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Abstract: We report on the singlet ground and singlet/triplet excited-state features of a series of bucky
ferrocenes, bucky ruthenocenes, and respective reference compounds. In the bucky ferrocene conjugates,
intimate contacts between the fullerenes and ferrocenes result in appreciable ground-state interactions—
suggesting a substantial shift of charge density from the electron donor (i.e., ferrocene) to the electron
acceptor (i.e., fullerene). In contrast, no prominent charge-transfer features were observed for the bucky
ruthenocene conjugates. An arsenal of experimental techniques, ranging from fluorescence (i.e., steady
state and time-resolved) and pump probe experiments (i.e., femtosecond and nanoseconds) to pulse
radiolysis, were employed to examine excited-state interactions. In the excited states, bucky ferrocene
conjugates are dominated by rapid charge separation reactions (0.8 + 0.1 ps) to yield metastable radical
ion pairs. The radical ion pair lifetimes vary between 27 and 39 ps. No charge separation was, however,
found in the corresponding bucky ruthenocence. Instead, an intrinsically faster excited-state deactivation
(~ 200 ps) evolves from the heavier ruthenium center—relative to iron. This effect is further augmented by
the unfavorably shifted oxidation potential in ruthenocene of about 0.61 V, which in ruthenocene (—AGgr
= —0.26 eV), in contrast to ferrocene (—AGer = 0.35 eV), renders charge separation thermodynamically

unfeasible.

Introduction

Three-dimensional fullerenes are made of alternating hexa-
gons (i.e., electron rich) and pentagons (i.e., electron deficient)
with diameters starting at 7.8 A forgg! Their extraordinary
electron acceptor properties have resulted in noteworthy ad-
vances in the areas of light-induced electron-transfer chemistry
and solar-energy conversiérit is mainly the small reorganiza-
tion energy, which fullerenes exhibit in electron-transfer reac-
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tions, that is accountable for a noteworthy breakthrotiyn.
particular, ultrafast charge separation together with very slow
charge recombination features lead to unprecedented long-lived
radical ion pair states formed in high quantum yields.

In the general context of electron donor-acceptor interactions,
ferrocene represented one of the first electron donors that was
integrated-together with an electron-accepting fullerefisto
a series of novel conjugatésLater, this initial work was
complemented by investigations that assisted in elucidating a
series of fundamental aspects. In this context, variable composi-
tions of a ferrocene linked to fullerenes (yielding artificial light-
harvesting antenna and reaction center mimics) have been
utilized to fine-tune the electronic coupling, orientation, and
separation between donor and acceptor sites and the total
reorganization energy/All these parameters bear great impact
on the rate, yield, and lifetime of the energetic charge separated
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Electrochemical data suggested that the ferrocensydtem

and fullerene 5@-systems are homoconjugated within the
interior of the fullerene core skeleton (endohedral homoconju-
gation)1! Ruthenium congeners have also been repdied.
Herein, we report the photophysical properties and photoinduced
charge-separation processes with bucky ferrocenes and bucky
ruthenocenes, MP-CgoRs)(17>-CsHs) (M = Fe and Ru; R=

Me and Ph).

Results and Discussion

To obtain concrete ideas about the endohedral interaction
between the ferrocene and the fullerene orbitals, quantum
mechanical calculations (see for details the figure caption of
Figure 1. Penta(organo)hydro[60]fullerenes (i.egesH and GoPhsH) Figure 2) were carried out for Fg¢-CsoMes)(17°-CsHs). Since
and bucky metallocenes (i.e., iron: Feffles)Cp, Fe(GoPhs)Cp; ruthe- the large size of the molecule does not allow full structural
il Esue(((;@ﬂ\]/l%)clﬁéRZU(Qonb)Cp)- The numbering defines the dissecting o iz ation of the molecule, the coordinates of the iron and
P 9 ' the carbon atoms were fixed at tll, symmetric average of

states. For example, ferrocene was employed to signal thethe experimental crystal .str_ucture, Whilg the.positio.n of the
electron-transfer deactivation in fulleropyrrolidine versus ful- hydrogen atoms were optimized. The orbital pictures in Figure
leropyrrolidinium salts, revealing that the corresponding zwit- 2 illustrate a fully extended-€ conjugation system involving

terionic species accelerated charge separation and deceleratelfion 3d and carbom- ando-orbitals. The in-phase interaction
charge recombination dynamiésdoreover, electron-donating ~ P&tween the ferrocene and the bottomy Doieties, indicated
ferrocenes, owing to their ease of oxidation, were frequently Py the green circle in the HOMO-11 orbitaE(, —6.88 eV,
used as terminal building blocks in electron-transfer relay Figuré 2b), supports the presence of weak homoconjugation.
systems, namely, linear triads, tetrads, penfddi these At first glance the absorption spectra of all |nvest|gatgd
conjugates, vectorial and directed multistep electron-transfer Samples (regardless of the electron donors) show the typical
steps yield, due to enhanced spatial donor-acceptor separationfUllerene patterns, namely, strong absorptions in the UV (i.e.,
long-lived (i.e., seconds) radical ion pair states. Quite different 350 and 395 nm) and weaker transitions in the visible (i.e., 470
is the work that shows the versatility of ferrocene and fullerene "M)- However, the intimate contacts between the electron
for the design of thermotropic liquid-crystalline materials, &cceptor (|.e.,fullerene) and the electron o!onors (i.e., ferrocene
bearing cholesterol as a liquid-crystalline promdteviore or ruthenoecene), in the form of small orbital overlaps, lead to
precisely, the electrochemical properties of the ferroeene Significant electronic perturbations. Such interactions are even

ferrocenium system were exploited to design redox-active @PPreciable in the ground-state configuration and suggest a
metallomesogens. measurable shift of charge density from the electron donor (i.e.,

One aspect that only finds sporadic consideration is to reduceferrocene) to the electron acceptor (i.e, fullerene). As demon-

the spatial separation between the electron-donating ferrocengt'ated in Figure 3 the absorption spectra fail to be linear
and the fullerene core. One of the few examples is the case ofSUPerimpositions of the individual component spectra. Close

an azafullerene-ferrocene conjugate, where the two electroactiveSPection of the difference spectra betweegRBsH and
groups are connected by only a singkbond? In fact, strong Fe(GoPhs)Cp or GoMesH and Fe(GoMes)Cp unravels, for

electronic couplings cause an instantaneous deactivation of theexqmple, fairly strong charge-tr.ansfer features in the visible.
photoexcited azafullerene. An ultimately short connection is €90 The new features essentially resemble those detected in

achieved in “bucky ferrocenes” (Figure ®)where ferrocene previously studied fullerene-ferrocene conjugatéstoluene,

and fullerene share one pentagon and hence are fused togethef® following parameters are derived for Fef€hs)Cp and

Fe(GoMes)CP: emax= 565+ 25 ML cmL; vmay = 17850+
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Figure 2. Molecular orbital of Fef>-CsoMes)(7°-CsHs) obtained by DFT calculations for the geometry of the crystal structDgesymmetry) that shows

a fully extended e conjugation system involving iron 3d and carbon orb
Figure 1 (intervals of 0.005-473) of the HOMO-11 orbital €1, —6.88 eV).

itals. (a) 3D Snapshot. (b) Contour plot in t@2€C3 plane defined in
Note the in-phase interaction between the ferrocene and the bogtom C

moieties (green circle). The corresponding out-of-phase interaction of the two parts is found as a higher-energy orbitat-81BM©66.54 eV, not

shown).
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Figure 3. (Top) Absorption spectra of ggPhsH (black), Fe(GoPhs)Cp
(green), and Ru(gPhs)Cp (red) in toluene. (Bottom) Charge-transfer band
of Fe(GoPhs)Cp in toluene.
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least 1 order of magnitudeFor example, in a directly €C
linked GsgN-ferrocene conjugate we found a moderate coupling
of 58 cnT.° No orbital overlap is realized, however, in this
particular GgN-ferrocene conjugate. Only topologically enforced
m—z stacks of fullerenes and porphyrins have coupling elements
that are comparable to those of the currently tested getg)Cp

and Fe(GoMes)Cp conjugatesalthough to a lesser extet.

9422 J. AM. CHEM. SOC. = VOL. 128, NO. 29, 2006

Important is the fact that no detectable charge-transfer features
were seen for the RuggPhs)Cp and Ru(GMes)Cp conjugates,
whose absorptions are best described as the linear sum of Ru-
(Cp), and GoPhsH or CsoMesH, respectively.

Quantitative analysis of the redox potentials (i.e., acceptor
reduction and donor oxidation) in the donor-acceptor conjugates
points essentially to the same conclusion. For bucky ferrocene,
the fullerene reduction in ggMesH and Fe(GoMes)Cp and the
ferrocene oxidation in Fe(Cpand Fe(GoiMes)Cp are affected
by a 0.01 V negative shift and a 0.22 V positive shift,
respectively. The lower impact on the fullerene reduction is
rationalized on the basis of the small reorganization of fullerenes
in electron transfer (especially the internal reorganization) which
has been shown at numerous occasions to diminish the
fullerene’s susceptibility for measurable electronic chariges.
For bucky ruthenocene, on the other hand, the fullerene
reduction shifts positively by 0.05 V, while the ruthenocene
oxidation is not noticeably altered.

In view of the ground-state changes we employed fluores-
cence spectroscopic toetsteady-state and time-resolved
fluorescence-to probe excited-state deactivation. Both fullerenes
that lack the electron-donating ferrocene or ruthenocene, that
is, GsoMesH and GoPhsH, emerged hereby as important
reference systeni§ 12 Relative to the widely studied fullero-
pyrrolidines, a number of significant differences should be
brought together (see Figure 3 and Table 1). First, the
fluorescence quantum yields are increased (i.e., 2@1) x
1073 versus (6.0 0.1) x 107%). Second, the fluorescence
maxima are blue-shifted (i.e., 615 nm versus 720 nm). Third,
the spectra are broadened. Finally, methyl or phenyl substituents
impact the fluorescence quantum yields with values of .2
0.1) x 1073 and (1.54 0.1) x 1073, respectively. Overall, the
features are somewhat similar to those reported for highly

(13) (a) Guldi, D. M.; Scheloske, M.; Dietel, E.; Hirsch, A.; Troisi, A.; Zerbetto,
F.; Prato, M.Chem. Eur. J2003 9, 4968. (b) Chukharev, V.; Tkachenko,
N. V.; Efimov, A.; Guldi, D. M.; Hirsch, A.; Scheloske, M.; Lemmetyinen,
H. J. Phys. Chem. R004 108 16377. (c) Armaroli, N.; Marconi, G.;
Echegoyen, L.; Bourgeois, J.-P.; Diederichhem. Eur. J200Q 6, 1629.
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Table 1. Photophysical Properties of Bucky Ferrocene and Ruthenocene

CeoMesH CeoPhsH Fe(CgoMes)Cp Fe(CsoPhs)Cp Ru(CgoMes)Cp Ru(CsoPhs)Cp
fluorescence®) toluene 2.2x 1073 15x 103 2.4x 10°° 3.3x10°° 2.6x 10 2.7x 10
fluorescence®) thf 2.2x 1073 1.4x 1073 1.6x10° 2.6x 10°° 29x 10 1.8x 104
fluorescence®) bzcn 2.2x 1073 1.4x 1073 1.4x 105 2.3x 10° 3.2x 104 2.3x 104
fluorescencer) toluene 710 ps 650 ps 275 ps 220 ps
fluorescencer) thf 690 ps 585 ps 290 ps 170 ps
fluorescencer) bzcn 650 ps 530 ps 280 ps 180 ps
singlet ) toluene 705 ps 615 ps 0.8 ps 0.9 ps 190 ps 210 ps
singlet () thf 650 ps 550 ps 0.7 ps 0.7 ps not determined not determined
radical ion pair t) toluene 35ps 39 ps
radical ion pair €) thf 28 ps 27 ps
triplet bzcn 95% 100% 96% 92%

symmetric fullerene adducts, such as the recently stuiied
hexakis adduct¥!

Figure 4 illustrates that when comparing the fluorescence of :
the ferrocene containing conjugates with that of the reference 4 [
systems, a significant quenching (i.e., quantum yields of around :
1079 of the fullerene-centered fluorescence is noted. Such Emission 3 ¢
quenching prompts ultafast singlet excited-state deactivations Z
with underlying rate constants that exceed a limit of!1<9. 2
This ultrafast deactivation is in line with (i) the close spatial '
donor-acceptor separation, (ii) the strong electronic coupling

elements, and (iii) the largely affected oxidation potential of o bamras
Fe(Cp). In sharp contrast, the ruthenocene-containing conju- 500 550 600 650 700 750 800
gates give rise to a much weaker fluorescence quenching (i.e., Wavelength / nm

quantum yields of around 1€¢). Another fundamental difference Figure 4. Room-temperature fluorescence spectrag@P&H (solid line),
between the Fe((Phs)Cp/Fe(GoMes)Cp and Ru(GPhs)Cp/ Fe(GsoPhs)Cp (dashed line), and RuggPhs)Cp (dotted line) in toluene

Ru(CsoMes)Cp conjugates is seen when inspecting the following recorded with solutions that exhibit optical absorptions of 0.2 at the 400-
solvent series: toluene, THF, and benzonitrile. While in the "™ eXcitation wavelength.

ferrocene cases the quantum yields drop continuously wheninverted region of the Marcus parabola, respectivelgon-
going from the nonpolar to the polar media, the analogous versely, for the ruthenocene conjugates the electron transfer is
variation in the ruthenocene is virtually insignificant. largely prohibited under ambient conditions on grounds of a

The aforementioned trends are also reflected in the time- substantially positive energy gap AGer = —0.26 eV).
resolved fluorescence decay measurements, see Table 1. For Transduction of singlet excited-state energy (from the pho-
example, fluorescence lifetimes of 68030 ps and 28a+ 10 toexcited fullerene to either ferrocene (2.46 ¥\dr ruthenocene
ps are seen for gMesH and Ru(GoMes)Cp (see Figure S1).  (2.65 eV}9) is also thermodynamically uphill and, thus, unlikely
Fe(GoPhs)Cp and Fe(gMes)Cp, on the other hand, fail to  to play a meaningful role. Last, the energetically feasible singlet-
generate any detectable fluorescence that exceeds the instrutriplet energy transfer with energy gaps of at least 1.0 eV should
mental time limit of our apparatus. Consequently, we must be considered. But spectroscopic evidence, vide infra, helps to
assume that the fluorescence deactivation in the latter cases iliminate such spin-forbidden energy-transfer processes in all
significantly faster than 100 ps (i.ex10° s1). systems (i.e., ferrocene and ruthenocene).

Thermodynamic evaluations of the reaction pathways help  Next, transient absorption spectroscopy (i.e., 150-fs laser
to shed light onto the different photoreactivity. The fluorescence pulses at 387 nm and 8-ns laser pulses at 337 nm) was employed
maxima are used to estimate the singlet excited-state energy ofto confirm the ultrafast fullerene singlet excited-state deactiva-
all the fullerene derivatives: 2.02 eV. The energy of the radical tion and, in addition, to characterize the nature of the photo-
ion pairs were-as the sum of the oxidation and reduction products. Again, gMesH and GoPhsH were tested first as
potentials-1.67 and 2.28 eV for the ferrocene and ruthenocene reference systems. Typical changes upon 150-fs laser excitation
derivatives, respectively. Our consideration supports, however, are depicted in Figure 5 forggPhsH. As the corresponding time-
only an exothermic {AGgr = 0.35 eV) charge-separation  absorption profiles indicate, the singlet excited states are formed
scenario that commences with the photoexcited fullerene in the with rates of~1.2 x 10'2s7%, which is likely to involve internal
ferrocene conjugates. Considering the energetic positioning of deactivation starting from higher-lying excited states. Typical
the charge-transfer bands in Feff@es)Cp and Fe(GPhs)Cp features of the singlet-singlet transitions are maxima at 585 and
(2.2 eV) relative to the calculated energies of the radical ion 760 nm. Multiwavelength analysis of the singlet decay, per-
pair states (1.67 eV) allows estimating moderate reorganizationformed throughout the 466800 nm range, reveals singlet
energies of~0.6 eV. Consequently, charge separation and lifetimes of 705+ 10 ps (i.e., GoMesH) and 615+ 10 ps (i.e.,
charge recombination reactions are located in the normal regionCsoPlsH). These lifetimes are a quantitative match of the
or close to the thermodynamic maximum and deep in the

(15) Marcus, R. AAngew. Chem., Int. Ed. Endl993 32, 1111.

(16) (a) Balzani, V.; Bolletta, F.; Scandola, . Am. Chem. Sod.98Q 102

(14) Guldi, D. M.; Swartz, A.; Luo, C.; Diekers, M.; Hirsch, &hem. Eur. J. 2152. (b) Riesen, H.; Krausz, E.; Luginbuehl, W.; Biner, M.; Guedel, H.
2002 8, 979. U.; Ludl, A. J. Chem. Phys1992 96, 4131.
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Figure 5. (Top) Differential absorption spectra (visible) obtained upon % N . T,
femtosecond flash photolysis (387 nm) ofgRhsH in nitrogen-saturated oL o
toluene with several time delays between 0 and 5 ps at room temperature. -
(Bottom) Time—absorption profiles of the spectra shown above at 450 nm, N

monitoring the decay of the fullerene singlet excited state. 0.005 L .". L
400 500 600 700 800
fluorescence lifetimes. Implicit in the singlet decay is a spin- 001s Wavelength / nm
forbidden intersystem crossing that transforms the singlet excited : [ -
states {2.02 eV) into the energetically lower-lying triplet 1
excited states (1.6 eV). The transient absorption spectra of the 001 [ . .
correspondingly formed triplet excited states show maxima at : °oe o
660 nm—this was confirmed independently by recording the i .-
spectra at the conclusion of the femtosecond experiment time AOD ooo0s [

scale (not shown) and at the beginning of the nanosecond /2 [ °
experiment time scale (Figure 6). In the absence of molecular i .
oxygen the triplet lifetime of these fullerene references is about 04s. a0
14 + 2 us. When molecular oxygen is present, an efficient A
energy transfer with rate constantsef(® M~1 s1 (see Figure

S2) takes place that leads to the quantitative generation of R
cytotoxic singlet oxygen’ Time / ps
Both bucky ferrocenes (i.e., Fe{dMes)Cp and Fe(GoPhs)- Figure 7. (Top) Differential absorption spectra (visible) obtained upon

Cp) show differential absorption characteristics |n|t|aIIy after femtosecond flash photolysis (387 nm) of FQRhs)Cp in nitrogen-satura[ed
laser excitation that resemble those seen in the reference systemépluene with several time delays between 0 and 5 ps at room temperature.
that is, the singlet-singlet attributes. This observation is vital (Bottom) Time-absorption profiles of the spectra shown above at 500 and

. N . . ' 550 nm, monitoring the decay of the fullerene singlet excited state.
since it affirms the successful photoexcitation of the fullerene
cores, despite the presence of the electron donor moieties and

the strong, mutual coupling. For Feg®les)Cp and Fe(GPhs)- |I':s formed |fnhthe absenge of thehelectror::_dono;(see abO\_/e).
Cp the fullerene singlet excited-state deactivation is, however, eatures of the new product, as shown in Figure /, are transient

nearly instantaneous. More precisely, singlet lifetimes of9.9 maxima at<430 and 535 nm, plus a shoulder at 620 nm. We

0.1 and 0.7+ 0.1 ps were determined in toluene and THF ascribe the earlier transitions to the one-electron reduced
respectively. The product of this ultrafast decay bears no fullerene (vide infra). The latter, on the other hand, is assigned

particular similarity with the fullerene triplet excited state, which {© the one-electron oxidized ferrocene, an assignment that is
based on earlier work showing a weak absorption band at 625

(17) Guldi, D. M.; Prato, MAcc. Chem. Re00Q 33, 695. nm for pulse radiolytically generated [Fe(Gj.18 All radical
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0003 & Fe(GyRs)Cp— Fe(*CoR)Cp—
e F&™ (Cas RICP— Fe(GRICP (2)
0.002 1 Immediately upon photoexciting Rugges)Cp and Ru(Go-
ADD Di001E Phs)Cp the fullerene singlet excited-state attributes are also
lau. discernible. In line with the fluorescence experiments the singlet

lifetimes (Figure S3) are shorter [with values of 190 ps (Ru-
(CsoMes)Cp) and 210 ps (Ru@Phs)Cp)] than those in the
fullerene references, but longer than those of kg\€s)Cp and

A Fe(GoPhs)Cp. Surprisingly, the differential absorptions of the
O I S I bucky ruthenocenes, taken at the conclusion of the singlet decay

0.001 [

0.0005 [

0‘00340_0 i i (i Nl (i.e., _300 ps_), are identical with thc_)se _of the fuIIer_ene triplets,
; Watvalangths despite the inherently faster deactivation. A possible rationale
0.0025 | for the faster deactivation is a heavy atom effect due to Ru,
: : , . "* tvle 1. which accelerates the spin-forbidden intersystem crossing, thus
Pt ” -*-'."" -" i i vf ,,;a dictating the reactivity of photoexcited Ruffes)Cp and
0.0015 | N Ru(GsoPh)Cp.

AOD : o Nanosecond spectra further substantiated the notion of an
/a.u. 0.001 | = accelerated intersystem crossing. The fullerene triplets are
S oeE . formed in 93 £ 3% yields, relative to the corresponding

SIS references (i.e., MesH and GoPhsH) at identical absorption
0 M g ol at the excitation wavelength. Interesting also is that the triplet
QU I 0 e e lifetimes are around 1,s, indicating that the heavy atom effect
20 0 20 40 50 80 accelerates both spin-forbidden processes (i.e., singlet excited
Time / ps state— triplet excited state and triplet excited statesinglet

Figure 8. (Top) Differential absorption spectrum (visible) obtained upon ground state). An illustration of the fast triplet decay is given
pulse radiolytic reduction of gMesH in a nitrogen-saturated solvent mixture  in Figure 9.
of toluene, 2-propanol, and acetone (8:1:1 v/v). (Bottom) Fimiesorption Additional pulse radiolytic oxidation experiments with Ru-
g;(’tfr:fsfu?retﬂfnizzti?arﬂgﬂ‘_’wn above at 540 nm, monitoring the formation () i aerated dichloromethane helped us to evaluate the
spectral changes seen for Ryd@es)Cp and Ru(GPhs)Cp (see
Experimental Section for details). Figure S4 gathers the dif-
ion pair lifetimes, which are on the order of 305 ps, reveal ferential absorption changes following th©OCH.CI- or
stabilization in the nonpolar environments (i.e., toluene versus *OOCHCb-induced oxidation of Ru(Cp) The broad transition
THF). The trend of stabilization corroborates our earlier between 300 and 600 nm (features of the [Ruglp) are
thermodynamic postulate, namely, that the strongly exothermic clearly different from the features seen on the femto-, pico-,
charge recombination dynamics are placed deep in the invertednano-, and microsecond time scales of photoexcited Ru(C
region of the Marcus parabotaln complementary nanosecond Mes)Cp and/or Ru(gPhs)Cp. Thus, the reaction sequence is
transient absorption measurements no photoproduct was resummarized as follows:
corded, which corroborates that charge recombination leads to

hy ISC
the quantitative reconstitution of the singlet ground state. RU(CyoRs)CP— Ru(*CoR)Cp—— Ru(GR5)Cp (3)
Tp_ confirm our qssignment Qf the spgctral chgracteristics, In the final step of our photophysical investigation we
additional pulse radiolytic reduction experiments witg\@esH analyzed the thermodynamic driving-force dependence on the

and GoPhsH were deemed necessary in a solvent mixture rate constants, by applying eq 4, in which V represents the
containing toluene, 2-propanol, and acetone (see Experimentalelectronic coupling matrix elemet.

Section for details). In particular, in the absence of molecular

oxygen strongly reducing (CH"COH and (CH)*CO~ are | a7t v (AG°g + A)°
formed, which have been shown to be sufficiently reactive to Ker = hzlkBT - 47ksT
reduce G, higher fullerenes, and a number of fullerene

derivativest® The differential absorption spectrum following the  For our current analysis we transferred eq 4 to a linear
conclusion of the radiolytic reduction ofgg/esH is shown in expression (i.e., eq 5).

Figure 8. A set of maxima (at 425 and 540 nm) appears under
pseudo-first-order conditions. These characteristics are in excel-kB In ke
lent agreement with the features seen in the femtosecond T

4)

o

experiments and support the following reaction pathway: 473 \2 J) (AG°ET)2
In - (5
o hiksT 4 s ©®
(18) Faraggi, M.; Weinraub, D.; Broitman, F.; DeFelippis, M. R.; Klapper, M.
H. Radiat. Phys. Cheni988 32, 293. o ° . :
(19) (a) Guldi, D. M.; Hungerbhler, H.; Janata, E.; Asmus, K.-D. Phys. Chem. The ‘_"”V'”g_for‘?es tAG ET) were determined, on the basis
1993 97, 11258. (b) Guldi, D. MJ. Phys. Chem. R00Q 104, 1483. of the first oxidation potential of the ferrocene donor and the
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Figure 9. Time—absorption profiles of the RuggMes)Cp triplet spectrum
shown in Figure 6 at 660 nm, monitoring the decay of the fullerene triplet
excited state.

0.6

Figure 11. Crystal structure of Ru(§&Phs)Cp.

04 [
! ferrocene is unique for its symmetry and for the mechanism of

02 | sr-conjugation. In addition, it has a potential of electronic tuning

k,Tink I of thesz-system by modification of substituents on the fullerene
+ ol core and on the cyclopentadienide group. Our very recent
AG®_ 2 I discovery of synthetic routes to “double-decker” bucky fer-
[eV] rocené? (an additional ferrocene unit installed on the bottom

02 [
- of the fullerene core) suggests an even more fascinating

possibility of the modulation of the conjugated system. Con-

struction of photovoltaic systems based on bucky metallocenes

_0_4-....|....|....|....|....|....|...
1.5 2 2.5 3 3.5

(AG°, ) [eV]
Figure 10. Plot of [kBT In kET + (AGOET/Z)] Versus AGOET)2 for Fe(Qso-

Mes)Cp and Fe(gPhs)Cp. The data include the charge separation and

charge recombination values, see Table 1.

will be the target in the forthcoming future.
Conclusions

In conclusion, our work demonstrates that, despite realizing

the shortest feasible donor-acceptor separation in a set of Fe-

first reduction potential of the fullerene acceptors in toluene (CgRs)Cp [i.e., Fe(GoMes)Cp and Fe(GPhs)Cp] and Ru-
and THF, together with the energy level of the fullerene singlet (CqoRs)Cp [i.€., Ru(GoMes)Cp and Ru(GPhs)Cp)] conjugates,
excited state. In line with eq 5, plots dg[T In ker + (AG°er/ all constituents (i.e., fullerene, ferrocene, and ruthenocene)
2)] versus AG°er)? give a linear correlation (see Figure 10). largely preserve their chemical identit§-920.21|n this respect,
The reorganization energieg)(and electronic coupling\) photoexcitation of the fullerene leads to the population of the
values are obtained as 0.86 eV and 450 &mespectively. At corresponding “localized” singlet excited states. In RgRg)-
first glance, the reorganization energy appears larger than thoseCp, extremely strong electronic couplings facilitate an excited-
found in fullerene-porphyrin conjugates with values as small state electron-transfer deactivation that is prompt and quanti-
as 0.59 eV, but the notable charge density shifts and small orbitaltative. On the other hand, placing the weaker electron donor
overlaps render such higher values inevitable. analogue of Fe(Cp)namely, Ru(Cp) within the same intimate

The peculiar characteristics of the bucky ferrocene and contact (relative to the fullerene core) in Ry¢Rs)Cp fails to
ruthenocene as compared to their all-organic kin suggest thatcause notable electron-transfer interactions, both in the ground
one can develop a new type of photovoltaic material on the and excited states. Instead, intrinsically faster excited-state
basis of these organometallics. Among numerous elaboratelydeactivations are confirmed as the only appreciable outcome.
designed donor-acceptor organofullerene compounds, the bucky . .
Experimental Section

Synthesis of {>-Cyclopentadienyl)[(2,3,12,13,14)-1,4,11,15,30-

(20) (a) Guldi, D. M.; Marcaccio, M.; Paolucci, F.; Paolucci, D.; Ramey,. J.
Phys. Chem. 2005 109 9723. (b) Araki, Y.; Yasumar, Y. Ito, QJ.

Phys. Chem. R005 109, 9843. (c) Guldi, D. M.; Imahori, H.; Tamaki,
K.; Kashiwagi, Y.; Yamada, H.; Sakata, Y.; Fukuzumi,JJSPhys. Chem.
2004 108 541. (d) Kanato, H.; Takimiya, K. Otsubo, T.; Aso, Y.;
Nakamura, T.; Araki, Y.; Ito, OJ. Org. Chem2004,69, 7183. (e) D.
Souza, F.; Smith, P. M. Gadde, S.; McCarty, A. L.; Kullman, M. J.; Zandler,
M. E.; Itou, M.; Araki, Y.; Ito, O.J. Phys. Chem. R004 108 11333. (f)
Imahori, H.; Sekiguchi, Y.; Kashiwagi, Y.; Sato, T.; Araki, Y.; Ito, O.;
Yamada, H.; Fukuzumi, SChem. Eur. J2004, 10, 3184. (g) Fujitsuka,
M.; Tsuboya, N.; Hamasaki, R.; Ito, M.; Onodera, S.; Ito, O.; Yamamoto,
Y. J. Phys. Chem. 2003 107, 1452. (h) Langa, F.; de la Cruz, P.;
Espildora, E.; Gonzales-Cortes, A.; de la Hoz, A.; Lopez-Arza] \Org.
Chem.200Q 65, 8675. (i) Herranz, M. A,; lllescas, B.; Martin, N.; Luo,
C.; Guldi, D. M.J. Org. Chem.200Q 65, 5728. (j) Fujitsuka, M.; Ito, O.;
Imahori, H.; Yamada, K.; Yamada, H.; Sakata,Ghem. Lett1999 721.
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pentaphenyl-1,2,4,11,15,30-hexahydro[60]fulleren-2-yl]ruthenium:
Ru(CesoPhs)Cp. All manipulations were performed under argon atmo-
sphere using standard Schlenk techniques. High-pressure liquid
chromatography (HPLC) was performed on Shimadzu HPLC system
equipped with an Buckyprep column (Nacalai Tesque Co., 4.6>mm
250 mm). Nuclear magnetic resonance (NMR) spectra were measured
on a JEOL ECX-400 spectrometer. Mass spectra were acquired by

(21) Oviedo, J. J.; de la Cruz, P.; Garin, J.; Orduna, J.; Lang@effahedron
Lett. 2005 46, 4781.
(22) Matsuo, Y.; Tahara, K.; Nakamura, E.Am. Chem. So2006 128 7154.



Sharing Orbitals in Electron Donor—Acceptor Conjugates ARTICLES
Table 2. Crystal Data and Data Collection Parameters of Ru(CgoPhs)Cp-3CS;

formula GeH3oRWSs V, A3 6234.9(5)

crystal system monoclinic 4 4

space group P2:/n (No. 14) T, K 120(2)

R, Ry (I > 2a(1)) 0.0733, 0.2053 crystal size, mm 0.32,0.24,0.18

R1, wR2 (all data) 0.0815, 0.2137 Dealcs g/cnT3 1.599

GOF onF 2 1.031 Dhin, 20max deg 4.36,51.14

a, A 17.7250(9) no. refl. measured (total) 11173

b, A 14.0460(7) no. refl. measured ¢ 20(1)) 9685

c, A 26.1310(7) no. parameters 947

a, deg 90 A, eA3 1.45,—1.322

p, deg 106.589(3) u 0.512

y, deg 90

atmospheric pressure ionization (APCI) using quadrupole mass analyzerSapphire laser system (Clark-MXR, Inc.). Nanosecond laser flash

on Shimadzu QP-8000 spectrometer.

To a suspension ofggPhsH (1.00 g, 0.903 mmol) in THF (300 mL)
was added a solution of KBu (1.0 M, 1.13 mL, 1.13 mmol) in THF.
The reaction mixture was stirred for 20 min at 25. To the resulting
dark-brown solution, [RuCp(CHN)s][PFs] (588 mg, 1.35 mmol) was

photolysis experiments were performed with 337-nm laser pulses from
a nitrogen laser (8-ns pulse width) in a front face excitation geometry.
Fluorescence lifetimes were measured with a Laser Strobe fluorescence
lifetime spectrometer (Photon Technology International) with 337-nm
laser pulses from a nitrogen laser fiber coupled to a lens-based T-formal

added in one portion. The suspension was stirred for 20 min, and thensample compartment equipped with a stroboscopic detector. Details of
the solvent was removed in reduced pressure. The crude mixture wasthe Laser Strobe systems are described on the manufacture’s web site.
dissolved in toluene, and the solution was passed through a pad ofEmission spectra were recorded with a SLM 8100 spectrofluorometer.

silica gel. After preparative HPLC separation [Buckyprep (Nacalai The experiments were performed at room temperature. Each spectrum

Tesque Co., 20 mnx 250 mm), toluene/2-propanet 1:1, flow rate

= 20 mL/min, retention time= 8.0—9.0 min] and recrystallization from
the mixture of CEEtOH, Ru®CesoPhs)(17°-CsHs) was obtained as air-
stable, red crystals (689 mg, 0.542 mmol, 60% yielt) NMR (400
MHz, CDCk): 6 3.52 (s, 5H), 7.16 (£J = 7.8 Hz, 10H), 7.26 (t3J

= 7.4 Hz, 5H), 7.66 (d3J = 7.2 Hz, 10H).13C{*H} NMR (100 MHz,
CDCly): 6 58.42 (5CC-Ph), 77.46 (5C, Cp), 99.72 (5C, FCp), 127.40

represents an average of at least five individual scans, and appropriate
corrections were applied whenever necessary.

Pulse radiolysis experiments were performed using 50-ns pulses of
15 MeV electrons from a linear electron accelerator (LINAC). Dosim-
etry was based on the oxidation of SCié (SCN)*~ which in aqueous,
N.O-saturated solution takes place wihr 6 (G denotes the number
of species per 100 eV, or the approximatd concentration per 10 J

(10C, Ph), 127.46 (5C, Ph), 128.89 (10C, Ph), 143.22 (10C), 143.82 absorbed energy). The radical concentration generated per pulse was

(10C, Ph), 144.26 (10C), 147.41 (5C), 148.14 (10C), 148.45 (5C),
152.47 (10C). IR (neat)v(C—H)/cm™1 2958 (m), 2925 (m), 2958 (m).
APCI-MS(=): m/z= 1272 (M").

X-ray Crystallographic Analysis of Ru(CsoPhs)Cp. Single crystals
of Ru(7°-CsoPhs)Cp suitable for an X-ray diffraction study were grown

varied between (33) x 106 M. The reductive electron-transfer
reactions were studied by radiation-induced reduction #s&turated
toluene/2-propanol/acetone (8:1:1 vid(The reducing species, gener-
ated under these conditions, are EHC(OH) radicals, i.e.the radicals
formed by hydrogen abstraction from 2-propanol and from electron

and subjected to data collection. The data set was collected on acapture of acetone followed by a subsequent protonation. The oxidative

MacScience DIP2030 imaging plate diffractometer using Ma K
(graphite monochromated,= 0.71069 A) radiation. Crystal structure

electron-transfer studies were carried out in oxygenated dichlo-
romethane. Upon radiolysis, the generation of the short-lived, strongly

and crystal data are shown in Figure 11 and Table 2. The structure of oxidizing solvent radical cation ([C}l,]*") takes placé® The radi-

Ru(@®-CeoPhs)Cp was solved by the direct method (SIR9Y)The

olysis of dichloromethane also leads to the carbon centeetCl

positional and thermal parameters of non-hydrogen atoms were refinedand *CHCI, radicals, particularly in the absence of a radical cation

anisotropically onF? by the full-matrix least-squares method, using
SHELXL-9724 Hydrogen atoms were placed at calculated positions
and refined with a riding mode on their corresponding carbon atoms.
In the subsequent refinement, the functi&s’(— F2)? was minimized,
where |Fo| and |F¢| are the observed and calculated structure factor
amplitudes, respectively. The agreement indices are defined as R1
(IIFol = [Fel[)/3|Fol and wR2= [FwW(Fo* — F?)y (WFo*)]M2

Molecular orbital calculations were performed by the hybrid DFT
method (B3LYP) with the GAUSSIAN 98 program packa&§elo
obtain the molecular orbital (KohnSham orbital), the molecular

scavenger. These are formed via dissociative electron capture and proton
loss, respectively. In oxygenated solvents the radical formation is
followed by a rapid reaction with molecular oxygen, yielding the
respective oxidizingOOCH,CI and*OOCHCL peroxyl radicals. It is
important to note that [CKCl,]*" itself does not react with molecular
oxygen.
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