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Monomeric Azaheterofullerene Derivatives RC;,N: Influence of the R
Moiety on Spectroscopic and Photophysical Properties

Frank Hauke,'” 2! Otto Vostrowsky,” Andreas Hirsch,**! Annamaria Quaranta,™
Winfried Leibl,'! Sydney Leach,*'*! Ruth Edge,'! Suppiah Navaratnam,'” and

René V. Bensasson*"!

Abstract: We have synthesised nine
monomeric azaheterofullerene (AZA)
derivatives, RCsN, with a wide variety
of different side chains R and investi-
gated their spectroscopic and photo-
physical properties in toluene and o-di-
chlorobenzene (ODCB). Measure-
ments include their ground-state ab-
sorption spectra, molar absorption co-
efficient (eg), fluorescence spectra,
fluorescence quantum yields (@y), sin-
glet-state lifetimes (y), triplet-state ab-
sorption spectra, triplet molar absorp-
tion coefficients (&), singlet oxygen

Introduction

In heterofullerenes one or more carbon atoms in the Cg,
skeleton are substituted by heteroatoms, leading to an alter-
ation of the electronic and geometric properties of the origi-

(®,), and triplet state (@;) quantum
yields. The replacement of a carbon by
a nitrogen atom in the Cg sphere
strongly affects most of the spectro-
scopic and photophysical properties.
The chemical nature of the R moiety
has definite effects on these properties
in contrast with minor effects on the

Keywords: flash photolysis - fuller-
enes - pulse radiolysis - synthetic
methods - triplet-state properties -
UV/Vis spectroscopy

chemical nature of the addends in
[6,6]-ring bridged monoadduct metha-
no[60]fullerene derivatives. These ef-
fects concern properties of the ground
state, singlet excited state, and triplet
states of our nine RCsN derivatives
and in particular the values of photo-
physical parameters gg, e, P, and D,
which are significantly lower than
those of analogous monoadduct [6,6]-
ring bridged methano[60]fullerene de-
rivatives.

nal Cq framework. Azaheterofullerenes (AZA), in which
one carbon atom in the Cg, sphere is substituted by nitrogen,

a trivalent atom with a lone pair of electrons, are the only
class of heterofullerenes that has been isolated in macro-
scopic quantities.'! The first isolated AZA was the dimer
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(CsoN),,!" in which the two Cs,N moieties are linked by an
sp® carbon atom, adjacent to the nitrogen atom embedded
in the fullerene framework. The dimer bond is relatively
weak (18 kcalmol™) and can undergo homolysis through
photolysis or thermolysis leading to free-radical reactions.
The (CyN), synthesis was followed by the preparation of
monomeric CyN derivatives such as the hydroazafullerene
HC,,N.” Replacement of a Cs,N moiety in the dimer by an
R group leads to the formation of RCyN derivatives, in
which the R is always bound to the C atom that forms a
[6,6] bond with the heteroatom.[**!

The presence of the extra electron on the nitrogen atom
in the Cy, core results in a modification of molecular orbitals
of AZA, RCyN, as compared to their Cq, analogues. This al-
teration leads to a change in the spectroscopic and photo-
physical properties of these derivatives and particularly
their photosensitisation efficiencies, an important feature for
potential applications in material science and biology.

In this study, we have synthesised monomeric AZA deriv-
atives, RCyN, bearing different R groups (Figure 1) and de-
termined their spectroscopic and photophysical properties in
toluene and o-dichlorobenzene. The absorption spectra of
the ground state have been determined between 300 and
900 nm. Steady-state and time-resolved fluorescence meas-

urements have been used to characterise the singlet excited
state, in particular the quantum yields of fluorescence, @y,
the singlet-state lifetimes (), and the fluorescence spectra.
Nanosecond laser flash photolysis and pulse radiolysis have
been employed to determine triplet-excited-state properties,
including triplet-state absorption spectra, triplet molar ab-
sorption coefficients, &, singlet-oxygen, and triplet-state
quantum yields, @, and @

The spectroscopic and photophysical properties of these
nine AZA derivatives are compared in this study with those
of fullerene Cg,” the hydroazafullerene HCsN,® the
dimer (C5N),, ! (Ph,CH)C5,N, the alkoxide ROCs,N (with
R = O(CH,),0OMe) in cyclohexane,!'”! three arylated azaful-
lerenes ArCs,N,!"! the fullerene-heterofullerene dyad Cg,—
CsN,*! and methano[60]fullerene monoadduct deriva-
tives,'>"*! in particular C4[C(COOEL),] here denoted as
Fl14]

Results and Discussion
Ground-state absorption spectra in toluene and o-dichloro-

benzene: Solutions of azaheterofullerene compounds in tol-
uene and o-dichlorobenzene are green-yellow in colour. At
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Figure 1. Structure and ground-state absorption of the azaheterofullerenes 1-9 in toluene. Absorbances in arbitrary units.
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approximately 10~°m, compounds 1-4 dissolve more easily
in both solvents than compounds 5-9. The ground-state ab-
sorption spectrum of each of the nine RCsN derivatives is
rather similar in both solvents, with no increase of solubility
in o-dichlorobenzene. The spectra recorded in toluene are
shown in Figure 1. They exhibit bands at 310-325, 430442,
708-724, and 799-813 nm, with a shoulder at 570-607 nm
(Table 1). The absorption bands observed for compounds 1-
4 are generally sharper than those observed for compounds
5-9.

Table 1. Wavelengths [nm] of maxima and shoulders of the ground-state
absorption spectra of 1-9 in toluene (Figure 1).

Compound A A A(shy Ay As

1 324 441 587 713 799
2 322 440 570 724 808
3 324 442 587 713 799
4 325 440 588 722 806
5 320 430 593 708 808
6 325 437 586 721 805
7 310 440 607 715 806
8 322 441 593 721 812
9 320 441 605 717 813

In the ultraviolet region between 300 and 400 nm: Each ab-
sorption spectrum of the nine azafullerenes exhibits a band
located between 310 and 325nm (gg~(2.8-3.2)x
10*m~' cm™) in toluene that is blue-shifted from the 328 nm
peak of the C4, absorption in n-hexane that corresponds to
the allowed 3'T,,—1'A, transition of Cg,"! the molar ab-
sorption coefficient of which is 6.2x10*m ' cm™!. The UV
band associated with our RCsN derivatives is also related
to the 325-329 nm band of the methano[60]fullerene mono-
adducts in n-hexane and cyclohexane.'>'¥ This UV band
corresponds to a similar band observed for other AZA de-
rivatives at i) 324 nm for the hydroazafullerene HCyN in
toluene,”! ii) 320-325nm in toluene for the dimer
(CsoN),,1"? iii) 328 nm for the fullerene—azafullerene dyad in
1,2-dichlorobenzene,*! iv) 321 nm for the alkoxide ROCsN
with R = O(CH,),OMe in cyclohexane! and v) 320-
323 nm for three monoarylated heterofullerenes ArCsN in
cyclohexane.'!! The set of sharp bands observed for Cg, be-
tween 380 and 410nm associated with the allowed
1'T,,«1'A, transition!™ are not observed as resolved fea-
tures in the spectra of the AZA derivatives.

In the visible region between 400 and 620 nm: An absorp-
tion band at 434-442 nm with a broad shoulder at 570-
607 nm is observed for the nine azaheterofullerenes 1-9
(Table 1). This band and this shoulder are similar to the ab-
sorption features observed for i) HCsN (446, 596 nm in tol-
uene),*? i) (Cy,N), (446, 596nm in toluene),*' iii)
(Ph,CH)CsN (446, 596 nm in toluene! iv) ROCs,N (436,
582 nm in cyclohexane),'” v) three monoarylated ArCs,N
(436-44, 580-591 nm in cyclohexane)™ and vi) the fuller-
ene-heterofullerene dyad Cyg—CsN (447, 596 nm in 1,2-di-
chlorobenzene).[* In the visible region the spectra of 1-9
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differ in important aspects from that of the parent Cg,.
Apart from a band around 440 nm, we note that two sets of
broad bands that are prominent in the C4, spectra and the
principal maxima of which are at 540 and 600 nm,” do not
appear as such in the AZA monoadducts. 11 Tn the
visible region, the spectra of 1-9 do not exhibit the sharp
peak at 429-433 nm and the broad band at 490-492 nm that
are characteristic of the monoadduct methano[60]fuller-
enes.213]

In the red and near-infrared region between 700 and
820 nm: Each absorption spectrum of the nine azafullerenes
shows two weak principal bands in this region at 708-
724 nm and at 799-813 nm. The interval between these
bands is about 1480-1580 cm ™' probably corresponding to a
C=C or C—N vibration in the excited state. These two princi-
pal bands of our RCyN in the red part of the spectrum are
also present in the spectra of other azaheterofullerenes in-
cluding i) Cy,N*t at about 1.8eV (689 nm) and 1.61eV
(770 nm) in toluene, ii) HCsN (738, 818 nm in o-dichloro-
benzene, carbon disulfide, and toluene),*” iii) (CsN), (720-
738, 800-818 nm in toluene),"*!! iv) (Ph,CH)CsN (720
738, 800-818 nm in toluene),” v) ROCsN (710, 789 nm in
cyclohexane)!'” and vi) three monoarylated ArCsN (711-
723,789, 793 nm in cyclohexane).'Vl In the fullerene—hetero-
fullerene dyad C4—CsN in cyclohexane only a band at
726 nm is observed.“!

For 1-9, the first singlet-excited-state energy (see later) is
lower than that of the parent Cg, and that of the Cg4 mono-
adduct methano[60]fullerene derivatives, for which the S-S,
absorption bands are observed at 691-698 nm.

Singlet-excited-state properties in toluene: Fluorescence
emission spectra of compounds 1-4, and 7 (Figure 2a) show

5 07f " 2

3 s

<t 06} .5‘%5; -

o s S

& o5F 1% s

£ . 54,‘ <

O 04} N 700 750 800 850 900

@ H %

o .

S 0.3 i

3 :

3 0.2 2

S o1

[T .

OO 1 ' L 1 ki |

650 700 750 800 850 900

Wavelength/nm

Figure 2. Fluorescence spectra of standard Cy[C(COOEt),], compound F
(a), of azafullerene 1 (0), and azafullerene 5 (@) in toluene. Inset: nor-
malised absorption and fluorescence spectra of compound 1. Excitation
wavelength: 530 nm, absorbances A =0.1 at 530 nm for all compounds.

wavelength maxima A, at 812-824 nm (Table 2). These
emission spectra are mirror images of the S-S, absorption
bands as shown in the case of 1 (inset Figure 2a). Com-
pounds 24 and 7 give emission spectra identical to that of 1
(Figure 2). The AZA emission band is red-shifted by about
110 nm as compared to that of the standard methanofuller-
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Table 2. Molar absorption coefficients, ¢; at 324 nm, fluorescence life-
times 7y wavelength maxima A, of the fluorescence spectra, radiative
rate constant k,= @/t in 10°s™', and energy values, E,, of the first sin-
glet-excited state S; of Cq, C4[C(COOEL),] (F), and RCyxN azafuller-
enes, in toluene.

Compound ¢g(324) g dpin k. in Amax Eg
[M~'em™ [ns] 107* 10°s™"  [nm]  [kJmol™]

Ceo 62000 120 1 0.8 660" 1930

Fl! - 1.5 49 33 705 172

1 28000+5600 0.79 2.2 2.8 812 148

2 32000+£6400 0.79 2.8 35 822 145

3 - 0.77 2.6 3.4 818 146

4 - 0.69 2.1 3.0 821 146

7 - 0.76 3.5 4.6 824 145

[a] From ref. [7]. [b] From ref. [31]. [c] From ref. [28].

ene monoadduct Cg-C(COOEL), (that is, F). Compounds 5,
6, 8 and 9 do not exhibit a measurable fluorescence as typi-
cally shown for 5 in Figure 2.

Fluorescence quantum yields, @5 were determined by
using Equation (1):

1-104s"  n?
< g 1)

St

_ Faza
Pr =5 X0 A

where A is the absorbance of the solution at the excitation
wavelength, F is the area of the fluorescence spectrum, and
n is the refractive index of the solution. The subscripts AZA
and St refer to the studied compound and the standard, re-
spectively. In our measurements, the index of refraction # is
similar for both the AZA derivatives and the standard solu-
tions (n},,~ng,), since the absorbances A=0.1 at the exci-
tation wavelength 530 nm and the solvents were identical.
By using the methanofullerene monoadduct C4-C(COOE),
as a standard for which ®=4.9x107*2% the &,,, values of
our five compounds (1-4 and 7) are between 2.2 and 3.5x
107* in toluene (Table 2). Previously, for 1, a fluorescence
quantum yield, ®-=1.6x107%, has been reported with no
fluorescence standard indicated.”” For azafullerenes with R
groups different from ours, fluorescence quantum yields
with values ranging from ~1.3-6.4x107* have been repor-
ted,**#17 with a near-infrared fluorescence emission (4, at
825 nm). The fact that 5, 6, 8, and 9 do not exhibit measura-
ble fluorescence indicates that the nature of the addend R
can play an important role in the deactivation of the singlet
excited state of the RC5,N compound.

Fluorescence lifetimes (7z) of 1-9, which were obtained
by picosecond laser excitation, (7z~0.69-0.79 ns) are report-
ed in Table 2. These parameters allow a calculation of the
radiative rate constants k, indicated in Table 2. Energy
values, Eg of the first singlet excited state S,, calculated
from the 0-0 transition considered to be at the intersection
of the normalised absorption and fluorescence spectra, are
between 145 and 148 kImol ™' (Table 2). These Eg values are
~25-28 kImol ™' lower than that of monoadduct derivative
F. The remarkably constant values of Eg, although 50 kJ
below that of Cy), show that the R moiety hardly affects the
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fullerene core when a nitrogen atom is within the fullerene
skeleton. We note however that, in the AZA, the nitrogen
atom lowers the Eg value more than an external nitrogen
containing adduct, for which Eg is similar to that of adduct
F0s)

Triplet excited-state properties

Triplet absorption spectra in toluene: The absorption profiles
of the triplet minus singlet ground state difference absorp-
tion spectra of 3, 4 and 7 obtained by laser excitation at
355 nm between 425 and 1000 nm show two maxima located
at 650 and 850 nm (Figure 3). An additional band at 500 nm

0.02{ #*
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< 0.024

0.01

0.00

500 600 700 800 900
Wavelength / nm
Figure 3. Triplet-minus-singlet difference absorption spectra of azafuller-

enes 3-8 in toluene recorded 1.5 ps after the laser flash (laser energy:
12 mJ).

is most probably related to the ground-state depletion be-
coming important below 500 nm. These difference absorp-
tion spectra between 450 and 950 nm are similar to those
previously reported by Guldi and co-workers who reported
a weak band at 1040 nm for compounds 2 and 3 over a spec-
tral range extending more into the red region.'” They differ
from the T-T spectrum of HCyN that exhibits a very dis-
tinct difference absorption spectrum with a main band at
750 nm.”! For compounds AZAS, AZA6, and AZAS, al-
though there is definite triplet absorption, no individual
bands are observable.

Determination of the quantum yields of singlet oxygen pro-
duction, @,: The quantum yield @, of the sensitised photo-
production of singlet oxygen ('O,, 'A,) by the triplets of 1-9
in toluene was assessed by a comparative method similar to
that used for the determination of ®..¥! We compared the
slopes of linear plots of I, (the amplitude of the time-re-
solved 'O, (IAg) 1270 nm phosphorescence signal extrapolat-
ed to t=0) versus laser intensity, with the slopes obtained
for optically-matched solutions of the standard compound
St, Cg. The ratio of the slopes, a**%, of 'O, production sen-
sitised by the AZA compound as a function of the laser in-
tensity, to the corresponding slopes, o, determined for 'O,
production sensitised by the standard, Cy, as a function of
the laser intensity, allows the determination of the quantum
yield of singlet-oxygen production by the AZA compound

Chem. Eur. J. 2006, 12, 4813 4820
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from the slope ratio, (after correction for any small differen-
ces in the fraction of light absorbed by the solutions at the
laser excitation wavelength, A.,.), through Equation (2):

St
™ 110 Yo 2)
aSt X 1 10—A?ZA

PAA = S x

where A3 and A}** are the absorbances for the standard
and for the azafullerene solutions at the excitation wave-
length, 355 nm with (pi‘ of the standard, Cg, being near
unity.’ The nine measured @, values are given in Table 3

Table 3. Quantum yields of singlet-oxygen production @, in toluene and
o-dichlorobenzene (ODCB), molar triplet absorption coefficients, e at
880 nm, measured by two independent methods in toluene and triplet
quantum yields @

Compound @, D, £7(880)14 @l (8801

(toluene) (ODCB) [m'cm™] [M'em™]
(p.r.) (LLp.)

Ceo 1[al — - 1 —

F 097" - - - -

Cs,NH 048 - - - -

1 0.24 0.24 - - -

2 0.22 0.22 - - -

3 0.23 0.23 - - 5200

4 0.24 0.27 4800 0.24 5000

5 0.16 0.14 - - -

6 0.16 0.18 - - -

7 0.26 0.19 5100 0.26 4100

8 0.25 0.21 - - -

9 0.17 0.21 - - -

[a] From ref. [19]. [b] From ref. [14]. [c] From ref. [8]. [d] Determined by

triplet energy transfer by pulse radiolysis (p.r.) (see text). [e] Determined
by using er measured by triplet energy transfer through pulse radiolysis.
[f] Determined by the comparative method through laser flash photolysis
(Lfp.) (see text).

for two solvents toluene and o-dichlorobenzene. For these
determinations the same solvent was used for the AZA de-
rivatives and the standard, since the radiative properties of
singlet oxygen are dependent on the solvent. The experi-
mental error can be estimated to be +15%. The &, values
obtained (Table 3) are rather similar in both solvents within
the experimental error. They are approximately half the @,
value of 0.48 determined by Tagmatarchis and co-workers
for HCxN 1in toluene.

The aggregation of fullerenes can decrease their @, and
& quantum yields."™>?”! Thus, in order to investigate any de-
pendence of @, on potential aggregates of 3, 6 and 8, @,
was determined for solutions with ground-state absorbances
of 0.1 and 0.4-0.5 at the laser excitation wavelength. The @,
values obtained are rather similar for high and low concen-
trations. This similarity suggests that the relatively low @,
values (0.14-0.26) of RCsN as compared to the near unity
values for monoadduct methano[60]fullerenes in organic sol-
vents!'>¥ are not due to aggregation of the AZA derivatives
in toluene and o-dichlorobenzene.

Chem. Eur. J. 2006, 12, 4813 -4820
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Determination of the triplet molar absorption coefficients:
The molar absorption coefficients er have been independ-
ently determined by pulse radiolysis by using an energy-
transfer technique™ 2 and with laser flash photolysis by
using a comparative method.!824%]

Pulse radiolysis: Pulse radiolysis was used to measure the
triplet molar absorption coefficients, &1, of 4 and 7 in toluene
through a method that exploits quantitative triplet-energy
transfer. The lowest triplet of each AZA compound in tol-
uene was produced by energy transfer from the triplet excit-
ed state of another solute, a donor (D), biphenyl, present in
greater concentration (107'm versus 1-2x107*m), with a
triplet molar absorption coefficient at 365nm®! of
27100M ' cm ™. Three reactions must be taken into account
in this system with respective rate constants, ki, k,, ks:

1) Decay of the donor triplet, °D, to its ground state, Dg:
DD

2) The energy-transfer reaction from *D to AZAg, the
ground state of the AZA:

D + AZAGE5Dg +3AZA

and 3) Decay of the acceptor triplet *AZA to its ground
state while it is formed:

SAZA L AZA

with k,=k+k[AZA]. Values of the rate constants ob-
tained for 4 are k=3x10's", ky=k +kJ[AZA]=1x
10°s7!, and k;=7.5x10%s7".

Taking into account a correction due to the decay of the
donor triplet (°D) through routes other than energy transfer
and a correction due to a decay of the acceptor triplet
(*AZA) during its formation leads to the molar absorption
coefficient of 4 at 880 nm [Eq. (3)]:

AAg, (4
er(*4)gs0 = er(*D)3gs X ﬁéD)) = 4800+ 700M~! cm™!

3)

where AAg(4) is the corrected value of the maximum tran-
sient absorbance of the triplet *4 at 880 nm and AA;,(°D) is
the transient absorbance of the biphenyl donor triplet at
365 nm.

For 7, a rather similar value was obtained er(*7)gs~
5100+£800m ' cm™'. In both &(4) and e1(7) determinations,
the molar absorption coefficients of the ground state, £(4)
and ¢5(7) at 880 nm, are considered as negligible.

By using these molar absorption coefficients we were able
to determine the @ of 4 and 7 by a comparative
method.'*?Y Linear plots of the absorbance changes ex-
trapolated at t=0 and observed at appropriate monitoring
wavelengths versus laser intensity were constructed. The

www.chemeurj.org — 4817
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slopes of these linear plots are B*** for solutions of the

AZA derivative and % for solutions of the standard C, in

toluene, for which &}'=20200m 'em™' at 750 nm®! and

@3~ 1.1 The @2** of 4 and 7 can be calculated by using

the expression (4):

AAMEA S g
% T

@?ZAZQ)?}XW EAZAXW (4)
T

where Ag, and A,,, are the absorbances for the standard
and for the AZA solutions at the excitation wavelength,
355 nm, with @' of the standard, Cg, being near unity.!")
The triplet quantum yields @ of 4 (0.24) and 7 (0.26), thus
calculated, are very similar to the quantum yields of singlet-
oxygen photosensitised production, @,, reported in Table 3.
The parameters @; and @, are related by the product

[Eq. (5)]:
D, = DrS,S, (5)

where S, is the fraction of triplet states quenched by oxygen
leading to formation of singlet oxygen and S, is the fraction
of triplet states quenched by oxygen.””

Thus, for 4 and 7, it can be concluded that S, and S, are
near unity as already observed for Cg and methano[60]ful-
lerene derivatives."? These @, values for 4 and 7 (Table 3)
are consistent with the @, value equal to 0.30, previously
determined for 1 and for another RC5,N compound with R
= phenyl-OCH,CH,0CH,CH,0CH,CH,0OH, by a method
that was not stated by the authors."! Previously, relative
triplet quantum yields @; have been reported“! for five
AZA compounds with subsituent R different from ours
(except for 7). These relative @ values were between 0.88
and 0.98, related to an arbitrary value of unity for @ of an
AZA compound, 2-azafullerenyl-1-(phenyl)ethanone,
chosen as standard, with no corresponding triplet molar ab-
sorption coefficients indicated.*!

Laser flash photolysis: For 4 and 7, we have observed that
the quantum yields of singlet oxygen and triplet production,
@1 and P, are very similar (Table 3) and thus that S,=S,=
1. Assuming that for all the other AZA compounds, S, and
S, are also near unity, and therefore that @ =@, it is possi-
ble to estimate the triplet-state molar absorption coefficients
of the AZA derivatives by using the comparative
method.?*! By using Equation (4), expressing ®2%*, re-
ported above, it is possible to write Equation (6):

ot ﬁAZA 1_107/13‘
(I)?EA X ﬁ51 X 1_10_AAZA (6)

AZA __ St
et =gl x

Equation (6) allowed us to determine the triplet molar ab-
sorption coefficients of three compounds in toluene at
880 nm, e2“*=5200 for 3, 5000 for 4, and 4100m ' cm™" for
7, values very similar to those reported above and measured
by an independent method,”* by using pulse radiolysis

4818 — www.chemeurj.org
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and triplet-energy transfer (Table 3). For all these AZA de-
rivatives, &g is negligible as compared to erat 880 nm.

Conclusion

The replacement of a carbon atom of the Cq, framework by
a nitrogen atom strongly affects most of the photophysical
properties of RCsN. The ground-state absorption spectra of
1-9 exhibit bands at 320-325, 430-442, 708-724, and 799-
813 nm, and a shoulder at 570—607 nm, this shoulder being
less noticeable for compounds 5, 8 and 9. The visible region
of the ground-state absorption spectrum of the monomeric
azafullerenes differs from that of monoadducts of methano-
fullerenes that display a sharp peak at 429—432 nm, a broad
band peaking at 490—492 nm, and weak structures between
650-700 nm with the strongest feature at 691-698 nm.!'?!
Moreover, the chemical nature of the R group has definite
effects on some spectroscopic and especially photophysical
properties of RCsN in contrast with minor effects on the
chemical nature of the addend in most monoadduct metha-
no[60]fullerene derivatives. The effects of the nature of the
R group concern features of the ground-state and triplet-
state absorption spectra, fluorescence properties, as well as
values of the photophysical parameters, ¢g, &1, P, and Py,
that are significantly lower than those of monoadduct meth-
ano[60]fullerene derivatives.

Experimental Section

Synthesis of heterofullerene-fluorophore-conjugates 1-9: (CyN),
(60 umol), prepared according to literature procedures,!! and p-TosOH
were dissolved in o-dichlorobenzene (20 mL). The corresponding amount
of the aromatics or enolisable-carbonyl compounds (experimental details
given in the references and below) was added to the solution, and the
mixture was heated to 150°C for 15 min while a constant stream of air
was passed through the solution. The purification of the heterofullerenes
1-9 was performed by flash chromatography and HPLC, all the products
were completely characterised by 'H and "C NMR spectroscopy, IR
spectroscopy, and mass spectrometry (spectroscopic data are given in the
references and in the paragraphs below).

Diethyl 2-(hydroazafullerenyl)malonate 1 (30 equiv p-TosOH, 15 equiv
diethylmalonate, 49 % yield).!*!
p-{2-[2-(2-Methoxyethoxy)ethoxy]ethoxy}phenylhydroazafullerene (p-
MEEEP-hydroazafullerene) 2 (20 equiv p-TosOH, 40 equiv 1-{2-[-(2-me-
thoxyethoxa)ethoxy]ethoxy}benzene 82 % yield)."*
2-(Hydroazafullerenyl)-1-(4'-pyridinyl)ethanone 3 (30 equiv p-TosOH,
200 equiv 4-acetylpyridine, 24.3 % yield)."*!
1-(Hydroazafullerenyl)-2,4-pentanedione 5 (40 equiv p-TosOH, 20 equiv
acetylacetone, 30.8 % yield).l*!

4-(Hydroazafullerenyl)croton aldehyde 6 (20 equiv p-TosOH, 15 equiv
croton aldehyde, 42.1% yield).[*!
2-(Hydroazafullerenyl)-1-(phenanthren-2-yl)ethanone 7 (40 equiv p-
TosOH, 20 equiv acetylphenanthrene, 14.2 % yield).[*!
2-[4-(Hydroazafullerenyl)phenyloxy]ethanol (4) was obtained by a
10 min reaction of (CsN), with p-TosOH (10 equiv) and ethylene glycol
phenyl monoether (5equiv) at 150°C in 33.0% yield. "H NMR (CS,/
CDCl;, 400 MHz): 6=8.75 (AA'BB’, 2H), 7.40 (AA'BB’, 2H), 4.31 (m,
2H), 4.15 (t, 1H), 4.08 ppm (m, 2H); *C NMR (CS,/CDCl,, 100.4 MHz):
5=159.51 (1C), 154.18 (2C), 148.60 (2C), 147.66 (1C), 147.49 (2C),
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147.44 (2C), 147.13 (2C), 146.96 (2C), 146.48 (2C), 146.27 (2C), 146.10
(2C), 145.73 (2C), 145.71 (1C), 145.96 (2C), 144.91 (4C), 144.45 (2C),
144.18 (2C), 143.85 (2C), 143.01 (2C), 142.63 (2C), 141.96 (2C), 141.66
(2C), 141.38 (2C), 141.31 (2C), 140.87 (2C), 140.75 (2C), 139.68 (2C),
137.38 (2C), 133.67 (2C), 132.79 (1C), 128.62 (2C), 12391 (2C), 115.63
(2C), 82.37 (1C), 69.44 (1C), 61.36 ppm (1C); IR (KBr): 7=3410, 3012,
2914, 2866, 2813, 1605, 1532, 1505, 1445, 1420, 1345, 1309, 1281, 1252,
1197, 1177, 1102, 1062, 1000, 946, 900, 843, 823, 796, 772, 720, 670, 659,
643, 568, 578, 555, 522, 482, 468 cm™'; MS (FAB, NBA): m/z: 860 [M]™,
722 [CyoN] .

2-(Hydroazafullerenyl)-1-(1-hydroxynaphth-2-yl)ethanone (8) was pre-
pared from the reaction of 2-acetyl-1-naphthol (10 equiv) and p-TosOH
(20 equiv) with (C5N), in 35.1% yield. '"H NMR (CS,/CDCl;, 400 MHz):
0=8.56 (d, *J=8.0 Hz, 2H), 8.22 (d, *J=8.0 Hz, 1 H), 7.83 (d, *J=8.8 Hz,
1H), 7.70 (m, 1H), 7.59 (m, 1H), 7.47 (d, *J=8.8 Hz, 1H), 7.19 (s, 1H),
5.55ppm (s, 2H); "CNMR (CS,/CDCl;, 100.4 MHz): 6=200.15 (1C),
163.48 (1C), 154.91 (2C), 148.28 (2C), 147.60 (1C), 147.35 (2C), 147.16
(2C), 146.92 (2C), 146.82 (2C), 146.38 (2C), 146.31 (2C), 146.02 (2C),
145.74 (2C), 145.61 (1C), 145.50 (2C), 144.90 (2C), 144.75 (2C), 144.17
(2C), 144.14 (2C), 143.80 (2C), 142.90 (2C), 142.59 (2C), 141.89 (2C),
141.57 (2C), 141.25 (2C), 141.03 (2C), 140.86 (2C), 140.78 (2C), 139.48
(2C), 137.41 (2C), 137.38 (1C), 134.46 (2C), 130.46 (1C), 127.31 (1C),
126.08 (1C), 125.24 (1C), 124.78 (2C), 124.67 (1C), 123.83 (1C), 118.85
(1C), 113.07 (1C), 78.63 (1C), 49.56 ppm (1 C); IR (KBr): #=3423, 2013,
2936, 2851, 1698, 1609, 1548, 1509, 1459, 1422, 1362, 1318, 1239, 1197,
1172, 1107, 1093, 966, 900, 841, 823, 797, 775, 744, 730, 719, 682, 640, 587,
568, 556, 544, 523, 482, 440 cm™'; MS (FAB, NBA): m/z: 907 [M]*, 722
[CsyN]*.

4-(Hydroazafullerenyl)-2,6-dimethylphenol (9) was obtained as a black
solid in 27.9% yield from reacting (Cs,N), for 15 min with 2,6-dimethyl-
phenol (5equiv) and p-TosOH (10 equiv) at 150°C. 'HNMR (CS,/
CDCl;, 400 MHz): 6=8.04 (s, 2H), 4.95 (s, 1H), 2.58 ppm (s, 6H);
C NMR (CS,/CDCl;, 100.4 MHz): 6=154.19 (2C), 153.24 (1C), 148.92
(2C), 147.62 (1C), 147.49 (2C), 147.43 (2C), 147.06 (2C), 147.05 (2C),
146.43 (2C), 146.22 (2C), 146.05 (2C), 145.70 (2C), 145.66 (1C), 145.48
(2C), 144.88 (2C), 144.86 (2C), 144.38 (2C), 144.13 (2C), 143.84 (2C),
142.95 (2C), 142.57 (2C), 141.91 (2C), 141.63 (2C), 141.40 (2C), 141.25
(2C), 140.81 (2C), 140.70 (2C), 139.60 (2C), 137.38 (2C), 132.73 (2C),
132.61/132.55 (2C/1C), 127.58 (2C), 124.00 (2C), 82.41 (1C), 16.24 ppm
(2C); IR (KBr): 7=3415, 3016, 2934, 2852, 1612, 1567, 1530, 1515, 1458,
1433, 1422, 1363, 1318, 1197, 1106, 1080, 966, 900, 841, 823, 797, 744, 720,
684, 640, 588, 568, 555, 523, 482, 440 cm™'; MS (FAB, NBA): m/z: 844
[M]*, 722 [CsyN] ™.

Spectroscopic studies: Ground-state absorption spectra, at room temper-
ature in toluene and o-dichlorobenzene were recorded in the 300-900 nm
range, by using a Uvikon 922 spectrophotometer (Kontron Instruments).
Steady-state emission spectra in toluene were recorded by a Varian Cary
Eclipse spectrofluorimeter upon excitation at 530 nm. Solution absorban-
ces at the excitation wavelength were optically matched at A=0.1. Fluo-
rescence quantum yields were obtained by comparison of the areas of
the fluorescence spectra and by using the methanofullerene monoadduct
Cg~C(COOE), as a standard for which ®r=4.9x107* Time-resolved
fluorescence measurements were performed upon excitation of the sam-
ples at 532nm with a frequency-doubled picosecond Nd:YAG laser
(pulse duration 25 ps, ~300 wJcm2; Continuum Instrument). The detec-
tion wavelength was selected by interference filters and signals were de-
tected with a microchannel plate photomultiplier tube (R2566U, Hama-
matsu) and a 7 GHz digitising oscilloscope (IN7000, Intertechnique).

Triplet-state properties were determined by using laser flash photolysis
and pulse radiolysis techniques. In the laser flash photolysis experiments,
solutions were excited at 355 nm by using a JK Lasers System 2000
Nd:YAG laser® with typical absorbance of 0.3-0.4 in toluene. The detec-
tion system consisted of a water-cooled Xe arc lamp and a pulsing unit,
high radiance monochromator, and quartz optics. Optical transmissions
at various wavelengths selected with the monochromator (bandwidths 2—
20 nm) were observed as a function of time before and after the laser
flash by using a Hamamatsu R928 photomultiplier.
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The pulse radiolysis experiments were carried out with a 12 MeV Radia-
tion Dynamics Ltd (UK) 3 GHz electron linear accelerator. We used a
single-pulse mode with a pulse duration from 0.22 to 2 ps and with a
peak current of about 30 mA. The accelerator is normally operated at
ten pulses per second but the single-pulse mode is achieved by modifying
the pulses to the electron gun.’” The detection system consisted of a Xe
arc lamp and a pulsing unit, high-radiance Kratos monochromator, and
quartz optics. Optical transmissions at various wavelengths selected with
the monochromator (bandwidths 10-40 nm) were observed as a function
of time before and after the laser flash by using photoelectric detection.
The output of the photomultiplier (EMI 9558Q) was displayed on a Tek-
tronix TDS 380 digitising oscilloscope. Data processing was performed on
a Dan PC by using software developed in house. The sample cell, con-
structed in Spectrosil quartz, had an optical path-length of 25 mm.
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