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Abstract: A rotaxane made from a bis-
phenanthroline Cu! complex and two
Cq units acting as stoppers has been
synthesized. Electrochemical, spectro-
scopic and photophysical properties of
the individual components, a methano-
fullerene and a Cu' catenate, were
determined. The properties of the meth-
anofullerene were also compared with
those of plain Cy4, and rationalized with
the aid of semiempirical calculations.
The changes in the photophysical prop-
erties detected in the rotaxane with

esses. The excited singlet state localized
on the fullerene and the MLCT excited
state centred on the Cu! complex are
both quenched. Deactivation of the full-
erene excited singlet state occurs by
energy transfer to the Cu'-complex moi-
ety, which competes with intersystem
crossing to triplet fullerene, whereas the
Cul-complex excited state is mainly
quenched by electron transfer to form

Keywords: copper . electro-
chemistry electron transfer

the charge-separated state consisting of
the oxidized metal centre [Cu(phen),]**
and the fullerene radical anion. The
fullerene triplet, formed in reduced
yield with respect to the model, is also
quenched by electron transfer to the
same charge-separated state. The ability
of both model components to sensitize
singlet oxygen is completely suppressed
in the rotaxane. The occurrence of a fast
back-electron-transfer reaction is postu-
lated, as spectroscopic detection of the
charge-separated state has not been

respect to the models were assigned to

. fullerenes -
the occurrence of intramolecular proc-

Introduction

Since the discovery of buckminsterfullerene (Cg),! an
increasing number of scientists have devoted their attention
to this new material, its derivatives,” and its higher homo-
logues! as attested by the spectacular development of the
literature in this field.! This new carbon allotrope has the
unusual power of exciting the interest of researchers in many
fields including theoretical, experimental and applied chem-
istry. Inter alia, Cg has been extensively characterized
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achieved.

rotaxanes

photo-P! and electrochemically®® showing remarkable proper-
ties such as: i) electronic absorption bands throughout the
entire UV/Vis spectral region;’! ii) strong and characteristic
singlet —singlet®! and triplet—triplet transient absorption
features;P! iii) a weak fluorescence at room temperaturel'’)
and 77 Kl"'*<l and a phosphorescence band only in a rigid
matrix;"'e*l iv) sensitization of singlet oxygen!'?! with unitary
efficiency;[¥! and v) a strong-electron acceptor character, as
indicated by the presence of four to six fully reversible
reduction processest'yl depending on the solvent. Accordingly,
many investigations have been carried out on ground-state
charge-transfer complexes and photoinduced electron trans-
fer between Cgq and a variety of electron donors, including
amines!"! and polymer substrates.'?l By contrast, to date little
work has been reported on the photochemical and photo-
physical properties of supramolecular assemblies containing
fullerene subunits,l'”) although the above-mentioned proper-
ties show promise for the promotion of electron-transfer
processes in suitably assembled supramolecular arrays. The
study of such processes is of interest for many fundamental
and practical purposes, which include a better understanding
of natural photosynthesis!'®! and the construction of photo-
chemical molecular devices!"! capable of performing useful
functions such as i) the conversion of solar light into fuel and
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electricity,?”! ii) the chemical monitoring of the environ-
ment?!! and iii) the storage and elaboration of information at
a molecular level.??!

Given the good electron-accepting properties of Cq, a good
electron-donor partner is required to favour photoinduced
electron transfer in a supramolecular array. We thought that a
Cu' bisphenanthroline complex could be a good choice in this
respect for many reasons, the first of which is that such
complexes are known to be potent reductants in the excited
state.”®) In addition, when the phenanthroline ligands are
substituted in the 2,9 positions by aryl residues the complexes
display excellent photostability, long-lived luminescent excit-
ed states and absorption spectra throughout the UV/Vis
spectral region,?! which make them potentially useful for
harvesting solar-energy. Finally, it should be pointed out that
the outstanding affinity of Cu' towards phenanthroline-type
ligands allows the high-yield preparation of complex supra-
molecular structures such as catenanes, rotaxanes, knots and
helicates.

We report here the synthesis, electrochemical behaviour
and excited state properties in CH,Cl, solution of the
rotaxane Si-Cg-Cu formed from a bisphenanthroline Cu!
complex and two Cg-type units which act as stoppers/!
(Figure 1). This combination of molecular components makes

(P}

Si-Cgo-Cu

Figure 1. Schematic formulae of compounds 1-3 and Si-Cg-Cu (@ =
Cu").

Si-C4-Cu a good candidate to undergo photoinduced electron
transfer. The photophysical properties of the rotaxane are
compared with those of two suitable molecular models: a Cy,
methanofullerene (Si—Cy)?"! and a Cu! catenate (Cu—cat)?®!
(Figure 2). The choice of Si—Cg and Cu-cat as reference
compounds instead of 1?71 and 2 (Figure 1), the direct
precursors to the rotaxane, relies on the fact that the latter
have rather unstable, unprotected terminal alkyne functions.
A comparison between the photophysical properties of Si—
Ce and plain Cy, is also reported.
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Si-Cgp Cu-cat

Figure 2. Schematic formulae of Si— Cy,and Cu-—cat (e = Cu"); the model
compounds used in the photophysical investigations.

Results

Synthesis: An attractive and convenient route for the syn-
thesis of the Cul-complexed rotaxane Si-Cg-Cu relies on the
oxidative coupling reaction between the terminal alkynes 1
and 2, which are accessible in gram quantities (Figure 1). It
has been previously shown that acetylenic oxidative coupling
reactions are compatible with both fullerene derivatives??’ >l
and bis(diphenylphenanthroline) Cu' complexes.”l Rotaxane
Si-C¢-Cu was prepared by treating the multicomponent
complex 2 with the methanofullerene derivative 1 under dry
air in CH,Cl, at room temperature in the presence of a large
excess of Hay catalystP!! [CuCl-N,N,N',N -tetramethylethyl-
enediamine (TMEDA)]. When 1 and 2 were used in a 2.5:1
molar ratio, Si-C4-Cu was only obtained in a low yield
(3.5%). The yield of Si-Cg-Cu could be improved to 15% by
the use of a 5:1 ratio of 1:2. In addition to Si-C4-Cu, the
dimeric fullerene derivative 3,7 resulting from the homo-
coupling reaction of 1, was also formed. Surprisingly, no [3]-
catenanel®! formed as a result of the cyclodimerisation of the
Cu! complex 2 could be detected.

The Cu'-complexed rotaxane Si-Cg-Cu with its two full-
erene stoppers is reasonably soluble in CS,, CH,Cl, and
CHCI;. In the *C NMR spectrum (CS,/CDCl;, 1:1) a total of
49 out of the 51 expected resonances for the C, -symmetric
compound Si-Cg4,-Cu (31 for the fullerene sp* carbons and 20
for the two diphenylphenanthroline fragments) are distin-
guishable in the aromatic and fullerene region and all 15
alkynyl and aliphatic signals are observed. The 'H NMR
spectrum is also in full accordance with the structure of Si-Cg-
Cu. The FAB-MS (Figure 3) confirmed the structure of the
Cu'-complexed rotaxane with a very intense signal at m/z =
2900.2 corresponding to the pseudo-molecular-ion peak which
results from the loss of the BF; counteranion.

Electrochemistry: The redox properties of Si-Cgq-Cu were
studied by cyclic voltammetry in CH,Cl, with 0.1m Bu,NBF,
as the electrolyte. Surprisingly, a significant anodic shift was
observed for the reversible Cu-centred redox process in
comparison with other similar mononuclear complexes.?*?! For
instance, the redox potential of the Cu(i/11) couple in Si-Cy;-Cu
appears at +0.865V vs the saturated calomel electrode
(SCE), whereas the potential of the Cu-localised redox
process for the reference catenate (Cu-cat) is +0.565 V vs
SCE in CH;CN.*2 By contrast, in CH,Cl, (vs SCE) the first
reduction of both Si—Cy, (—0.520V, rev) and the fullerene
units of Si-Cy,-Cu (—0.6 V, irrev) appear in the range typical
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Figure 3. Positive ion FAB-mass spectrum of Si-Cq-Cu (in m-nitrobenzyl
alcohol as the matrix) showing the pseudo-molecular-ion peak resulting
from the loss of the BF; counteranion at m/z=2900.2 (calcd for
C,10HgoN4O5S1,Cu: 2900.8).

of C¢ monoadducts.[33] As previously observed for various
bis(butadiynyl)methanofullerene derivatives,? Si-Cg-Cu un-
dergoes reductive electrochemical polymerization during
iterative cyclic voltammetry to give an insoluble, insulating
film on the platinum cathode surface.

Steady-state absorption and luminescence properties: The
electronic absorption spectra of Si-Cg-Cu, Si—Cg, and Cu-
cat in CH,Cl, are depicted in Figure 4. In the UV region, the
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Figure 4. Electronic absorption spectra of Si—Cy, (—), Cu—cat (- - -) and
Si-Cg-Cu (--+) in CH,Cl,. The concentration is 1.0 x 10~° for Si-C,, and
Cu-—cat and is unknown for Si-Cg-Cu as a result of its low solubility (see
text). In the 400 -800 nm region the spectra are multiplied by a factor of 20.

model fullerene compound Si-Cg, displays two very intense
bands (gn.=10*-10°M~'cm™!) typical of fullerene deriva-
tives. In the visible region, the spectrum is broad and much

Table 1. Electronic absorption and luminescence data in CH,Cl,.

less intense (&, =10*~10>Mm~lcm™!), Table 1. An analogous
pattern in the absorption intensities is displayed by Cu-cat.
The molar extinction coefficients of Si-Cg-Cu cannot be
evaluated because of solubility problems (see Experimental
Section). Although the spectrum of Si-Cy-Cu displays some
of the characteristic absorptions of both components, such as
the typical weak fullerene monoadduct bands at 430 (sh) and
683 (sh) nm as well as the strong UV bands at 252 and 322 nm,
the profile of the absorption spectrum of the rotaxane cannot
be fully superimposed on the sum of the absorption spectra of
the model compounds.

The room-temperature emission spectra of isoabsorbing
solutions (same absorbance at the excitation wavelength
Aexe =532 nm) of Si-Cy-Cu, Si— Cg, and Cu-cat are displayed
in Figure 5.
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Figure 5. Luminescence spectra of isoabsorbing solutions of Si—Cy (—),
Cu-—cat (- - -) and Si-C¢-Cu (---) in CH,Cl, at 293 K. At the excitation
wavelength A..=532nm, the light repartition in the supramolecular
species Si-Cg)-Cu is as follows: 40 % on the central Cu' complex,and 60 %
on the fullerene stoppers.

Incidentally, the emission maxima of Si—Cy, and Cu-cat
are almost coincident. For Si-Cy4-Cu only a very weak
emission was detected, whose shape is reminiscent of that of
Si—Cy and Cg. In a rigid matrix of CH,Cl, at 77 K, Si—C,
displays a fluorescence band (4,,,, =715 nm), while Cu-cat
shows a very weak luminescence with 1,,,, =750 nm. A very
weak emission band (4,,,, = 715 nm) was also observed for Si-
Cg-Cu under the same experimental conditions. Any attempts
to detect phosphorescence for Si— Cg, (and also for plain Cy,)
were unsuccessful, even working with a time window that
excludes the immediate fluorescence and also with a red-
enhanced photomultiplier tube. Phosphorescence was also
not observed in a transparent BuCN glass. Similar results were
obtained by other authors.l''? 3] Nonetheless, phosphores-

Absorption, 293 K Luminescence, 293 K 77K

Amax (€ x1073) [am (M~'em™)] Amaxt®) (nm) 7 (ns) Dy x 107 Amax (NM)
Ceo 257 (170); 329 (49); 404 (2.5); 538 (0.7); 594 (0.6) 723 1.3 1 700
Si—Cy 245 (sh, 99); 256 (110); 328 (37); 434 (2.1); 488 (1.4); 687 (0.2) 696 1.6 5 714
Cu-cat 247 (63); 278 (48); 325 (45); 440 (3.0) 703 17510 9 750
Si-Cgo-Culd 245 (sh); 252; 322; 430 (sh); 490 (sh); 683 (sh) 696 0.5;1.7 0.8 71014

[a] From uncorrected emission spectra. [b] Deaerated solution, 125 ns in an air-equilibrated sample. [c] The molar extinction coefficients & could not be
evaluated as a result of the poor solubility of the sample (see text). [d] Extremely weak signal.
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cence spectra attributed to Cg, can be found in the literature in
matrices below 5 K['e-1¢l or at 77 K in the presence of heavy-
atom-containing solvents.!!!?]

The absorption and emission spectra of Cg, are shown in
Figure 6. A comparison of the absorption and emission
properties of Si—Cgy, with plain Cy4, revealed that, in the UV
region, the absorption bands of Si—Cg, are less intense and
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Figure 6. Absorption (- - -) and emission (—) spectra of C4 in CH,Cl,

solution at 293 K.

less well resolved than for Cg,. In the visible region the two
compounds display rather different spectral features, which
lead to the very distinct colours of the two species: Si—Cy is
deep red, whereas Cy, is magenta purple. It is worth noting
that the spectrum of Si— Cg, extends further into the red than
that of Cy, showing the characteristic maximum of fullerene
monoadducts at 687 nm. Both species are luminescent; the
emission bands have similar spectral positions, but a different
pattern and Cg, displays a higher energy onset. Si—Cy, is a
stronger luminophore than Cy, its emission quantum yield
being 5 times higher at room temperature than that of Cg,
(Table 1). In a CH,Cl, nontransparent matrix at 77 K, the
fluorescence maxima of Cq, and Si— Cg, are located at 700 and
714 nm, respectively (Table 1), the latter being red-shifted
with respect to room temperature (696 nm). The room-
temperature excitation spectra of Cg,, Si—Cy and Cu-cat,
based on their emission maxima (Table 1), match the corre-
sponding absorption profiles throughout the UV/Vis spectral
region.

Time-resolved absorption and luminescence spectroscopy: It
should be noted that at both excitation wavelengths used (355
and 532 nm) the partition of the photons among the chromo-
phores of Si-Cg-Cu is 3:2 (Si— Cg):Cu - cat), calculated on the
basis of the absorption coefficients of the two model
compounds.

The streak images of the luminescence of C4y and Si—Cg,
show bands with maxima around 720 and 700 nm, respective-
ly, which is in agreement with the steady-state luminescence.
The luminescence lifetimes, measured on the time profiles
taken around the maxima, are 1.3 ns for C4, and 1.6 ns for Si-—
Ceo- The same experiment on Si-Cy-Cu shows an image with
an emission band centred at 700 nm whose time profile fits
well with biexponential kinetics, with lifetimes of 0.5 and

Chem. Eur. J. 1998, 4, No. 3
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Figure 7. Time profile of the luminescence decay of the rotaxane Si-Cy-Cu
in the 690 -710 nm region. Solvent, CH,Cl,; 4.,. =532 nm (A =0.2); 3mJ
per pulse; 15.4 ps per channel. The data points have been fitted to a
biexponential decay.

1.7 ns (Figure 7, Table 1) and a relative weight of 0.6 and 0.4,
respectively.

The picosecond time resolved absorption spectrum of the
model Si-Cg, displays both singlet—singlet (4,..=520 and
900 nm) and triplet—triplet (A,,,=700nm) features. The
decay of the singlet bands matches the formation of the
triplet, and isosbestic points are found at 570 and 750 nm. The
lifetimes of singlet decay and triplet formation for Si—C,
coincide (1.5 ns) and are in good agreement with the singlet
lifetime determined by the luminescence decay (1.6 ns, see
above). In Figure 8, the time-resolved absorption spectra of
Ceo and Si—C4 are compared; the singlet and triplet
absorption maxima of Si-Cg, are at higher energy than those
of C4. This behaviour has already been observed for other
monoadducts of Cg,.[172]
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Figure 8. Transient absorption in the near infrared spectral region of a) Cy,
and b) Si-Cg. Solvent, CH,CL,; A, =532 nm (A =0.14); 4 mJ per pulse;
time intervals 330 ps.

The picosecond transient absorption spectrum of Si-Cg-Cu,
immediately after the laser pulse, displayed bands with
maxima at 520 nm and 900 nm, which was also observed for
Si—Cg. Nevertheless, the singlet band in the 400-600 nm
region appeared wider and red-shifted in comparison with
Si—Cq, (Figure 9) because of the contribution of the Cu'-
complexed moiety, which is known to display a broad
absorption band with a maximum at 585 nm.”] The isosbestic
points between singlet and triplet in Si-Cy-Cu are no longer
present, an indication that processes other than simple
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Figure 9. Transient absorption spectra in the visible spectral region of a)
Si-Cg-Cu and b) Si—Cg,. Solvent, CH,Cl,; ... =532 nm (A =0.14); 7mJ
per pulse. The time values correspond to the delay at which the spectra are
recorded after the 35 ps laser pulse.

intersystem crossing occur. Figure 10 shows the time evolu-
tion of the triplet (700 nm) and the singlet (880 nm) excited-
state absorbances in Si-Cg-Cu. It is evident that the singlet
decay rate does not match the triplet formation, which
appears to grow, at least in part, with a slower rate. The

0.08
700 nm
[T LI B
e
0.044
t=18ns
T 000] .
0 1 2 3
AA o008
= 880 nm
0.04 \\‘\‘WJ*T_A—.-——
0.004 . r=0.4ns
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Figure 10. Differential absorption decay of a solution of Si-Cg-Cu in
CH,Cl,, Acx.e = 532 nm (A =0.14), 7 mJ per pulse. The absorbances at 700
and 880 nm are attributed to the fullerene triplet and singlet, respectively.

singlet band decays with a lifetime (0.4 ns) in good agreement
with the shortest lifetime (0.5 ns) measured from the decay of
the luminescence. The triplet appears to be formed with a rate
constant (7=1.8 ns) in agreement with the second, slower
luminescence decay (7 =1.7 ns, see above).

The fully evolved triplet spectra of Si-Cg-Cu and the model
compounds can be detected on a longer timescale with a
nanosecond flash-photolysis apparatus. In Figure 11, the
spectra of the triplets of Si—Cg, and Si-Cy-Cu (oxygen-free,
isoabsorbing solutions) are shown, together with that of Cy,
determined under the same experimental conditions.

410 —— © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998
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Figure 11. Transient absorption spectra recorded immediately after ex-
citation with a 20 ns laser pulse; (m) Cy, (®) Si—Cy, (a) Si-C4-Cu. Solvent,
CH,Cl,; Ay e =355 nm (A =1.1); 1 mJ per pulse.

A quantitative estimate of the relative yield of Si-Cg-Cu
triplet formation with respect to the model Si—Cy, can be
attempted by assuming the same absorption coefficients and
by taking into account only the absorption of the fullerene
moiety of the rotaxane (60 % of the total incident light). As a
result, the triplet formation in Si-Cg-Cu turns out to be about
30% that of the model Si—Cyy. In Si—Cq, the decay of the
triplet in deoxygenated solution is monoexponential with a
lifetime of 5 ps, while in Si-Cg-Cu (where the yield of triplet
formation is strongly decreased, see above) the triplet decay
lifetime is 170 ns. The triplet absorption properties are
summarized in Table 2. After the decay of the Si-Cg-Cu

Table 2. T-T absorption properties®” and 'O, sensitization® in CH,Cl,
solution at 293 K.

Amax(nm) 7(us) eX Dy @,,('0,)
Ceo 740 60 1 1
Si-Cy, 700 5 0.6 0.82
Cu-cat 530, 585l 0.1791¢ - 0.11
Si-Cy-Cu 700 0.170 0.2 0.03

[a] Oxygen-free solutions. [b] Air-equilibrated solutions. [c] From ref. [37].
[d] Calculated on the basis of the photon absorbed by the two fullerene
moieties only (60% both at 532 and at 355 nm).

triplet, a residual minor component is observed with an
absorbance of the order of 5-6 x 103, a maximum around
740 nm and a lifetime of 1.7 ps in deoxygenated solutions.

Under the same experimental conditions (1 mJ at 355 nm)
C¢ showed a nonexponential decay of the triplet; a drastic
decrease in excitation energy down to a few pJ was necessary
to obtain a reasonably exponential decay of 60 us.

Experiments on sensitization of singlet-oxygen lumines-
cence (Al showed a dramatic decrease in the quantum
yield of singlet-oxygen generation in passing from the two
model compounds to the rotaxane. Taking pure Cg, as a
relative standard (@, =1), we measured values of 0.82, 0.11
and 0.03 for Si—Cy), Cu-cat and Si-Cg-Cu, respectively
(Table 2).

Discussion

Model compounds Si-Cg4 and Cu-cat: The methanofuller-
ene derivative Si—Cg, displays absorption spectral features
comparable with those of other monofunctionalized full-
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erenes, <3 attributable to slightly perturbed transitions of
the parent compound Cg,. In particular, in the visible region
the typical 404 nm Cg, band is absent and two new bands at
434 and 687 nm appear.

In order to gain insight into the nature of the excited states
of this compound, a series of semiempirical calculations
(Zerner intermediate neglect of differential overlap (ZINDO/
1) hamiltonian™! for geometry optimization and ZINDO for
spectroscopy (ZINDO/S), with configuration interactions
(CI) limited to 110 singly excited configurations, for spectro-
scopic transitions*) were carried out for both Si-Cg, and
Cy- The results of these calculations show that the lowest
singlet excited state, calculated at 595 nm for the parent
molecule, undergoes a large red shift (662 nm), which is in
fairly good agreement with the appearance of the new band at
687 nm. In Cy the equivalent lowest excited state (7),) is
forbidden by symmetry and is vibronically induced, whereas
in Si-C, the disruption of the high symmetry (I,) makes it
allowed with a calculated oscillator strength (f) of 0.012. This
particular feature of Si—Cy is also reflected in its character-
istic fluorescence properties, namely i) a red shift in the onset
of the emission band (Figure 5), ii) a slightly longer singlet
excited-state lifetime (Table 1) and iii) an increased emission
quantum yield (Table 1).

The absorption spectrum of Si—Cy, shows also that the
lowest allowed singlet transition, which occurs at 404 nm for
Cq, undergoes a red shift of ca. 30 nm and an intensity
increase, two features consistently reproduced by the calcu-
lation (A4 =41 nm and Af=0.03). It has to be noted that an
absorption band around 430 nm is characteristic of a wide
class of monosubstituted fullerenes,?>< 3 and that in optically
active molecules the strong circular dichroism signal associ-
ated with this band has been used to determine the absolute
configuration.[*!]

As far as the lowest triplet manifold of Si— Cy, is concerned,
one observes a large decrease of the triplet lifetime (5 ps)
compared with Cg, (60 ps). This fact, which is also reflected in
the better ability of Cy, to sensitize singlet oxygen, could be
rationalized on the basis of the heavy-atom effect on the
intersystem-crossing process and/or a 7} — S, energy gap more
favourable for the silylated compound. Since the S, —T;
process, which should also be influenced by heavy atoms,
appears quite unaffected upon substitution, the latter factor
would appear to be responsible for enhancing the triplet
deactivation. In fact, the results of our calculations show a
large decrease in the 7, energy upon substitution, 1.49 eV
(833 nm) for Si—C4, compared with 1.63 eV (758 nm) for Cg.
From this decrease in the 7', — S, energy gap one can expect an
increase in the 7, nonradiative deactivation rate, as observed.
The singlet and triplet transient absorption spectra show a
shift to higher energy and a decrease in the extinction
coefficients for Si—Cy compared with Cg, which is in
agreement with previous reports on Cy, derivatives.['7#]

The photophysical properties of Cu-cat along with several
related catenates,* knots*l and cage compounds™! have
been extensively investigated. The absorption bands in the
UV region are due to ligand-centred (LC) mzt* transitions,
whereas the much weaker absorption in the 390-700 nm
spectral region is attributed to spin-allowed metal-to-ligand

Chem. Eur. J. 1998, 4, No. 3

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998

charge-transfer (MLCT) transitions.”! Such transitions lie at
low energy, as the Cu* ion is a good electron donor and the
coordinated phenanthroline-type ligand has electron-accept-
ing character. The low-energy, weak luminescence at room
temperature originates from a couple of thermally equili-
brated (singlet and triplet) MLCT levels** 4! (Figure 5). The
associated excited-state lifetime in deaerated solution is
175 ns.

The rotaxane Si-Cg-Cu: Given the poor solubility of this
compound, the determination of the molar absorption coef-
ficients could not be performed. Interestingly, the profile of
the absorption spectrum of Si-Cg,-Cu cannot be superimposed
very well on the sum of the absorption spectra of the model
compounds expressed in ¢ units (note that the fullerene unit is
present twice in the supramolecular structure; Figure 4),
which seems to indicate some electronic interaction between
the components. The anodic shift observed by cyclic voltam-
metry for the oxidation of the Cu! centre of Si-Cy-Cu, with
respect to Cu-—cat and other analogous mononuclear com-
plexes, could also be attributed to the strong electron-
withdrawing effect of the two fullerene groups, which in turn
could substantially destabilize the highest oxidation state of
the Cu centre. However, we also believe that solvation effects
resulting from the presence of the two fullerene moieties in
the proximity of the metal centre are at the origin of the
observed potential shift. In agreement with this proposal, the
redox potential of the Si—Cg, units is not affected in the
supermolecule and the same holds for the energy of the singlet
and triplet absorption bands (Figure 9, Tables 1 and 2). Also,
all previous studies!® 3 have shown that the methanobridge
sp*>-C-atom in methanofullerenes efficiently blocks through-
bond or through-space communications. Therefore, in our
discussion we will assume that the single molecular compo-
nents keep their own ground-state electronic properties while
the detected changes in the photophysical properties of Si-Cg-
Cu can be ascribed to the occurrence of intercomponent
processes.

The most striking result concerning the photophysical
properties of Si-Cy-Cu is that the excited-state properties
observed in the model compounds Si—Cg, and Cu-cat are
strongly quenched. In particular we observe: a) quenching of
the fullerene fluorescence; b) quenching of the MLCT
emission; c) reduction in the yield and lifetime of the
fullerene triplet; d) a large decrease in the photosensitization
of singlet oxygen. Such observations clearly indicate the
presence of novel competitive deactivation pathways in the
excited states of Si-Cq-Cu with respect to the molecular
components. The relevant rate constants can be calculated on
the basis of Equation (1) where 7 is the lifetime of a given
(quenched) excited state in the supramolecular structure, and
7, is the (unquenched) lifetime of the same state in the model
compound.

k=1/t—1/z, (1)
The construction of an energy level scheme for Si-Cg-Cu
can be attempted on the basis of the spectroscopic and

electrochemical data. In particular, to assign the excited-state
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energies of the single components in the supramolecular array
Si-Cy-Cu, we took the luminescence maxima at 77 K of the
corresponding components in Si-Cgy-Cu or, if not available, of
the reference model compounds. Accordingly, from Table 1,
an energy of 1.73 eV for Si-!Cy-Cu (the lowest excited singlet
localized on Si—Cg) and 1.65eV for the Si-Cg-*Cu (the
MLCT manifold of singlet and triplet states localized on Cu—
cat) were calculated. As we were unable to detect phosphor-
escence from Si-Cy-Cu and the model Si—Cy,, we assume the
energy of the Si-3Cq-Cu state to take the calculated value of
1.49 eV (see above). In this type of approximate approach, the
energy of the charge-separated state (Si-Cg,-Cu™), formed by
electron transfer from the metal to the fullerene, can be
derived from the simple addition of the energy required to
oxidize the Cu-cat moiety and to reduce the Si— Cy, unit of
the rotaxane in the same solvent (i.e., 1.46 eV from our
electrochemical data). Finally an energy level diagram
(Figure 12) is obtained in which all the levels appear very
closely spaced in energy and the lowest ones are the triplet
state Si-*Cg4-Cu and the charge-separated state Si-Cg,-Cu*.

}

Si-'Cgo-Cu
s 173ev

@ Si-Cgp-*Cu

1.65eV
ky=6.2x108 " @ @
> ks =5.8x10% s
2
ey
5 | sidCe-C
et L gev ks =5.7x10° "
Si-Cgo-Cu™
CD\L 8T 146ev
k; =57x10%s™
(0 o) kg =2.0x10% ™
[V ]
Y Y

Si-Ceo-Cu

Figure 12. Energy-level diagram describing the intercomponent energy-
and electron-transfer processes which occur in the rotaxane Si-Cy-Cu in
CH,CI, solution. On the left the lowest electronic excited states centred on
the fullerene stoppers are displayed and those centred on the Cul-
complexed core on the right. Si-Cg-*Cu represents thermally equilibrated
MLCT singlet and triplet states.

On the basis of this scheme the interpretation of our data is
relatively simple. Excitation of Si-Cg-Cu at 355 or 532 nm
leads to the population both of the fullerene-centred singlet
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excited state Si-'Cg4-Cu and of the Si-Cy-*Cu state in a 3:2
ratio, according to the absorption coefficients. Unfortunately,
the emissions from these two levels occur in the same spectral
region (Figure 5), but nevertheless the analysis of the
luminescence decay at 700 nm reveals the presence of two
different lifetimes, 0.5 and 1.7 ns, respectively (Figure 7).
From the transient absorption data, we measured a lifetime of
0.4 ns for the fullerene singlet in Si-Cg-Cu while the triplet
formation takes place on a longer timescale (1.8 ns; Fig-
ure 10). We therefore assign a lifetime of 0.45 ns (average of
the emission and absorption data) to the singlet state of the
fullerene unit in the rotaxane and the 1.7 ns lifetime to the Si-
Cq-*Cu levels. A rate constant of 1.6 x 10° s7! is derived for
the step deactivating Si-'Cy-Cu in the rotaxane [Eq. (1)]. At
least two processes could be responsible for the quenching of
the fullerene-centred singlet, namely energy transfer to the
MLCT singlet of the Cul-complexed core (AG’= —0.08 eV;
step 2; Figure 12), or electron transfer to give the charge-
separated state (AG? = —0.27 eV, step 3).

Energy transfer (step2) may occur by two different
mechanisms: the Forster-type mechanism,*! based on cou-
lombic interactions, and the Dexter-type mechanism,*’] based
on an exchange interaction. The first case does not require
contact between the partners, while the latter requires an
overlap of orbitals, possibly mediated by other interposed
chemical bonds; put simply, it can be visualized as a
simultaneous double electron exchange between the donor
and the acceptor.

The rate of energy transfer according to a Forster-type
mechanism can be calculated from spectroscopic quantities
and turns out to be 2 x 10° s1,[81 well below the experimental
rate k,. We can therefore exclude the possibility that the
deactivation of the fullerene localized singlet state is due to
this type of process.

In view of the approximate approach applied here, we will
not enter into a detailed discussion about the other possible
mechanism, namely energy transfer by means of electron
exchange or electron transfer, but rather try to discuss it in
qualitative terms. The larger driving force of electron transfer
(step 3; AG’= —0.27) compared with energy transfer (step 2;
AG°=—0.08) is largely compensated by the much higher
reorganization energy involved in the former process, in
which a net charge transfer occurs. Furthermore, we do not
have any spectroscopic evidence for the formation of the
charge-separated state on this timescale (see below). On the
basis of these considerations, we would assign the observed
quenching rate of the singlet fullerene moiety in Si-Cg-Cu to
an energy transfer by an electron exchange mechanism to the
MLCT manifold of the Cu'-complexed moiety (step 2;
Figure 12).[41

Following the decay of the fullerene singlet, which occurs in
part by energy transfer and in part by intersystem crossing
(28 %, according to the ratio k/k, + k,), the Cu'-complexed
unit is quenched from 175 ns to 1.7 ns lifetime with a rate of
5.8 x108s. The possible deactivating pathways for the
MLCT manifold are: i) energy transfer to the fullerene
localized triplet (step 4; AG°=—0.16 V) and ii) electron
transfer to the charge-separated state (step3; AG'=
—0.19eV). The transient absorption data concerning the
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evolution of the fullerene triplet Si-*C4-Cu indicate that only
a negligible part of the observed triplet is formed by the
process displaying the lifetime of r = 1.8 ns (Figure 10), which
is in close agreement with the second luminescence decay with
a 1.7 ns lifetime monitored for Si-Cy-*Cu (Figure 7). Since
under our experimental conditions 40% of the absorbed
photons produces the Cu'-complex-centred MLCT excited
state directly, we would expect a larger contribution of
fullerene triplet formation than actually observed if step 4 is
to be efficient. Therefore, we would tend to ascribe the rate
constant of deactivation of the MLCT levels (ks=5.8 x
108 s7!) mainly to electron transfer leading to the charge-
separated state (step 5). It should be noted that in step 5 the
less favourable AG° for electron transfer (AG®=—0.19 eV)
with respect to step3 (AG°=-0.27eV) can be counter-
balanced by the fact that the electron has to be moved over a
shorter distance. In fact in both cases it has to migrate to a
fullerene unit, but starting from the central metal in step 3 and
from the phenanthroline ligand in step 5 (in MLCT excited
states, the electron is localized on the ligand).P" The overall
experimental yield of triplet formation in Si-C4-Cu (about
30%), compared with the reference compound Si—Cy, is in
very good agreement with the calculated value (28 %, vide
supra). This close agreement between experimental and
calculated yields confirms that only a negligible fraction of
triplet is produced via step 4. Finally, the triplet is also
quenched, as we can confirm from the lifetime of this state,
which changes from 5 ps in Si— Cg to 170 ns in Si-C4,-Cu. Both
the decreases in lifetime and yield of formation are reflected
by the reduced ability of Si-C4,-Cu to sensitize singlet-oxygen
luminescence (Table 2). The quenching of the fullerene-
centred triplet (k;=5.7 x 10°s7!) can only be assigned to the
charge separation step 7, which is a slightly exergonic pathway
(AG ~—0.03eV).

Clearcut evidence of Si-Cg)-Cu™ state formation cannot be
derived from our transient absorption spectra. The presence
of the oxidized transient species [Cu(phen),]** is barely
perceptible as it is expected to display only very weak and
broad absorption features (g.~10°M'cm™!) above
400 nm,BY whereas anions of Cg and its derivatives are
reported to display typical absorption bands around 950 and
over 1000 nm.? Some authors have also assigned an absorp-
tion band around 750 nm to Cg.l'8l In the picosecond
absorption experiment, where a maximum time window of
3 ns can be probed, we did not observe any signals in the 900 —
1050 nm region after the decay of the Si-'Cy-Cu excited state
and this gives further support to the assignment of the decay
of such a state to energy rather than electron transfer
(Figure 12). Our nanosecond flash photolysis apparatus does
not allow measurements over 850 nm, but a very weak
absorption around 740 nm (A =0.006) was recorded after
the decay of the triplet. The lifetime of this species in air-
purged solution is 1.7 ps. If this species were assigned as the
charge-separated state we could attempt to determine the
yield of charge separation. The absorption coefficient ¢ of the
Cg anion at 750 nm can be calculated to be approximately 3 x
103 m~'em~ L7 By taking 3Cy, as a standard with @.=1 and
e=2x10*M'cm! at 750 nm,’] an overall yield of charge
separation of the order of 20 % can be derived from our data
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(Figure 11). The most surprising fact is, however, the quite
long lifetime of this supposed charge-separated state (7=
1.7 ps), which would imply extremely unfavourable conditions
for the back-electron-transfer reaction (step9). Very few
cases of long-living (microsecond timescale) charge-separated
states for Cgy-based dyads have been reported so far and those
only in polar solvents.['7d 17

In an approximate approach a long lifetime of the charge-
separated state, that is a low rate of back electron transfer,
would require that both of the following conditions are met: i)
the AG° of the reaction is well above the reorganization
energy A, to place it in the Marcus inverted region®® where the
rate of electron transfer is expected to decrease by increasing
the driving force; ii) the electronic interaction among the
components (fullerene and Cul-complex units) is negligible.™*!
None of the former conditions appear to be met: the
calculated reorganizational energy for the electron-transfer
process is about 1.2 e V,**l while the electronic term is sizeable
as some coupling of the components is apparent even from the
spectroscopic data (vide supra). Even making allowances for
the approximate treatment used, the expected rate of back
electron transfer is definitely several orders of magnitude
higher than the experimental one. This is in agreement with
most of the current literature on Cg-based dyads,'”! which
reports poor yields and short lifetimes (picosecond timescale)
for charge-separated states in nonpolar solvents. In the
absence of further experimental evidence, we cannot assign
the intermediate detected at 740 nm with 1.7 ps lifetime to a
charge-separated state, especially in view of the fact that only
2-3% of any unquenched fullerene derivative present as an
impurity would give a similar absorbance.

The lack of evidence for the charge-separated state is most
likely the result of an extremely fast charge-recombination
process that prevents its accumulation. This is in agreement
with the above-reported considerations on the rate of such
back-electron-transfer processes.

Conclusions

The synthesis of the first supramolecular rotaxane system
containing fullerene and [Cu(phen),]"-type molecular units
has been reported. These components were chosen because
one could expect them to be able to give photoinduced
electron transfer from the Cul-complexed core to the full-
erene stoppers. The photophysical investigations have shown
that excited-state intercomponent processes take place. In
particular, all the excited states of the molecular components
are deactivated by means of a sequence of energy and
electron-transfer steps to a low-energy, charge-separated state
which is made available. Direct evidence for the charge-
separated state is lacking, probably because it does not
accumulate in solution as a result of the fact that the back-
electron-transfer reaction is faster than the forward process.
Nevertheless, clear indication of its involvement comes from
the quenching of the triplet state Si-*Cq,-Cu and from the lack
of singlet-oxygen sensitization. The molecular components
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assembled in Si-Cy-Cu prove to be useful buiding blocks for
the construction of supermolecules capable of performing
photoinduced electron transfer, especially since they are
extremely stable under high-energy, long-duration laser
irradiation. Their assembly in rigid supramolecular systems
with longer, well-defined intercomponent distances is expect-
ed to promote long-lived charge separations. We are currently
working along these lines.

Experimental Section

Synthesis: Reagents and solvents were purchased at reagent grade and used
without further purification. CH,Cl, was distilled over CaH,. C4 was
isolated from the commercially available Cg/C;, mixture according to a
previously reported method.*! Compounds 1,71 28 and Si—Cy, 1 were
prepared as previously reported. Melting points were measured on a Biichi
apparatus and are uncorrected. IR spectra were measured on a Perkin—
Elmer 580 instrument. NMR spectra were recorded on a Bruker AM 500
and on a Varian Gemini300 at 296 or 300 K, with solvent peaks as
reference. Mass spectra were measured on a VGZAB2SEQ instrument
(FAB).

Si-Cg)-Cu and 3: A mixture of CuCl (1.58 g, 16 mmol) and TMEDA (1.86 g,
16 mmol) in CH,Cl, (100 mL) was added to a mixture of 2 (71 mg,
0.064 mmol), 1 (291 mg, 0.31 mmol, 4.8 equiv) and 4 A molecular sieves
(5g) in CH,Cl, (700 mL). The resulting dark green mixture was stirred
vigorously under dry air for 16 h. The CH,Cl, solution was then filtered to
remove the molecular sieves, washed with water (4 x 200 mL) and treated
overnight with a large excess of potassium tetrafluoroborate in a minimum
of water (anion exchange). The organic layer was washed with water (2 x
200 mL), dried (MgSO,), filtered and evaporated to dryness. Column
chromatography on silica gel yielded the bisfullerene derivative 3 (eluent
CH,Cl,) and the copper(l) complex Si-Cg-Cu (eluent CH,Cl,, containing
5-7% MeOH). An analytical sample of Si-Cg-Cu (28.7 mg, 0.01 mmol,
15% yield) was obtained by crystallization from CS,/hexane, whereas pure
3 (60 mg, 0.032 mmol, 20% yield) was isolated after further column
chromatography on silica gel (eluent cyclohexane) followed by recrystal-
lization from CS,/pentane.

Si-Cg)-Cu: Dark red solid; m.p. >280°C; IR (CHCl;): 7 =2944 (s), 2866 (s),
2167 (w), 1600 (s), 1489 (s), 1239 (s), 1172 (m), 1094 (m), 1011 (m), 828
(m) cm~'; '"H NMR (CDCL/CS,, 1:1, 300 MHz): 6 =1.18 (s, 42H), 3.19 (m,
4H), 3.57 (m, 4H), 3.84 (m, 4H), 3.92 (m, 4H), 4.68 (s, 4H), 5.81 (d, J=
8.0 Hz, 4H), 6.19 (d, J=8.5 Hz, 4H), 6.87 (d, /=8.5Hz, 4H), 748 (d, / =
8.0 Hz, 4H), 7.96 (m, 4H), 8.15 (s, 2H), 8.30 (s, 2H), 8.65 (d, /=8.5 Hz,
2H), 8.91 (d, J=8.5 Hz, 2H); *C NMR (CDCL/CS,, 1:1, 125.8 MHz): 6 =
11.45, 18.82,29.30, 56.15, 67.50, 68.92, 69.45, 71.29, 71.40, 71.52, 73.15, 74.93,
75.21, 88.76, 96.94, 113.20, 113.35, 116.31, 123.89, 124.50, 126.24, 127.12,
127.60, 128.28, 128.83, 129.40, 130.80, 132.48, 133.70, 136.78, 138.95, 139.12,
139.40, 141.19, 141.25, 142.11, 142.17, 142.38, 142.90, 142.95, 143.01, 143.08,
143.11, 143.16, 143.17, 144.02, 144.06, 144.48, 144.71, 144.75, 144.81, 144.94,
145.07, 145.20, 145.35, 145.42, 145.44, 145.47, 145.51, 145.59, 155.21, 15747,
15762, 158.94; MS (FAB, m-nitrobenzyl alcohol): m/z (%): 2900.2 (100)
[M —BF,]*, 2179.7 (14) [M — BF, — Cg]*.

3: Black crystals; m.p. >280°C; UV/Vis, 'H and *C NMR, and mass
spectra identical to those of an authentic sample previously prepared by
another method.?”)

Electrochemical measurements

Solvents and supporting electrolytes: CH,Cl, (spectroscopic grade) was
distilled over CaH, under argon and stored under argon. The supporting
electrolyte, nBu,N*BF;, was recrystallized twice from ethanol/water and
thoroughly dried in vacuo over P,Os.

Instrumentation: A Bruker EI30M potentiostat and an Ifelec IF3802
recorder were used for cyclic voltammetry measurements. A saturated
calomel electrode (SCE) served as the reference electrode. It was separated
from the test solution by an auxiliary compartment filled with a 10~'m
solution of nBu/N*BF; in CH,Cl,. The working electrode was planar
platinum. All experiments were done under an argon atmosphere in a
Metrohm universal recipient, in a three-electrode configuration.
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Spectroscopic and photophysical measurements: For solubility reasons, all
the spectroscopic investigations were carried out in CH,Cl, (Carlo Erba,
spectrofluorimetric grade). In this solvent, Cu—cat and Si- C, are readily
soluble, Cq, is very slowly soluble (the dissolution of 1 mg in 10 cm?® of
solvent takes several days), and Si-C-Cu is poorly soluble. To obtain
transparent solutions of Si-Cg-Cu filtration is necessary, thus making the
determination of the molar absorption coefficients impossible. The samples
were placed in fluorimetric 1 cm path cuvettes and, when necessary, purged
of oxygen with argon. For any quantitative determination on the supra-
molecular species Si-Cq)-Cu, we have taken into account the partition of the
light (3:2 ratio fullerene:Cu'-based moiety), both at 355 and at 532 nm, on
the basis of the molar extinction coefficients of the reference compounds
Si-Cq, and Cu-cat.

Absorption spectra were recorded with a Perkin—FElmer A5 spectropho-
tometer. Uncorrected emission spectra were obtained with a Spex
FluorologIl spectrofluorimeter (continuous Xe lamp), equipped with a
Hamamatsu R-928 photomultiplier tube. Fluorescence quantum yields
were measured with the method described by Demas and Crosby?” with
[Os(phen);]** in acetonitrile as a standard (@ = 0.005).°¥ The attempts to
detect delayed luminescence spectra of fullerene triplets were carried out
both with the Spex Fluorolog Il with a pulsed Xe lamp (1934D
Phosphorimeter) and with a Perkin—Elmer LS-50 spectrofluorimeter
(pulsed Xe lamp) equipped with a red-enhanced photomultiplier (Hama-
matsu R-3896).

Emission lifetimes in the nanosecond timescale were determined with IBH
single-photon counting equipment (N, lamp, A..=337nm, 1ns time
resolution). For picosecond time resolution, a fluorimeter based on a
single-shot streak camera (Hamamatsu C1587) and a Nd-YAG laser
(PY62-10 Continuun) with a 35 ps pulse was used; the system is described
in more detail elsewhere.[) The excitation wavelength was 532 nm and the
energy was 1-2mJ; 1000 to 2000 laser shots were accumulated to obtain
the streak images; time profiles were obtained by selecting 20 nm intervals
around the emission maxima.

Transient absorption spectra and lifetimes with picosecond time resolution
were obtained with a pump and probe system based on the 35 ps Nd:YAG
laser (see above) and an OMA detector. Excitation with the second
harmonic (532 nm) at 4—7 mJ per pulse was used. Details of this photolysis
system have been already reported.[”]

The nanosecond transient absorption spectra were recorded by means of
the third harmonic (355 nm) of a Nd:YAG laser (JK Lasers) with 20 ns
pulse and 1-2 mJ per pulse. The details of the flash photolysis system are
reported elsewhere.!l The second harmonic (532 nm) of the same
Nd:YAG laser was also used in the experiments for the detection of
sensitized singlet oxygen, whose IR luminescence (4., =1269 nm) was
collected perpendicular to the excitation in close proximity to the sample
cell by an unbiassed Ge photodiode (Judson J16-5). A silicon metal filter
(IT-VI Inc.), with a band-pass 4 > 1100 nm, placed in front of the detector
prevented the laser harmonics and sample emission from reaching the
detector. The photodetector output was fed across a load resistance of
240 2 into a R7912 Transient Digitizer equipped with a 7 A22 vertical
differential amplifier, operated at 0.3 MHz band-pass. The time resolution
of the system was a few microseconds. The relative yield was obtained by
comparing the singlet-oxygen luminescence signal extrapolated to zero
time (7~ 100 ps) of solutions displaying the same absorbances at 532 nm
(A=0.14).

Experimental uncertainties are estimated to be +£8% for lifetime
determination, +20% for quantum yields and +3 nm for emission and
absorption peaks.

All the experiments were performed at 293 K, unless otherwise specified.
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