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It was found that improvement in durability of NBDs against
degradation during repeated cycles of photoisomerization of
NBDs to QCs and thermal reversion of QCs to NBDs could be
achieved by an antioxidized reagent. Hindered amine derivative
was the most effective.

Photochemical valence isomerization between norborna-
diene (NBD) and quadricyclane (QC) is of interest as a solar en-
ergy conversion and storage system,1 because photoenergy can
be stored as strain energy (about 20 kcal/mol) in a QC molecule.
Recently, this photochemical reaction has also been investigated
as an optical wave-guide utilizing photoinduced refractive index
changes2 or as a photochromic system potentially applicable to
data storage.3e

Taking these unique characteristics of NBD into account,
many NBD derivatives3 and photoresponsive polymers contain-
ing NBD moieties have been synthesized.4 However, the dura-
bility of NBDs that have so far been reported was still not
sufficient.3e,h,i,4f,g

To improve the durability of NBDs, this time we examined
the ability of antioxidized reagents. The examination was carried
out under an argon atmosphere by the apparatus, as shown in
Figure 1, using the NBDs 1 (Scheme 2)-doped PMMA film on
the quartz plate as the samples containing the antioxidized re-
agent or not containing it.

Initially, the PMMA film was irradiated with a 500-W Xe-
non lamp until the absorbance of the maximum absorption of
the NBDs disappeared. Then, the irradiated film containing the
corresponding QCs was heated on a hot plate until the absorb-
ance of the NBDs was reversed. The durability was evaluated
from the differences in the absorbance values between the NBDs
and QCs at maximum absorption of the NBDs on the first and nth
cycles of reactions.5

At first, we examined the effect of oxygen for the durability
of NBDs. As shown in Figure 2,5 it was found that NBDs-con-
taining PMMA film that was prepared without oxygen6 was
far more durable than that prepared under air.7 It was already re-
ported that during the photosensitized isomerization of NBD the
oxygen dissolved in the reaction solution accelerated the forma-
tion of by-product polymers produced from NBD.8 Therefore,
from this result it is apparent that oxygen contained in the
PMMA film promotes the polymerization of NBDs and QCs dur-
ing the photoisomerization and thermal reversion.

Then, next, we examined the effect of the presence of an an-
tioxidized reagent,9 shown in Scheme 3, to improve the durabil-
ity of NBDs. These sample films were also prepared under an ar-
gon atmosphere without oxygen. As shown in Figure 3,5

hindered amine derivative 210 was the most effective for the du-
rability of NBDs in this study. The loss in extinction of NBDs
was not detected after 1000 cycles. On the other hand, Ni com-
plex 311 and 2,6-di-t-butyl-4-methylphenol 48 markedly decreas-
ed the extinction of NBDs over 600 and 300 cycles, respectively.
It seems that the organometallic compound is not only effective
as an antioxidized reagent but also induces the side reaction by
metal catalysis under many reaction cycles, and an oxidized
compound produced from phenol derivative 4 by oxygen indu-
ces the side reaction of NBDs or QCs.

From all these results, it was found that improvement in du-
rability of NBDs against degradation during repeated cycles of
photoisomerization of NBDs to QCs and thermal reversion of
QCs to NBDs could be achieved by an antioxidized reagent.
Hindered amine derivative was the most effective.
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Figure 1. Apparatus for the examination of durability of NBDs.

CO2MeAn

An CO2Me

1

An=p-CH3OC6H5-

Scheme 2. Donor-acceptor NBD derivative 1.

hv

cat. or heatNBD QC

Scheme 1.

998 Chemistry Letters Vol.33, No.8 (2004)

Copyright � 2004 The Chemical Society of Japan



References and Notes
1 R. R. Hautala, R. B. King, and C. Kutal, ‘‘Solar Energy,’’

Hamana, Clifton, NJ (1979), p 333.

2 a) S. Morino, T. Watanabe, Y. Magaya, and K. Horie, J. Pho-
topolym. Sci. Technol., 7, 121 (1994). b) Y. Kato, H. Muta, S.
Takahashi, K. Horie, and T. Nagai, Polym. J., 33, 868 (2001),
and references cited therein.

3 a) K. Maruyama, K. Terada, and Y. Yamamoto, J. Org.
Chem., 46, 5294 (1981). b) K. Maruyama, H. Tamiaki, and
S. Kawabata, J. Org. Chem., 50, 4742 (1985). c) T. Toda,
E. Hasegawa, T. Mukai, H. Tsuruta, T. Hagiwara, and T.
Yoshida, Chem. Lett., 1982, 1551. d) Y. Yamashita, T.
Hanaoka, Y. Takeda, and T. Mukai, Chem. Lett., 1986,
1279. e) S. Miki, Y. Asako, and Z. Yoshida, Chem. Lett.,
1987, 195. f) K. Hirao, A. Yamashita, A. Ando, T. Hamada,
and O. Yomemitsu, J. Chem. Soc., Perkin Trans. 1, 1988,
2913. g) H. Tomioka, Y. Hamano, and Y. Izawa, Bull. Chem.
Soc. Jpn., 60, 821 (1987). h) T. Nagai, K. Fujii, I. Takahashi,
and M. Shimada, Bull. Chem. Soc. Jpn., 74, 1673 (2001). i) T.
Nagai, I. Takahashi, and T. Nishikubo, Chem. Lett., 32, 754
(2003), and references cited therein.

4 a) T. Nishikubo, A. Kameyama, K. Kishi, and Y. Mochizuki,
J. Polym. Sci., Part A: Polym. Chem., 32, 2765 (1994). b) I.
Nishimura, A. Kameyama, T. Sakurai, and T. Nishikubo,
Macromolecules, 29, 3818 (1996). c) T. Iizawa, T. Sueyoshi,
C. Hijikata, and T. Nishikubo, J. Polym. Sci., Part A: Polym.
Chem., 32, 3091 (1994). d) A. Ikeda, A. Tsubata, A.
Kameyama, and T. Nishikubo, J. Polym. Sci., Part A: Polym.
Chem., 37, 917 (1999). e) S. Takamura, A. Kameyama, and T.
Nishikubo, Kobunshi Ronbunshu, 52, 415 (1995). f) A. Ikeda,
A. Kameyama, S. Nakamura, T. Nishikubo, and T. Nagai,
Macromolecules, 34, 2728 (2001). g) T. Nagai, M. Shimada,
Y. Ono, and T. Nishikubo, Macromolecules, 36, 1786
(2003), and references cited therein.

5 A0 and An are the differences in the absorbance values be-
tween NBDs and QCs at �max of the NBDs on the 1st- and
nth-cycles of reactions, respectively.

6 NBDs doped PMMA film was prepared under an argon atmos-
phere from which all oxygen was removed by passage through
a column with BASF R-11 copper pellets activated with H2

prior to use. A solution of NBDs (10mg) and PMMA
(250mg) in chloroform (2mL) was degassed by three consec-
utive freeze-pump-thaw cycles and cast on a quartz plate.
Then, the quartz plate-cast film was dried in vacuo at 80 �C
for 15 h.

7 NBDs doped PMMA film was prepared under air.
8 H. Taoda, K. Hayakawa, and K. Kawase, J. Chem. Eng. Jpn.,

20, 335 (1987). They reported that the formation of a by-
product, polymers obtained from NBD during irradiation,
was suppressed by the addition of phenolic radical scavengers.

9 0.5wt% for NBDs of antioxidized reagent was contained in
PMMA film. The wavelength of the maximum absorption of
the NBDs was 365 nm in PMMA film. The �max of 2, 3,
and 4 was 235, 301, and 282, respectively, and Aedge of these
compounds was 333, 440, and 305, respectively. Absorbance
of 3 and 1 at 365 nm was 0.052 and 0.293, respectively, in
0.1mM CH2Cl2 solution. Then it was considered that the
effect of the absorption of the antioxidized reagent was negli-
gible in this study.

10 T. Okuhira, Polyfile, 25, 26 (1988). CYASORB UV-3346 pur-
chased from Cytec Industries Inc., USA. AverageMw is 1600.

11 N. Y. C. Chu, Sol. Energy Mater., 14, 215 (1986). CYASORB
UV-1084 purchased from Cytec Industries Inc., USA.

N

N

N

N 2)6 N

O

N
H

N
H

n

S Ni

O

O

CH2

CH2

n-BuH2N

OH

t-But-Bu

2

3 4

N
(CH

Scheme 3. Antioxidized reagents.
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Figure 3. The effect of the antioxidized reagent for the durabil-
ity of NBDs 1; (X) in the absence of antioxidized reagent; ( )
in the presence of 2; ( ) in the presence of 3; ( ) in the presence
of 4.
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Figure 2. The effect of oxygen on the durability of NBDs 1;
( ) prepared under air; ( ) prepared without oxygen.
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