in our novel class of electron
donor—acceptor nanohybrids, while energy transfer plays, if any, only a minor role. The accordingly formed
electron transfer products, that is, one-electron oxidized porphyrins and one-electron reduced fullerenes,
are long-lived with lifetimes that reach well into the time domain of tens of nanoseconds. Finally, we have
used the distance dependence on electron transfer, charge separation and charge recombination, to

determine for the first time a 8 value (0.11 A~ for hydrogen-bonding-mediated electron transfer.

Introduction

One of the most interesting challenges in the field of
nanoscale electronics lies in the mediation of charges/electrons
between mutually interacting components.* To this end, a
combination of the rapidly evolving fields of nanostructured
materials and supramolecular chemistry provides an attractive
strategy for constructing large and complex, yet highly ordered,
molecular and supramolecular entities, with specific functions® 2
Inspired by the natural photosynthetic apparatus, in which
chlorophylls (i.e., bacteriochlorophyll dimer, cytochcrome C)

" Friedrich-Alexander-Universitéat Erlangen-Nirnberg, HenkestraBe 42.

* Friedrich-Alexander-Universitat Erlangen-Niirnberg, Egerlandstrase 3.

(1) Carrall, R. L.; Gorman, C. B. Angew. Chem.,, Int. Ed. 2002, 41, 4378—
4400.

(2) Kirmaier, C.; Holton, D. In The Photosynthetic Reaction Center;
Deisenhofer, J.,, Norris, J. R., Eds.; Academic Press: San Diego, CA,
1993; Vol. Il, pp 49—70.

(3) () Remy, A.; Gerwert, K. Nat. Sruct. Biol. 2003, 10, 637-644. (b)
Okumura, M. Y.; Paddock, M. L.; Graige, M. S.; Feher, G. Biochim.
Biophys. Acta 2000, 1458, 138-163.

(4) Boxer, S. G. Annu. Rev. Biophys. Bioeng. 1990, 19, 267.

(5) The Reaction Center of Photosynthetic Bacteria; Michel-Beyerle,
M. E., Ed.; Springer: Berlin, 1996.

(6) (@) Fukuzumi, S.; Imahori, H. In Electron Transfer in Chemistry;
Balzani, V., Ed.; Wiley-VCH: Weinheim, 2001; Val. 2, pp 927—975.
(b) Fukuzumi, S.; Guldi, D. M. In Electron Transfer in Chemistry;
Balzani, V., Ed.; Wiley-VCH: Weinheim, 2001; Val. 2, pp 270—337.
(c) Fukuzumi, S. Org. Biomol. Chem. 2003, 1, 609-620.

(7) Guldi, D. M.; Kamat, P. V. In Fullerenes, Chemistry, Physics, and
Technology; Kadish, K. M., Ruoff, R. S., Eds.; Wiley-Interscience:
New York, 2000; pp 225—281.

10786 m J. AM. CHEM. SOC. 2010, 132, 10786-10795

harvest and convert sunlight, cascades of short-range/multistep
electron transfer events have been the subject of extensive
studies.? * Because of the rich photo- and redox chemistry of
porphyrins and metalloporphyrins, they have been probed as
integrative components in photosynthetic reaction center
models.®° Here, porphyring/metalloporphyrins serve several
functions ranging from harvesting light through most of the
visible part of the solar spectrum to electron transfer and electron
transport. Multifunctional fullerenes, on the other hand, are
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known for their unique electron-accepting features. In fact, these
three-dimensional electron acceptors hold great promise on
account of their small reorganization energiesin electron transfer
reactions and have exerted noteworthy impact on the improve-
ment of light-induced charge-separation.™ In short, porphyring/
metalloporphyrins and fullerenes are molecular architectures
ideally suited for devising integrated, multicomponent model
systems to transmit and process solar energy.*> " Photoexci-
tation of the porphyrin/metalloporphyrin by visible light is
readily followed by an electron transfer to guarantee the
formation of a radical ion pair state, that is, the one-electron
oxidized radical cation and the one-electron reduced radical
anion of the porphyrin and the fullerene, respectively.® 13

The most far-reaching observation is that charge-recombina-
tion in metalloporphyrin/fullerene couples is located deep in
the “inverted region” of the Marcus parabola, regardless of
linkage, distance, and orientation. By contrast, lowering the
driving force via replacing the metalloporphyrins with the better
electron donors ferrocene or tetrathiafulvalene, while keeping
all other parameters (i.e., distance, acceptor, solvent, tempera-
ture, etc.) constant, shifts the dynamics into the normal region.
This variation is of great advantage in determining parameters
such as electronic coupling (V), reorganization energy (4), and
attenuation factor (8) with high accuracy.® These parameters
have key character for material design considerations with the
objective to prolong the lifetime of the energetic radical ion
pair states, while, simultaneously, optimizing the efficiency of
charge separation.

Up to now, most electron donor—acceptor systems are based
on the use of covalent linkages. Hereby, the linkage mediates
the distance, spatial orientation, and flexibility between the donor
and acceptor components. Much lessis, however, known about
noncovalent linkages en-route toward electron donor—acceptor
nanohybrids and the function of the intervening spacers.*” In a
recent example, we introduced electron donor—acceptor systems

Figure 1. Schematic representation of the complementary hydrogen-
bonding motif of a cyanuric acid derivative and a Hamilton receptor.

comprising noncovalent electrostatic interactions, where op-
positely charged fullerenes and porphyrins/cytochrome C interact
tightly with each other. Sufficiently strong electronic couplings
powered an intrahybrid charge separation in these nanohybrids.*®
This approach turned out to be very promising for constructing
photovoltaic devices with efficient solar energy conversion
performances.*®

Nevertheless, the most compelling supramolecular motif is
hydrogen bonding. Although hydrogen bonding bears great
potentia for the redlization of highly directional self-assemblies,
only afew examples of electron donor—acceptor nanohybrids,
using porphyrins/metalloporphyrins and fullerenes, have been
reported so far."*° We have recently introduced the Hamilton-
receptor/cyanuric acid binding motif (Figure 1)® to self-
assembl e porphyrins/metall oporphyrins together with fulleroden-
drimers'’#* as well as hydrogen-bonded complexes containing
N,N-dimethylanilines, flavines,?*? and supramolecular wires.?
Importantly, the six-point hydrogen-bonding motif leads to
comparatively strong binding between hosts and guests with
association constants K, that range in apolar solvents (i.e.,
dichloromethane and toluene) from 10° to 102 M.
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Figure 2. Synthesized fullerene 1 and porphyrin 2 derivatives.

Notable in the case of the aforementioned metalloporphyrin/
fullerodendrimer assemblies with flexible alkyl chains, which
were introduced as spacers, may have well been the inception
to inter- and/or intramolecular folding. Conjugated spacers (i.e.,
p-phenylene-ethynylene, p-phenylene-vinylene, p-ethynylene,
and fluorene), on one hand, provide wire-like behavior in terms
of electron transfer/electron transport and, on the other hand,
restrict the flexibility of the Hamilton receptor and cyanuric acid
functionalities. The wire-like behavior is key to guaranteeing
an efficient electronic coupling between the electroactive units
if the following factors are provided: (i) matching the donor/
acceptor and bridge energy levels, (ii) good electronic coupling
between the donor and acceptor by means of the bridge
orbitals,®® and (iii) a small attenuation factor (8).2* Intramo-
lecular electron transfer/electron transport along sr-conjugated
oligomers, such as o-phenylenevinylene (oPV), has been tested
in several donor—acceptor conjugates involving porphyrins,*

anilins,?® or ferrocenes® as electron donors and Cg as electron
acceptor. In fact, recent studies have shown that the electron
transfer along oPVs is much more efficient than that aong
o-fluorenes (oFl) or o-phenylene-ethynylenes (oPE). Such a
trend is caused by a complete delocalization of s-electrons in
oPV's, whereas the electron del ocalization in oPE resides mostly
on the phenyl rings. The electron delocalization in oFls can be
found between both extremes.?’

Here, we report on the study of electron transfer aong
sm-conjugated spacers in a novel series of supramolecular
assembled porphyrin/fullerene hybrids. In light of the afore-
mentioned, we have integrated p-phenylene-ethynylene, p-
phenylene-vinylene, p-ethynylene, or fluorene units as spacers
between fullerenes and the Hamilton receptors as well as a
p-phenylene-ethynylene bridged porphyrinato cyanuric acid
(Figure 2) and have analyzed the attenuation factor (/3).
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Scheme 1. Syntheses of Hamilton Receptor Bearing 4 and 82

9_:%;% OHCO\\\

3 —_—

2 (i) Pd(PPhs).Cl,, Cul, NEts, THF, room temperature; (ii) Pd(PPhs),Cl,, Cul, HNE,, toluene, 75 °C; (iii) TBAF, THF, 0 °C; (iv) Pd(PPhy),Cl,, Cul,

NEts, THF, room temperature.

Results

Synthesis. From the synthetic point of view, iodo
compound?*® 3 (Scheme 1) is the key compound en-route toward
1. Subsequent C—C cross coupling reactions were performed
under Sonogashira conditions involving terminal alkynes and
aryl halides.?®

The need for further functionalization of the Hamilton
receptor via, for example, the Prato reaction of Cg?° required
the implementation of formyl groups in para position relative
to the cross-coupled aryl groups. To combine both synthetic
necessities, 4-ethynylbenzaldehyde was used as a promising
reagent toward iodo compound 3. The coupling of both
compounds was nearly quantitative at room temperature®’®
(Scheme 1).

Extension of the p-phenylene-ethynylene chain was performed
by using 4-bromobenzaldehyde and (2-(4-ethynylphenyl)ethy-
nyltriisopropylsilane 5, which were coupled using Pd®/Cu'
catalysis at 75 °C (Scheme 1). Deprotecting the resulting
p-phenylene-ethynylene using TBAF (tetrabutyl ammonium
fluoride) as fluoride source led to the termina ethynyl derivative
7. The latter was subsequently coupled to the Hamilton receptor
building block, as described above for 4-ethynyl benzal dehyde,
to afford 8 (Scheme 1). To investigate the influence of the
bridge's nature on the photophysical properties, Hamilton

(25) (a) Thomas, K. G.; Biju, V.; Guldi, D. M.; Kamat, P. V.; George,
M. V. J. Phys. Chem. B 1999, 103, 8864-8869. (b) Guldi, D. M;
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Soc. 2002, 124, 10875-10886.
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Chem.-Eur. J. 2008, 14, 6379-6390.

(28) (a) Nagy, A.; Novak, Z.; Kotschy, A. J. Organomet. Chem. 2005, 69,
4453-4461. (b) Tykwinski, R. R. Angew. Chem., Int. Ed. 2003, 42,
1566-1568.

(29) Maggini, M.; Scorrano, G.; Prato, M. J. Am. Chem. Soc. 1993, 115,
9798-9799.

receptor bearing fullerenes that are not only connected by
p-phenylene-ethynylene chains 1a,b, but also by p-ethynylene
1c, p-phenylene-vinylene 1d,e and fluorene 1f spacers, were
designed. The p-ethynyl precursor 9 was accessible by reacting
3,3-diethoxyprop-1-yne with iodo Hamilton receptor 3 under
Pd%Cu' catalysis in tetrahydrofurane and diethylamine. Depro-
tection of the acetal by adding TFA (trifluoro acetic acid) and
subsequent neutralization with sodium bicarbonate afforded the
ethynyl Hamilton receptor 10, Scheme 2.

To introduce a p-phenylene-vinylene spacer, we synthesized
4-ethenyl benzaldehyde 11 by adding n-BuLi and DMF to
4-bromostyrene at —78 °C. Heck conditions were then applied
for coupling 4-ethenylbenzal dehyde and iodo Hamilton receptor
3 to give the p-phenylene-vinylene Hamilton receptor 12 using
Pd,dba; (tris(dibenzylideneacetone)dipalladium(0)) as Pd® source
and triphenyl arsine as additional ligand, Scheme 2.%° The
fluorene containing precursor 14 was obtained by Suzuki
coupling of boronic acid ester 13 and Hamilton receptor 3 under
the action of Pd(PPhs), and potassium carbonate (Scheme 2).%*
To increase the solubility of the p-phenylene-ethynylene and
p-phenylene-vinylene containing fullerene derivatives in com-
mon organic solvents, we synthesized N-dodecyl glycine 15 by
adding iodo acetic acid to dodecylamine at 0 °C in a mixture
of ethanol and water (Scheme 3).3?

The wire-like Hamilton receptor fullerenes 1 were then
synthesized following the standard Prato protocol, that is,
allowing Cg to react with adehydes 4, 8, 10, 12, 14, and
sarcosine or N-dodecy! glycine 15 in THF/toluene under reflux
(Scheme 4).2°
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168.

J. AM. CHEM. SOC. = VOL. 132, NO. 31, 2010 10789



ARTICLES

Wessendorf et al.

Scheme 2. Syntheses of Hamilton Receptor Bearing 10, 12, and 14

Br

OHC—== 10

2 (i) Pd(PPhg),Cl,, Cul, HNEt,, THF, room temperature; (ii) (1) TFA, CH,Cl,, room temperature, (2) H,O/NaHCO;, room temperature; (iii) (1) n-BuLi,
THF, =78 °C, (2) DMF, —78 °C, (3) H,O/NH,CI, room temperature; (iv) Pd,dbag, AsPhs, NEt;, THF, 70 °C; (v) Pd(PPhz)4, K,CO3, DMF, room temperature.

Scheme 3. Synthesis of N-Dodecyl Glycine 152

H
i O
HN A~ A~~~ ———— HN A~~~

15
2 (i) lodo acetic acid, EtOH/H,0, 0 °C.

The cyanuric acid bearing porphyrin 2, on the other hand,
was synthesized in accordance with our recently published
procedure.?*?

Molecular Modeling. To determine the length of the sz-con-
jugated spacers (i.e., p-phenylene-ethynylene, p-phenylene-
vinylene, p-ethynylene, and fluorene) as part of the Hamilton
receptor carrying fullerenes, we carried out molecular mechanics

calculations. In addition, it assists in shedding light onto their
rigidity as an important means to guarantee efficient electron
transfer along the s7-conjugated spacers and to eliminate through-
space electron transfer fostered by inter- or intramolecular
folding. All calculations, PM 3 geometry optimization in the gas
phase,* revealed rigid geometries, regardless of the conjugated
spacer type. In terms of spacer lengths, varying distances were
obtained for p-phenylene-vinylene, p-ethynylene, and fluorene-
based Hamilton receptor fullerenes. Moreover, introduction of
an additional p-phenylene-ethynylene unit goes in hand with
an increase in distance from 12.2 to 19.1 A; see Figure 3 and
Table 1.

NM R-Titration Experiments. Initia insight into the formation
of the 1-2 complexes was lent from *H NMR spectroscopy.

Scheme 4. Syntheses of the Hamilton Receptor Bearing Fullerene Derivatives 1%

OHC—l Spacer l

4,8,10,12, 14

2 (i) Cgo, toluene, reflux.
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Figure 3. PM3-optimized structure of 1b.

Table 1. Spacer Distance, Association Constants K,ss, Absorption Decrease, Fluorescence Quenching Efficiency, Charge Separation, and
Charge Recombination Dynamics, Determined via Femtosecond and Nanosecond Transient Absorption Measurements

10g Kass® rate constants?
spacer distance,? A log Kess,” CDCl3 oDCB CH.Cl, absorption decrease, % quenching efficiency, % kes, 71 ker, 877
la-2 12.2 5318+ 111 3528+03 3719+04 13 17 3.1 x 10° 1.4 x 107
1b-2 19.1 2182 +05 2698+0.7 not observed 4 not detectable  not detectable
1c-2 7.9 4.667 24 30 1.1 x 10% 3.3 x 107
1d-2 12.0 5175+ 105 4.089+04 4332+04 16 25 5.3 x 10° 2.5 x 107
1f-2 13.8 5163+ 1.09 4104+04 4201+04 9 22 4.1 x 10° 1.9 x 107

aSee Molecular Modeling section.  Obtained from 'H NMR titration experiments. ©Obtained from fluorescence titration experiments. ¢ Rate
constants for charge separation (kcs) and charge recombination (kcr) were calculated from the transient absorption data.
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Figure 4. Binding motif between 1a,e,f and 2 with indication of the NH
protons NH1, NH2, and NH3 (top) and 300 MHz *H NMR spectra of 1a
a aconcentration of 3.3 mM in CDClj; in the presence of various equivalents
of 2 (bottom).

Here, the determination of the association constant Kas Was
achieved through a complementary series of titration experi-
mentsin CDCls. In particular, the characteristic downfield shifts
of the NH*- and NH?-protons of the Hamilton-receptor moieties
in1emerged assuitablemarkersfor thecomplex formation, 2202
In Figure 3, the corresponding shifts of the protons of 1 are
depicted as they change as a function of added fullerene 2.
Additionally, the shifts of the NH3-protons within the cyanuric
acid moiety of 2 were investigated (Figure 4). In a typica
experiment, 500 L of a2 mM solution of 1a, 1e, 1f wastitrated
with 100 uL of a2 mM solution of porphyrin 2. The IH NMR
spectra were recorded approximately 30 min after mixing the

solutions. In each case, the spectrum remained unchanged during
atime period of 60 min, indicating a fast equilibrium.

Whereas the NH*- and NH?-protons undergo a shift to lower
fields, the NH3-protons of the cyanuric acid moieties at 13 ppm
are subject to an opposite effect. The corresponding signals
undergo a high field shift during addition of 2. Furthermore,
they broaden, and, finally, they disappear. The reason for the
disappearance in the presence of an excess of 2 is a fast
equilibrium (coalescence regime) between bound and free
cyanurate. On the basis of these titration experiments, the
association constants K (Table 1) were determined with the
help of Chem-Equili.>®

A plot of the chemical shift (6 [ppm]) of the NH protons as
a function of mole fraction X of titrated cyanuric acid bearing
porphyrin 2 reveals the characteristic sigmoidal shape with a
plateau at X = 1; see Figure 5. We take the latter as preliminary
evidence for the 1-2 formation with a 1:1 stoichiometry.

Photophysical Characterization. Further information on the
supramolecular complexation was obtained by optical absorption
spectroscopy and steady-state fluorescence spectroscopy. To this
end, variable amounts of the different Hamilton receptors (i.e.,
1a, 1b, 1c, 1d, 1e, or 1f) were added to porphyrinato cyanuric
acid (2) containing ortho-dichlorobenenzene or dichloromethane
solutions. Importantly, upon increasing gradually the concentra-
tion of 1a, 1b, 1c, 1d, le, or 1f, the Soret band of 2 is dlightly
decreased without, however, giving rise to any spectral shifts.*"
Notable is, however, that the overlapping absorptions of 1a,
1b, 1c, 1d, le, or 1f and 2 prevent the formation of clear
isosbestic points in the 415 and 429 nm range.

(33) (a) Solov'ev, V. P.; Vnuk, E. A.; Strakhova, N. N.; Reavsky, O. A.
VINITI; Moscow, 1991. (b) Solov’ev, V. P.; Baulin, V. E.; Strahova,
N. N.; Kazachenko, V. P.; Belsky, V. K.; Varnek, A. A.; Volkova,
T. A.; Wipff, G. J. Chem. Soc., Perkin Trans. 1 1998, 1489-1498.
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Figure 5. Plot of the chemica shift (0 [ppm]) of the NH1 and NH2 as a
function of mole fraction X of titrated cyanuric acid bearing porphyrin 2.
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Figure 6. Changes in the Zn porphyrin 2 (2.83 x 107¢ M) electronic
absorption spectrum in CH,Cl, upon addition of increasing concentrations
of Cg derivative 1d (0—1.0 x 1075 M) at room temperature.

It isinteresting to note that the strength of the spectral changes
seems to relate to the nature of the spacer (Figure 6). For 1a-2,
1d-2, 1le-2, and 1f -2, the spectral changes, asthey evolve during
the titration, are rather marginal, whereas noticeable alterations
emerge for 1c- 2. Opposing to the aforementioned trend, titrating
2 with 1b resulted in what is best described as the simple
superimposition of the individual spectra; see the Supporting
Information. In general, our current observations, detectable but
rather weak spectroscopic changes, are in stark contrast to
previous studies.*”® A likely rationale implies that introducing
rigid spacers constrains the ground-state interactions between
1land 2.

To gain quantitative details on the binding strength, comple-
mentary fluorescence titration experiments were carried out. In
line with earlier work, the prominent fluorescence of 2 (O =
0.04) was monitored while variable amounts of la—d were
added. Figure 7 illustrates an exemplary case, in which 2 was
titrated with 1d in dichloromethane. The gradual quenching at
the long wavelength maximum of the emission was used to
estimate the association constant according to eq 1:

Iy 11 1 2
E—l—Z—CD[E‘FCO"‘CD_\/(ES"‘CO‘FCD)_4COCDJ
(1)
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Figure 7. Steady-state fluorescence spectra of 2 (2.3 x 106 M) recorded

at different concentrations of 1d (0—2.10 x 1075 M) in CH,Cl, at room
temperature (lexc = 416 nm).
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Figure 8. Plot of I/l versus concentration of 1d used to determine the
association constant (according to eq 1).

Here, |, refersto theinitia fluorescence intensity, ¢, isthetotal
porphyrin concentration, ¢p is the total concentration of the
added fullerene, and K is the association constant (Figure 8).3*
The association constants deduced from the fluorescence
experiments are listed in Table 1. Considering the error margins,
which are 10% in the case of 1a, 1d, 1e, and 1f and 25% in the
case of 1b, a reasonably good agreement is achieved with the
association constants based on the *H NMR experiments.
Next, we turned to time-resolved fluorescence. To this end,
porphyrinato cyanuric acid 2 was excited at 403 nm at different
ratios with 1a, 1b, 1c, 1d, 1e, or 1f, and the resulting
fluorescence time profiles were analyzed by mono-, bi-, or even
poly exponentia decay fitting functions. In the absence of 1a,
1b, 1c, 1d, 1e, or 1f, the fluorescence decay of 2 was strictly
fitted by amonoexponentia fitting function that yielded lifetimes
of about 1.5 ns in ortho-dichlorobenzene as well as in
chloroform. Addition of 1a, 1b, 1c, 1d, le, or 1f led to the
following consequence. Now, a satisfying fit of the fluorescence
time profiles is only achieved when a biexponential fitting
function is employed. Besides the 1.5 ns lifetime, a shorter
lifetime in the range of hundreds of picoseconds emerges. While
the earlier is clearly associated with the intrinsic decay of 2,
the latter reflects the accelerated excited-state deactivation in
successfully formed 1-2. Interestingly, no appreciable changes
resulted in the presence of 1b, just the 1.5 ns lived component.

(34) Vaeur, B. Molecular Fluorescence; Wiley-VCH: Weinheim, 2002.
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In complementary experiments, we varied the concentration of
la, 1b, 1c, 1d, 1e, or 1f incrementally. Here, analyses of the
pre-exponential factors of both lifetimes demonstrated that an
increase of 1a, 1b, 1c, 1d, 1e, or 1f causes an increase of the
pre-exponential factor of the short-lived contributions and,
simultaneously, a decrease of the pre-exponentia factor of the
long-lived component. Importantly, the absolute values of the
short- and the long-lived components remained unchanged
throughout these assays.

Results from the steady-state and time-resolved experiments
prompt one to a fairly fast and efficient deactivation of
photoexcited 1-2, presumably via electron transfer to the
electron-accepting fullerene, while energy transfer cannot be
ruled out. Notable isin this context that excited-state contribu-
tions (i.e., singlet and triplet excited states) as they originate
from an inefficient fluorescence quenching in 1-2 and/or
incomplete association of 1-2 render the quantification of a
transduction of excited-state energy intrinsically difficult. Thus,
femtosecond transient absorption spectroscopic measurements
were performed to unveil the deactivation process and, in
addition, to anayze its kinetics. The differential absorption
changes, taken right after 150 fs laser pulse excitation of 2 at
420 nm in ortho-dichlorobenzene, show in the absence of any
1a, 1b, 1c, 1d, 1€, or 1f the prompt transformation (i.e., 5.6 x
108 s71) of the high lying singlet excited states of the porphyrin
into the lowest vibrationa state of the porphyrin singlet excited
state.®>%8 In particular, marked transitions develop in the region
between 600 and 1100 nm. Besides these characteristics, bleach
features as they relate to the ground-state absorptions are found
around 420 nm as well as at 550 and 600 nm. This singlet
excited state with an energy of about 2.00 eV deactivates slowly
viaintersystem crossing to the energetically lower lying triplet
excited state, which is located at around 1.53 eV.*” The rate
constant of intersystem crossing was determined from a mul-
tiwavelength analysisto be 4.6 x 10° s % The newly developing
band at 840 nm reflects the diagnostic signature of the triplet
excited state of 2 with a lifetime of 45 us. In the presence of
molecular oxygen, the triplet excited state experiences a
concentration-dependent deactivation process to form singlet
oxygen quantitatively.®

Upon excitation of 1a, 1b, 1c, 1d, le, or 1f at 387 nm, the
lowest vibrationa state of the initially generated singlet excited
state undergoes quantitative intersystem crossing with a rate
constant of 5 x 108 s to the energetically lower lying long-
lived triplet excited state. Characteristic absorptions of the singlet
excited state are seen at 510 and 920, while maxima at 360 and
720 nm and alow-energy shoulder around 800 nm are associated
with the triplet features.®3"*® |n the absence of molecular
oxygen, the triplet excited states of 1a, 1b, 1c, 1d, 1e, or 1f
have a lifetime of up to 20 us.

The presence of 1a, 1c, 1d, 1e, or 1f impacts the reactivity
of the cyanuric bearing porphyrin 2. Because of the strong and
dominant absorption of 2 in 1a-2, 1c-2, 1d-2, le-2, and 1f-2,

(35) (& Hoffman, M. Z.; Bolletta, F.; Moggi, L.; Hug, G. L. J. Phys. Chem.
Ref. Data 1989, 18, 219-543. (b) Rodriguez, J.; Kirmaier, C.; Holten,
D. J. Am. Chem. Soc. 1989, 111, 6500-6509. (c) Murov, S. L.;
Carmichael, 1.; Hug, G. L. Handbook of Photochemistry; Marcel
Dekker Inc.: New York, 1993;

(36) Kalyanasundaram, K. Photochemistry of Polypyridine and Porphyrin
Complexes; Academic Press: London, 1992.

(37) Luo, C.; Guldi, D. M.; Imahori, H.; Tamaki, K.; Sakata, Y. J. Am.
Chem. Soc. 2000, 122, 6535-6551.

(38) Ngjiri, T.; Watanabe, A.; Ito, O. J. Phys. Chem. A 1998, 102, 5215~
5219.
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Figure 9. Differentia absorption spectra (visible and near-infrared) obtained
upon femtosecond flash photolysis (550 nm) of 1a-2 in argon-saturated
ortho-dichlorobenzene with time delays of 0 and 292 ps at room temperature.

visible light excitation at 420 or 550 nm is expected to lead
predominantly to the formation of the porphyrin singlet excited
state; see Figure S2 for the transient absorption spectrum of 2.
This is confirmed by transient features such as transient
bleaching at 420, 550, and 600 nm and transient absorption from
570 to 750 nm. However, this species undergoes a fast decay
in sharp contrast to the slow decay of 2 to generate the triplet
excited state. Concomitant with the singlet excited-state decay
of 2 in the 400—800 nm range, new features appeared in the
800—1200 nm range. In particular, a maximum at 1000 nm is
areliable attribute of the one-electron reduced form of fullerenes,
indicating that deactivation of the singlet excited state of 2
occurs by electron transfer.® Evidence for the one-electron
oxidized porphyrins was found in the 600—800 nm range, where
its diagnostic absorption developed in parallel; see Figure 9.4
A multiwavelength analysis led to a major decay component
with a lifetime of 326 ps, which we attributed to charge
separation affording the radical ion pair state. The rates of charge
separation were derived for al systems and are listed in Table
1. Importantly, the radical ion pair species is stable on the 3 ns
time scale of our femtosecond experiments.

Interestingly, introduction of a second p-phenylene-ethynylene
repeat unit (i.e, la-2 versus 1b-2) eliminates the electron
transfer process with no evidence for any radical ion pair state
formation, Figure 10. Thisfinding iswell in line with our steady-
state and time-resolved fluorescence measurements. In fact, it
supports the notion that in photoexcited 1b-2, intrinsic deactiva
tion pathways, as for example, fluorescence and intersystem
crossing, dominate rather than electron transfer that has been
seen to be the case in 1a-2.

In the final part, nanosecond transient absorption measure-
ments were employed to follow the charge recombination
processesin 1-2 upon 6 ns lasting 532 nm excitation in argon-
saturated ortho-dichlorobenzene solutions. The product of charge
separation, that is, the one-electron oxidized porphyrin and the
one-electron reduced fullerene, was partly masked by the strong
excited-state features of free, uncomplexed 2, 1a, 1c, 1d, 1e,
and 1f. These emerge in the 580—900 nm range despite the

(39) (a) Guldi, D. M.; Hungerbuehler, H.; Janata, E.; Asmus, K. D. J. Chem.
Soc., Chem. Commun. 1993, 6, 84-86. (b) Kato, T.; Kodama, T.; Shida,
T.; Nakagawa, T.; Matsui, Y.; Suzuki, S.; Shiromaru, H.; Yamauchi,
K.; Achiba, Y. Chem. Phys. Lett. 1991, 180, 446-450.

(40) Guldi, D. M.; Hirsch, A.; Scheloske, M.; Dietel, E.; Trois, A.; Zerbetto,
F.; Prato, M. Chem.-Eur. J. 2003, 9, 4968-4979.
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Figure 10. Differential absorption spectra (visible and near-infrared)
obtained upon femtosecond flash photolysis (420 nm) of 1b-2 in argon-
saturated ortho-dichlorobenzene with time delays of 0 and 512 ps at room
temperature.
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Figure 11. Differential absorption spectra (visible and near-infrared)
obtained upon nanosecond flash photolysis (532 nm) of 1c-2 in Ar-saturated
ortho-dichlorobenzene with a time delay of 80 ns.

rather high association constants of 10°—10* M2, derived from
the fluorescence assays, and 10° M™%, derived from *H NMR
experiments. Only around 1000 nm is the one-electron reduced
fullerene seen with ease for 1a-2, 1c-2, 1d-2, and 1f-2. This
led us to perform the same experiments but in the presence of
molecular oxygen. Through the triplet deactivation of 1 and 2
to form singlet oxygen, the diagnostic features of the one-
electron oxidized porphyrin came to light; see Figure 11.

Multiwavel ength analyses of the transient absorption spectra
in the absence of the triplet quenching oxygen gave rise to a
biexponential decay behavior. On one hand, it is the lifetime
of the triplet excited states of 1 (ca. 20 us) and/or 2 (ca. 45 us)
and, on the other hand, a short lifetime that is on the order of
severa tens of nanoseconds. By purging the solutions with
molecular oxygen, the triplet excited-state lifetimes of 1 and 2
were shortened from microseconds to hundreds of nanoseconds,
without, however, affecting the short-lived component. Taking
the aforementioned into consideration, we assign the second
component to the charge recombination process. Please note
that the accordingly determined rate constants for 1a-2, 1c-2,
1d-2, and 1f-2 are listed in Table 1.

Finaly, we caculated the  factor by plotting the rate
constants of charge separation and charge recombination versus
donor—acceptor distances; see Figure S3. Linear dependences
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Figure 12. Energy diagram showing the deactivation pathways in 1-2.

were observed in both cases, and the corresponding slopes were
used to derive a8 factor of 0.11 A~1 Notableis, however, that
the determination of g infers spacers with different electron
transfer activities. Still, this approximation sheds first light on
supramolecular-based molecular wire systems with a 5 factor
that lies between the extremes of covalent p-phenylene-
ethynylene?” and fluorene®™ systems.

Discussion

This work sheds comprehensively and newly light onto a
novel set of Hamilton receptor fullerenes (1a—f) and a cyanuric
acid linked porphyrin (2). In particular, we have investigated
the synthesis, self-assembly, and photophysical properties of
novel supramolecular wire-like donor—acceptor nanohybrids
using sr-conjugated spacers of defined geometry, p-phenylene-
ethynylene, p-phenylene-vinylene, p-ethynylene, and fluorene.
Importantly, the 6-fold hydrogen-bonding motif prevents rota-
tional freedom/structural flexibility and, in turn, strengthens the
rigid confinement of the electron donor—acceptor nanchybrids.
The rigidity was verified and illustrated by PM3 Molecular
Modeling calculations. Dodecy! or hexyl chains were used to
ensure sufficient solubility in a variety of solvents.

The self-assembly of 2 and la—f was probed by means of
H NMR and fluorescence assays. Because of the exceptional
strength of the 6-fold hydrogen bonding, association constants
evolve in 'H NMR experiments that are on the order of 10°
M~1, at millimolar concentrations. When, however, the associa-
tion constants were considered that were derived from the
characteristic changes in the fluorescence intensity, values
emerged that are on the order of 10* M~! for p-phenylene-
ethynylene, p-phenylene-vinylene, and p-ethynylene spacers,
respectively, at micromolar concentrations. The only notable
exception is 1b with an association constant of 10> M~ that
lacks electron transfer activity and, thus, just reflects a lower
limit.

The spacer dependence, that is, length and nature, was
corroborated by means of time-resolved techniques. In terms
of simple distance dependence, transient absorption measure-
ments confirm that the charge separation rate constants are 3.1
x 10° and 1.1 x 10 s! for 1a-2 and 1c-2, respectively.
Interestingly, for 1b-2 no electron transfer activity was found
on the time scale of up 3000 ps, which suggests that incorpora
tion of an extra p-phenylene-ethynylene shuts down the electron
transfer in 1b. On the other hand, the rate constants in 1a-2,



Hydrogen Bonding in Electron Transfer

ARTICLES

1d-2, and 1f-2 increase with decreasing attenuation factor of
the spacer. Clearly, a correlation to a spacer-mediated depen-
dence is likely. In fact, previous work has shown that the
attenuation factors of s-conjugated oligomers increase in the
order p-phenylene-vinylene > fluorene > p-phenylene-ethy-
nylene.?” Notable is the agreement with the results from our
fluorescence assays. In particular, the fastest electron transfer,
5.3 x 10° s'%, was observed for 1d-2, followed by 4.1 x 10°
(1f+-2) and 3.1 x 10° s™* (1a+2). Again, the fluorene-based 1f - 2
is a more efficient w-conjuaged spacer than the p-phenylene-
ethynylene-based 1a-2. Energy transfer certainly emerges as a
feasible aternative to the electron transfer scenario. However,
contributions from an inefficient fluorescence quenching and
an incomplete association toward the generation of singlet and
triplet excited states mask the spectroscopic interpretation.

An overall resembling trend is seen for the charge recombina-
tion processes. The following trends correlate either with the
nature of the spacer or with the length of the spacer. To this
end, in the p-phenylene-ethynylene-based systems, the values
of 1.4 x 107 (1a-2) and 3.3 x 107 s7* (1c-2) reflect the change
in spacer length, 12.2 versus 7.9 A. It is worth re-emphasizing
the lack of electron transfer activity in 1b-2. On the other hand,
varying the spacer motif from p-phenylene-ethynylene, fluorene,
to p-phenylene-vinylene (i.e., 1a-2, 1f-2, and 1d-2) resultsin
a steady increase in charge recombination rate constant from
1.4 x 10°t0 1.9 x 10" and to 2.5 x 1077 s™*. Here, the rate of
charge recombination is, again, mainly governed by the nature
of the spacer and not by its length. At this point, it is fair to
conclude that the charge separation and charge recombination
kinetics as they reflect either the length or the 5 factor of the

employed spacer help to rationalize the conclusion of the
fluorescence assays. Overall, a notably small § factor of 0.11
A1 was obtained upon considering all e ectron donor—acceptor
nanchybrids.

Conclusion

In short, we have demonstrated unambiguously that the
electronic communication in rigid electron donor—acceptor
nanohybrids that are brought together by the Hamilton receptor/
cyanuric acid motif is controlled by the nature of the conjugated
spacer moieties. Selective photoexcitation of the porphryins (2.0
eV) triggers in most hybrids an electron transfer to yield the
one-electron reduced fullerenes and the one-electron oxidized
porphyrins (1.4 eV); see Figure 12. Any appreciable contribu-
tions from a competitive energy transfer to populate the fullerene
singlet excited state (1.78 eV) are masked by intrinsic forma
tions. Spacers with good electron transfer properties (i.e., small
B values) facilitate electron transfer along the supramolecular
bridge and, in addition, cause an increase in the apparent
association constants.
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