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Photoisomerization of a Fullerene Dimer
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A photo-switchable fullerene dimer and its analogous nitrogen endohedral species have been synthesized and
characterized. Irradiation by ultraviolet and visible light has been used to switch between the trans and cis

isomers of both the §& and N@Gy based dimers. Environmental perturbations experienced by the

encapsulated nitrogen atom upon switching between the two isomers in degassed carbon disulfide has been

determined by pulse electron paramagnetic resonance. Bahd T, electron spin relaxation times of the

two isomers of the endohedral fullerene containing dimer revealed a biexponential decay. Although the zero

field splitting parameteD.x for both isomers in solution was similar, around 13.0 MHz, the molecular rotation
correlation timer. of the trans and cis isomers was calculated to be 37126 and 34.8t 2.7 ps, respectively.

Introduction Experimental Section

Endohedral fullerenes, such as N@dn which unpaired Ceo-az0-GCso (1). A mixture of 4,4-azobenzaldehydd) (2.84
electrons are isolated on the encapsulated species or the fullerenmg), Gso (27 mg, three molar equiv), and-methylglycine
cage, have been proposed as potential qubits for solid-state(sarcosine) (6.53 mg, 4 molar equiv) in toluene (50 mL) was
quantum computing.Linear arrays and two-dimensional lat- heated to reflux for 2 days under a nitrogen atmosphere to
tices have been investigated experimentally as nanoscaleproduce the symmetric azo-bridged fullerene dimeg-&zo-
structures for controlling the spatial separation, and thus-spin  Cgo (5) (Yield: 95%). MALDI m/z 1733.2 (M, CiagHaoN4
spin coupling interactions, between spins centered on therequires 1733.2). UV vis (toluene)Amadnm)( = m? mol™):
encapsulated speciéSeveral different fullerene dimers have 330 (3114.3), 433 (389.4). FTIR (KBr disk) (c): 527 (S),
already been produced and investigated, but the spatial sep-801 (S), 102+1090 (S, B), 1260.5 (S), 1458 (M), 16311709.5
aration, and hence interaction, between the two fullerenes is(w, B), 2774 (W), 2848 (W), 2917.5 (S), 2940.5 (M), 3416.5
fixed3 A photo-switchable fullerene dimer enables the pos- (S, B). IH NMR (600 MHz, CS/CDCl; = 3:1): 6 (ppm) =
sibility of controllably switching a qubitqubit interaction 2.89 (S, 6H, H-3); 4.33 (DJ = 9.4 Hz, 2H, H-2a); 5.03 (DJ
between two known states. The azobenzene moiety has beer= 9.4 Hz, 2H, H-2b); 5.05 (S, 2H, H-1); 7.53 (D,= 7.4 Hz,
widely exploited as a photoactive component in a large number 2H, H-9 or H-5); 7.84 (D,J = 7.4 Hz, 2H, H-5 or H-9); 7.95
of supramolecular systems. The trans isomer can be switchedD, J = 7.4 Hz, 4H, H-6 and H-8)13C NMR (125.8 MHz,
to the cis isomer upon UV irradiation, and the cis isomer back CS/CDCl; = 3:1): d(ppm)= 40.13 (2C, C-3); 70.15 (2C, C-2);
to the trans by either thermal treatment or visible light 71.82 (2C, C-11); 76.96 (2C, C-10); 83.22 (2C, C-1); 123.55
irradiation? Its cis—trans isomerization is one of the cleanest (4C, C-6,8);127.95, 129.05 (4C, C-5 and C-9); 129.75 (2C,
photoreactions known. C-4);130.39; 131.09; 132.60; 133.38; 134.14; 135.82; 136.57;

In this letter, we describe the synthesis of two optically 138.45; 139.65; 140.32; 141.55 (2C, C-7);141.61; 141.75;
switchable fullerene dimers, one of which is comprised of two 141.89; 141.92; 142.09; 142.20; 142.61; 142.65; 142.75; 143.08;
empty fullerene cages and the other dimer of one endohedral,143.15 ¢ 10); 144.40; 144.66; 144.74; 145.22; 145.26; 145.29;
N@GCso, and one empty fullerene cage, linked by an azobenzene 145.36; 145.38; 145.44; 145.51; 145.64; 145.67; 145.76; 145.95;
bridge. The magnetic behavior of the two photoisomers of the 145.98; 146.14; 146.18; 146.23; 146.26; 146.30; 146.36; 146.38;
endohedral fullerene containing dimer is investigated by electron 146.58; 147.32; 152.53; 152.75; 153.02; 153.75; 155'%6.
paramagnetic resonance (EPR). DEPT-135 NMR: CH, CH: 40.13, 83.22, 123.55, 129.05.

CHy: 70.15. Tetra-C: 71.82, 127.95, 129.75, 130.39, 131.09,
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SCHEME 1: Chemical Reactions of Photo-switchable
Fullerene Dimer Cgg-az0-Cyg
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146.36, 146.38, 146.58, 147.32, 152.53, 152.75, 153.02, 153.75
155.96. HSQC NMR (H (ppm)-C (ppm) direct correlation): 2.89
(H-3)-40.13 (C-3); 4.33 (H-2a)-70.15 (C-2); 5.03 (H-2b)-70.15
(C-2); 5.05 (H-1)-83.22 (C-1); 7.53 (H-5 or H-9)-129.05
(C-5,9); 7.84 (H-9 or H-5)-129.05 (C-5,9); 7.95 (H-6,8)-123.55
(C-6,8). 2D COSY proton proton correlation NMR (HH
coupling): 7.84 (H-5 or H-9)-7.95 (H-6,8); 7.53 (H-9 or H-5)-
7.95 (H-6,8); 4.35 (H-2a)-5.04 (H-2b). HMBC NMR (long
distance H-C correlation): 2.89 (H-3)-70.15 (C-2), 83.22
(C-1); 4.33 (H-2a)-71.82 (C-11), 127.95, 140.32; 5.03 (H-2b)-
76.96 (C-10), 83.22 (C-1), 155.96; 5.05 (H-1)-40.13 (C-3), 76.96
(C-10), 129.75 (C-4), 153.26; 7.53 (H-5 or H-9)-129.75 (C-4);
7.84 (H-5 or H-9)-129.75 (C-4), 7.95 (H-6,8)-141.55 (C-7).

Fullerene dimers were purified by HPLC (Buckyprep M,
20 mm x 250 mm, toluene eluent, 12 mL/min).

CW EPR sample preparation: About 5 mg N@@azo-
Cs0/Cs0-az0-Go (around 1/1000) sample was dissolved in,CS
and dried using vacuum line sealed in quartz EPR tubes (3 mm
diameter).

CW EPR measurements were performed on a Magnettech
Miniscope MS200 using a 2G modulation, 270 s scan time, and

99 scans at room temperature. Spectral simulation was per-

formed using the EASYSPIN software packa&ge.

Pulse EPR measurements were performed using an X-ban
Bruker Elexsys580e spectrometer. Spin lattice relaxation time
T, and spin dephasing timBE, were measured by an inversion
recovery sequence and Hahn echo sequence, respectively. Th
/2 ands pulse durations were 56 and 112 ns, respectively.
Phase cycling was used to eliminate the contribution of
unwanted free induction decay (FID) signals.

Results and Discussion

The azobenzene bridged fullerene dinfgnvas synthesized
according to the pyrrolidine functionalization metfody
reaction of pristine g with 4,4-azobenzaldehyde (Scheme 1);
the latter prepared according to literature metHod#PLC
(Buckyprep-M, 20 mmx 250 mm, toluene eluent, 12 mL/min)
of the product mixture revealed that thgo@imer product {)
elutes more slowly (21.7 min) thang§(10.4 min), as would
be expected from its structure. MALDI mass spectrometry
revealed the expected molecular ion peakat= 1733.2 and
an isotopic distribution pattern in agreement with that calculated.
An absorption peak in the UWvis spectrum was observed at
430 nm, strongly indicative of pyrrolidine functionalization of
Ce0.>" 10 FTIR revealed a series of strong transitions at 801,
1021-1090 (band), and 1260.5 cth consistent with the FTIR
spectra of other fullerene dimers such agoCCi2O, and
C12002.1 Finally, H, 13C, and 2D NMR provides confirmation
of the proposed structure. Seven different proton environments
were observed in the fullerene dimé&rwith H-2a and H-2b,
H-5 and H-9 found to be inequivalent and consistent with
fulleropyrrolidine compounds reported previou&iy® Four
different aromatic carbon environments arising from the azoben-
zene bridge, three different carbon environments from the
pyrrolidine ring, two different spand fifty-one different sp
carbon environments from the fullerene cage itself were
detected.
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SCHEME 2: Azo-bridged Fullerene Dimer
Photoisomerization
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Figure 1. Electron spinT; and T, decay curves measured with an
inversion recovery and a Hahn echo pulse sequence, respectively. The
it (red line) assumes relaxation by a fluctuating ZFS.

0 10 2

The endohedral fullerene species, N@&zo-Gy, was pre-
Sared and purified in an analogous fashion using N@ZCso
(1/100) as starting material. The purification of N@( a very
time-consuming process. Indeed it is not possible to produce
the multimilligram quantities of high-purity N@g(that would
be required for the synthesis of N@fazo-N@Gg) in a
reasonable time scale. Nevertheless, the synthesis of gy@C
azo-Gy is a useful “proof of principle” experiment.

The unpaired electron spin concentration of the endohedral
containing fullerene dimer as determined from its CW EPR
spectrum was found to be approximately 70% of that of the
starting material. Photoisomerization of the N@@&zo-Gyo
dimer was implemented by the use of UV and visible light
irradiation (Scheme 2). However, although the trans and cis
isomers of azo dyes typically have distinct absorption spectra,
in this case they could not be distinguished because of the
comparatively much stronger absorption of the fullerene cage
at 360 and 430 nm. We have shown previously that measure-
ments of the electron spin latticel;j and spin-spin (T)
relaxation times of a pyrrolidine-functionalized N@age,
N@GCsgH10N20,, show a biexponential decay in degassed CS
at room temperature. The zero field splitting (ZFS) parameter
Dest and the molecular rotational correlation timmg can be
deduced fromT; and T, decay curve4? Similar pulse EPR
measurements were adopted here to probe the switching between
the two isomers of the fullerene dimer N@¥%&zo-Gy.

Electron spinT; andT, relaxation decays of the two isomers
of N@Csp-azo-Gy in degassed GSsolution at room tempera-
ture, taken using the central nitrogen hyperfine livg € 0),
are shown in Figure 1. Data were obtained by illuminating using
a light-emitting diode (LED) at the appropriate wavelength for
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equations to the data (see the Supporting Information). TheseReferences and Notes
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Conclusions

In summary, we have synthesized a photo-switchable fullerene

dimer, one half of which comprised the endohedral Ng@C
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to investigation using electrerelectron double resonance
techniques.
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