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LETTERS
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In the present Letter we extend our previous studies on negatively charged fullerene €Dg@€00 )},

2, and { Ceo(CyH110,)(COO )}, 3, to a functionalized derivative which carries a positive chaf@eo-

(C4H1oN )}, 1b. It will be demonstrated that covalent introduction of a quartery ammonium group at the
fullerene moiety, viaN-methylation ofla (N-methylfulleropyrrolidine Go(CsH7N), not only enhances the
water-solubility but the positive charge also enhances the rate of reduction of the fullerene core in a cluster
to yield { (Cso™)(CaH1oN )} .

Suitably functionalized fullerene derivatives have found a -
number of important applications in fields ranging from optical o

H;C CH3
limiting® to various topics in biological chemistry, such as i + CHil - — _@é 1©
enzyme inhibition, antiviral activity, DNA cleavage, and pho-
todynamic therapy. Synthesis of water-soluble adducts of this
spherical carbon allotrope became a particularly challenging
topic in connection with potential biological applicatiohgwo

of them, namely C(COO),, 2, and Go(CgH1102)(COO), 1@ 1b)

3 (see Figure 1), have already been subject of radiolytic studies

on their reduction by hydrated electrons and other reducing

radicals. Surprisingly? and3 seemed to exhibit no noticeable

reaction of the fullerene cores with any reductive spetEsese CHy

observations were rationalized in terms of clustering in which c00®

the hydrophobic fullerene moiety is centered in a core-shell coo®

structure surrounded by a layer of negative charges from the 0

carboxyl groups. The concept of reduction-inert clusters was CH o/u\/\(‘ooe

substantiated by complementary photolytic and electrochemical 2 3

StUdI.eS‘!aB . o ) Figure 1. Reaction scheme for the synthesisldf and compounds
It is conceivable that elimination of the charge-repelling referred to in this study.

forces, which prevented a reaction betweejy eand the  of the positively charged fullerene 6&CasHiN™) to yield
negatively charged fulleren@sands, should facilitate reduction  (Cg=)(C4H10N™).

In another type of study it has been found that, upon di-
€ Abstract published ilAdvance ACS Abstractdfarch 1, 1997. minishing the fullerene’s hydrophobic surface via covalent func-
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TABLE 1: Rate Constant for the Reduction of Cseo.2 and from the close resemblance of the observed absorption
{Ceo(CaH10N")}n Cluster and Ceo(C4H1oN*) Monomers by maximum at 1010 nm with that found upon radiolysis of

the Hydrated Electron (e,q—) and (CHj3),*C(OH) Radicals in _ P : : ;
Aqueous Media q N-methylfulleropyrrolidine (Go(CsH-N)) 1ain aprotic medid.

— CHz)>*C(OH); -—
compound k (10%‘?\/|*1 sy |(((1ggzM *(1 s*l)) {CGO(C4H10N+)} nT €™ {(Ceo )(C4H10N+)} n (D)
{ Coo(CaH1oN*)}n 0.36 9.0 o , .
Ceo(C4H10NT)/y-CD 2.8 5.1 It is interesting to note thatyax Of the IR absorption band
Ceo(CsH10N ) surfactant 35 7.7 (1010 nm) is considerably blue-shifted relative to the 1080 nm
aOnly one concentration. position for pristine Ge~. Such an effect reflects the perturba-
tion of the fullerenes-system by the introduction of the
2.5 : functional groug
- ) THF/H.O 11 Accelerated formation of the fullereng-radical anion
20 L b>THF/H101:2 I (monitored at 1010 nm) and decay of the hydrated electron
e ) THF / H,0 1:3 absorption (at 720 nm) were found upon increasing the fullerene
concentration ((2.860.3) x 10> M, monomer concentration).

1.5

T The respective first-order rate constamrsusconcentration
\ dependencies (Figure 4) are linear and in good agreement with
N\
o\

Absorbance
—>>
—

1.5 F \ each other, allowing evaluation of a bimolecular rate constant
- \ of 3.6 x 10° M~1 s71 for the electron-induced reduction of the
0.5 F {Coo(C4H1oN )}, cluster. This rate constant was determined,
[ \\\ incidentally, on the basis of the monomer concentration, i.e.
[ —— = without accounting for the true cluster size. Thus, the absolute
0 Ll 1 L1 1) Ll 1 LA 1L Ll Ll 1l Ll 1l Ll 1}

200 250 300 350 400 450 500 550 600 rate constant for the reduction_ of the cluster would still require

Wavelength, nm correction for the agglomeration number (see further below).

Figure 2. Ground state absorption spectra (UMs) of 2.8 x 10°5 In any case, there is no question about an efficient redupﬂon of

M CeoCaHioN®) 1b in (2) THF/HO (1:1) (thin line): (b) THF/HO the posmve_ly charged cIu_ster by hydrated electrons, ie. the

(1:2) (medium line); (c) THF/LD (1:3) (thick line). expected different behavior as compared to the negatively
charged cluster.

tionalization, the electron acceptor properties are substantially The time-absorption profile recorded at 1010 nm in the
impacted® For example, the reduction of the grounddCss™) presence of 10 vol % 2-propanol, as depicted in the insert of
and excited states (%Ces") are shifted to more cathodic ~ Figure 3a, indicates that the rapid reduction of the fullerene by
potentials with increasing number of functionalizing addehds. nydrated electrons is followed by yet a second, slower+process.
A convenient way to dissolve the quatery ammonium salt 1he latter is attributed to a reaction of th€so(CaH10N")}n
Ceo(CaH1NH)/I-, 1b, in aqueous solution involves suspension cluster with (CH);*C(OH) radicals. These radicals, which result
in tetrahydrofuran (THF), addition of water, and subsequent from the reaction ofOH and°H radicals with (CH).,CH(OH),
evaporation of the organic component. This procedure allows &€ powerful reductants %L‘S have been shown to reduce, for
one to follow the cluster formation spectroscopically as il- €xample, pristine g rapidly.< Differential absorption changes
lustrated in Figure 2. The sharp absorption features of mono- 'écorded about 200s after the pulse, e.g. at a time where the
meric1b at 216, 254, 313, 426, 519, and 688 nm diminish with (CHs)2"C(OH)-induced reaction is completed, closely resemble
increasing water content in the solvent mixture. Instead, the the one shown+|n Figure 3a. This substantiates .formatlon of
absorption spectra seem to transform into broad bands around. (Ceo™)(CaH10N™)}n via electron transfer from (C"C(OH).
263, 332, and 435 nm (arrows indicating this transformation), The bimolecular rate constant for this process is estimated to

in close resemblance to LangmuiBlodgett films of Go and 9.0x 1® M~1s7? (only one _Concentration)_ o
functionalized fullerene derivatives on a quartz substtalée Fullerenes and functionalized fullerene derivatives escape
spectral changes of the UwWis bands are regarded as an Cclustering in aqueous solution upon embedding the monomer
indicator for the formation of colloidal Ceo(CaH1oN")}n fullerene molecules into the cavity pfcyclodextrin?a8d.10Rate

clusters. Cluster formation could be prevented if a surfactant, constants for these monomercyclodextrin complexes have
e.g. Triton-X 100 or cetyltrimethylammonium chloride, was be_er_1 determined for the reactions of hydrated electrons with
added to the solvent THF prior to the suspensiodlf Once pristine Go/y-CD (1.8 x 10" M~*s7),%4 CC(COO ),/y-CD,

the cluster has been formed, it was, however, impossible to 2 (98 X 10° M~ s74) %2 and Go(CoH110,)(COO)/y-CD, 3,
disintegrate it again by addition of the surfactant. The failure (9-2x 1M~ s71).#> Corresponding studies with the present
to redissolve colloidal fullerene clusters by subsequent addition Positively charged fullerene gave the following results: (i)

of Triton-X 100 or cetyltrimethylammonium chloride indicates 9round state absorption of aqueous solutions of up t0>3.0
strong and irreversible aggregation forces. 104 M Cego(C4H10N™)/y-CD, 1b, revealed no spectral evidence

Reduction of { Ceo(CaH1o0N")}n clusters were studied in for agglomeration of the fullerene cores; (ii) pulse radiolysis of
aqueous solution containing 10 vol % 2-propanol, making use 1-2 % 107° M Ceo(CaH1N™)/y-CD, 1b, in deoxygenated
of the known characteristics of thes moiety (particularly aqueous solution resulted in a dllfferentlal spectrym w!th a sharp
an absorption band in the near-IR)Radiolysis of this system absorption around 1030 nm £F|gure 3b). By similarity to the
leads to the generation of strongly reducing species, namely, 0PServations wit Ceo(CaH1dN ™)}, the observed spectra indi-
hydrated electrons and (GHC(OH) radicals. Pulse radiolysis cate that the fullerene_coreT is reduced tositsadical anion,
of an N»-purged solution of 2x 105 M Cgo(CsH1oNT) (Ceo™)(CaH1oN™)/y-CD in this complex.

(monomer concentration) yielded a differential spectrum, the

near-IR part of which is shown in Figure 3a. These spectral Cgo(C,H N )/y-CD + €,q /(CH;), C(OH)—

changes indicate one-electron reduction of the fullerene cluster o /oL +

to its zz-radical anion, by comparison with results on pristine (Coo NCH1N/y-CD + (CHY,CO+ H™ (2)
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Figure 3. Transient near-IR spectrum of (fCss~)(CsH10N+)} 1 z-radical anion obtained ca. 28 after pulse irradiation of 2 1075 M Cgo
(C4H1oN™) 1b (monomer concentration) and (b) £ )(CsH10N")/y-CD z-radical anion obtained ca. 16 after pulse irradiation of % 107> M
Cso(C4H1oNT)/y-CD 1b in a Np-purged aqueous solution containing 10 vol % 2-propanol.

i

4.5 taken as conclusive support for the cluster concept. This
C / assumption is corroborated by higher yields of the reduced
4.0 poe| T monomer monomer, recorded under similar experimental conditions
N el (Figure 3b), compared to the reduced cluster (Figure 3a).
5, 33 F The corresponding rate constants for the reduction gaf C
"?9 30 » (C4H1ogNH)/y-CD by hydrated electrons and (GhtC(OH)
w “F radicals amount to 2.& 10 M~ s71 (see Figure 4) and 5.1
N 05 F / . ] x 108 M~1 s71, respectively. In the case of the hydrated
Tr T P b A electron, the rate enhancement over pristipgadd negatively
2.0 % charged complexes @and3 are plausibly rationalized in terms
c of charge attracting versus repelling forces relative to pristine
1.5 P EPRPRTE EPEUNTE BPRTRTI VRN B Cso. Within they-CD complexes the respective functional group
02 04 06 0.8 1.0 1.2 1.4 is considered to stick out into the aqueous phase at one end of
[C,,(C,H, ,N"I'Tx 10° mol/l the complex. The positively charged quartery ammonium group

Figure 4. Plot of kepe VS CaH-N and CaHNHYy-CD thu_s provides an _attractive entrance route for_the reducing
fo?the reaction of fﬁ'é hyd[rgig(d gléoctro)r]1 VV{I@G[E%(;(HfONlB)}n)Ci/USteES radical. The negatl_vely charged carboxyl group2iand3, on
(m) and Go(CsH10N*)/y-CD monomers @), monitored at 720 nm. the other hand, is likely to completely obstruct one of the two
access channels for the electron into fR€D moiety.
Compared to the reduced fullerene cluster (Figure 3a), there Very similar rate constants, e.g. 3610°°M~1s1 (hydrated
are, however, significant differences. The spectral features of electron) and 7.% 10®* M~1 s71 ((CHz),*C(OH) radicals), were
the y-CD-incorporated monomer are much sharper, which is also derived from reduction experiments witloCsH1oN™)
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monomers that were stabilized in a surfactant environment M.; Scorrano, GJ. Chem Soc, Chem Commun1995 759. (c) Maggini,

; ; ; ; M.; Scorrano, G.; Prato, M.; Brusatin, G.; P. Innocenzi, P.; Guglielmi, M.;
(Cetyltrlmethylammonlum chloride) instead piCD. . Renier, A.; Signorini, R.; Meneghetti, M.; Bozio, Rdv. Mater. 1995 7,
The ratio of the two rate constants for the electron-induced 404, (d) Smilowitz, L.; McBranch, D.; Klimov, V.; Robinson, J. M.;

reduction of the fullerene cluster and thheCD-encapsulated  Koskelo, A.; Grigorova, M.; Mattes, B.; Wang, H.; Wudl, Gpt Lett, in
monomer is about 1:8. This may be taken as a crude measureress.

; ; ; ; ; (2) (a) Sijbesma, R.; Srdanov, G.; Wudl, F.; Castoro, J.; Wilkins, C.;
for the agglomeration number. Studies on this, using dynamic Friedman. S. H.: DeCamp, D. L.: Kenyon, G.. Am Chem Soc 1993

light scattering and gel exclusion chromatography, are currently 115 6510. (b) Friedman, S. H.; DeCamp, D. L.; Sijbesma, R.; Srdanov,
under way to determine it with higher accuracy. G.; Wudl, F.; Kenyon, G. LJ. Am Chem Soc 1993 115 6506. (c)

In conclusion, attachment of quartery ammonium groups Tokuyama, H.; Yamago, S.; Nakamura, EAm Chem Soc 1993 115
facilitates rapid reduction of fullerene clusters by hydrated 7918 (d) Boutorine, A. S.; Tokuyama, H.; Takasugi, M.. Isobe, H.;
p y hy Nakamura, E.; Helene, @&ingew Chem 1994 23, 2526. (e) Richmond,

electrons and (Cg)°C(OH) radicals as compared to the R.C.; Gibson, U. Jin Recent Adances in the Chemistry and Physics of

negatively charged systen®sand 3. The electron-attracting Flullerenﬁs and |Related Material€adish, K. M., Ruoff, R. S., Eds.; The
s Electrochemical Society: Pennigton, NJ, 1995; p 684.

forces_ exerted by the+p03|t|ve charge_ not only accelerate the 3) (a) Vasella, A Uhlmann, P. Waldraff, C. A. A.: Diederich, F.:

reduction of Go(CaH10N™)/y-CD 1b, relative to the correspond-  thjjgen, C.Angew Chem, Int. Ed. Engl. 1992 31, 1388. (b) Hawker, C.;

ing complexes o2 and 3, but also display an enhancement Saville, P. M.; White, J. WJ. Org. Chem 1994 59, 3503. (c) Zhang, X.;

Compared tq/_CD_encapSL”ated pristineﬁg Foote, C. SJ. Org. Chem 1994 59, 5235. (d) ITamparth, l.; Hil’SC‘h, Al
Chem Soc, Chem Commun1994 1727. (e) Hirsch, AThe Chemistry of
the Fullerenes Thieme Medical Publishers, Inc.: New York, 1994. (f)

Experimental Section Jensen, A. W.; Wilson, S. R.; Schuster, DBloorg. Med Chem 1996 4,
. -~ 767. (g)Recent Adances in the Chemistry and Physics of Fullerenes and
S}’nthes's oN-m_ethyIfuIIeropyrrolldln_e (Go(CsHN) 18) was Related MaterialsKadish, K. M., Ruoff, R. S., Eds.; The Electrochemical
carried out following a method described alreddy. Society: Pennigton, NJ, 1994996.
Synthesis of Go(C4H10NT) 1b. 50 mg of purifiedla were (4) (a) Guldi, D. M.; Hungerbhler, H.; Asmus, K.-DJ. Phys Chem

dissolved in 30 mL of toluene, and subsequently 20 mL ofICH 199?5)99'St17i73A(béG“"E“'\'/3- '\A-Rfis C;]e“; Int., i”}freDss-G .
: . H asko, A.; brezovav., rRapta, P.; Asmus, K.-D.; Gulal, D. M.
were added dropwise to the solution. The homogeneous mixture sy o,y Phys Lett 1996 262, 233.

was stirred in the dark at room temperature for 2 days. The (6) (a) Anderson, J. L.: An, Y.-Z.; Rubin, Y.; Foote, C.J5Am Chem
brown precipitate that quantitatively yielded the toluene- Soc 1994 116 9763. (b) Williams, R. M.; Zwier, J. M.; Verhoeven, J.

insoluble product g(CsHioN*), 1b, was filtered off. The purity ‘lf:/-_ %\ é?]q";scrl‘(efgio"; ﬁ;’g% ﬁé; iggg- gg)g%g"é“’ (de "é'gn';'ggsggr:mgfﬂv _
of 1b was confirmed by thin layer chromatography with toluene Bfénvenue: E:; Jéﬁot, J.-M.; Seta, P.; Sc’hustef, D. I.; Wilson, St R:; Zﬁao,

on silica indicating no residue dfa H. Chem Phys Lett 1995 245 566. (e) Nakamura, Y.; Minowa, T.;
Selected spectroscopic data for compodtdin the UV— Hayashida, Y.; Tobita, S.; Shizuka, H.; Nishimura).Xhem Soc, Faraday

; . _ Trans 1996 92, 377.
\,\I/Ilssa';ilﬁém%gm’ THF) 215, 255, 310, 324, 427, 514, 686, FAB (7) (a) Obeng, Y. S.; Bard, A. J. Am Chem Soc 1991, 113 6279.
’ : . (b) Nakamura, T.; Tachibana, H.; Yumura, M.; Matsumoto, M.; Azumi,

The procedure for the preparation ofsoEsH10NT)/y- R.; Tanaka, M.; Kawabata, Y.angmuir 1992 8, 4. (c) Diederich, F.;
cyclodextrin (Go(CsH1N™)/y-CD) complex is described in ~ Jonas, U.; Gramlich, V.; Herrmann, A.; Ringsdorf, H.; Thilgen,Hzlo.
detail in reference 8Se (Slhlm Actaéggg 76, 2'<1/I45v (I(Ij_) I\L/I_Figgll'rl]l, g/l KﬁrlsiggaAé;nggggen(l, )L
. . to A corrano, G.; Prato, M.; Valli, etrahedron Lett X . (e

Pulse radiolysis experiments were performed by utilizing 50- vaknin, D.; Wang, J. Y.; Uphaus, R. Aangmuir 1995 11, 1435. (f)
ns pulses of 8 MeV electrons from a Model TB-8/16-1S Electron Guldi, D. M.; Tian, Y.; Fendler, J. H.; Hungefthler, H.; Asmus, K.-DJ.
Linear Accelerator. Basic details of the equipment and the data Phys Chem 1996 100 2753.

. . . (8) (a) Kato, T.; Kodama, T.; Shida, T.; Nakagawa, T.; Matsui, Y.;
analysis have been described elseWHé?eDOS'metry was Suzuki, S.; Shiromaru, H.; Yamauchi, K.; Achiba, €hem Phys Lett

based on the oxidation of SCNo (SCN}"~, which in N;O- 1991, 180, 446. (b) Guldi, D. M.; Hungerthler, H.; Janata, E.; Asmus,
saturated aqueous solutions takes place @ith 6 (G denotes K.-D. J. Chem Soc, ChemCommun1993 84. (c) Baumgarten, M.; Gel,

; ; v A.; Gherghel, LAdv. Mater. 1993 5, 458. (d) Priyadarsini, K. I.; Mohan,
the number of species per 100 eV, or the approximate micro H: Mittal, J. P.: Guldi. D. M. Asmus, K.-DJ. Phys Chem 1994 98,

molar concentration per 10 J of absorbed enetgyJhe radical 9565. (e) Subramanian, R.; Boulas, P.; Vijayashree, M. N.; D'Souza, F.;

concentration generated per pulse amounts 8j1x 10 M Jones, M. T.; Kadish, K. MJ. Chem Soc, Chem Commun 1994 1847.

for all the systems investigated in this study. (9) Radiolytic reduction ofN-methylfulleropyrrolidinela has been
Absorption spectra were recorded with a Milton Roy Spec- carried out in a toluene/2-propanol/acetone solvent mixture (8:1:1 v/v). This

. solvent composite has been chosen to achieve optimal solubilitg afd
tronic 3000 Array spectrophotometer. guarantee generation of reducing species g8 (OH) radicals formed
either by hydrogen abstraction from 2-propanobi@ an electron capture
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