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Abstract

Acrylate- and styrene-derived polymers having pendant phenoxyquinones for photochromism were prepafed big@iRityronitrile
(AIBN)-initiated radical polymerization. Synthesis of the monomers were straightforward and the polymers were obtained in high yields
in spite of the quinone moieties presented in the monomers, which usually can function as radical scavengers and/or catalysts poison.
Photo-induced rearrangement from theahs’-quinone forms to thednd'-quinone forms readily occurred when the polymer films were
irradiated with UV light.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction addition polymerization[5]. Since the synthesis of the
monomers required multi-steps and the polymerizations

Recently, the development of photochromic compounds were carried out in a glove box under nitrogen condi-

which can be potentially applicable as memory pho- tion, we felt it would be more practical if we could re-

todevices has gained much attention in molecular elec-duce the required synthetic procedures for the monomers

tronics [1]. Among various photochromic compounds and simplify the polymerization condition. Accordingly,

prepared and investigated for this purpose, certain phe-we have reinvestigated the radical-initiated polymeriza-

noxyquinone derivatives have unique properties such astion of 6-phenoxyquinone derivatives. We have focused

low fatigue as well as negligible thermal interconversion polymers having 6-phenoxynaphthacenequinone deriva-

at room temperaturg2-15] For example, 6-phenoxy- tives since 6-phenoxynaphthacenquinone is superior to

5,12-naphthacenequinone is well known to isomerize from 1-phenoxyanthracenequinone in terms of photochromic

the “trans’-quinone form to the &na’-quinone form upon  properties as well as its stabilifgt2].

irradition with UV light and vice versa by visible light

(Scheme 1 The fatigue-resistant photochromic properties

of the 6-phenoxy-5,12-naphthacenequinone can be con-2. Results and discussion

firmed from the fact that the reversible photo-rearrangement

cycles can be repeated over 500 times without decomposi-2. 1. Preparation of the monomers

tion of the materia[4].

We have previously reported the first successful di-  The synthetic sequences employed in the preparation of
rect synthesis of norbornene-derived polymers having monomers3 and4 are shown irScheme 2Aromatic substi-
pendant phenoxyquinones by transition metal-catalyzed {tion reaction of 6-chloro-5,12-naphthacenequind)é4]

with commercially available 3-(4-hydroxyphenyl)-1-propa-

* Corresponding author. Tel:82-2-2290-0522; fax:+-82-2-2298-4101.  hol in the presence of potassium carbonate in DMF gave

E-mail addressjmk@hanyang.ac.kr (J.-M. Kim). the intermediate in high yield. Precipitation of the crude
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Scheme 1. Photo-isomerization of 6-phenoxynaphthacenequinone.

product by pouring the reaction mixture into acidified
cold water followed by recrystallization from ethyl ac-

etate/hexane afforded pure prod@cCoupling of the inter-

mediate2 with methacryloyl chloride gave the methacrylate

2.2. Preparation of the copolymers having pendant
photochromic chromophore moieties

The main advantage of incorporating photochromic
groups into a polymer chain is to facilitate spin-coatability
on solid substrates to make thin films. For this purpose, in
our previous repor{5], we prepared norbornene-derived
monomers which can be polymerized by transition
metal-catalyzed addition polymerization. The main rea-
son of introducing the palladium-catalyzed polymerization
was due to the results described [#]. Radical-initiated
direct polymerization of various acrylate monomers were
reported to be failed since the quinone moieties in the
photochromic chromophores could act as radical scav-
engers and/or catalyst poisons. Although the transition
metal-catalyzed polymerization afforded the desired copoly-
mers in moderate yields, the polymerization reactions

monomer3. The styrene-derived monomer was readily ob- had to be carried out in a Nglove box. Accordingly, it

tained in one step from 6-chloro-5,12-naphthacenequinonewould be more practical and useful if polymers having
(1) and 4-hydroxystyrene, which was prepared from pendant phenoxynaphthacenequinone can be obtained by
hydrolysis of commercially available 4-acetoxystyrene. a simple 2,2azoisobutyronitrile (AIBN)-initiated radical
The crude product precipitated from acidified cold wa- Ppolymerization. Previously, we reportdd6] synthesis of
ter was subjected to recrystallization from toluene to an acrylate polymer having pendaett-butyloxycarbonyl

afford the desired styrene-derived monomérin good
yield.
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Scheme 2. Synthesis of 6-phenoxyquinone monoreaad 4.

(t-Boc)-protected dihydroxyanthraquinone groups by an
AIBN-initiated radical polymerization. Thus, we be-
lieved it could also work for phenoxynaphthacenequinone
monomers. When the acrylate monon@rwas copoly-
merized with methyl methacrylate (MMA) (molar feed
ratio, 1:4) under AIBN-initiated radical polymerization, the
copolymer, P(PNQMA/MMA) b) was obtained as a yel-
low powder in 85% yield $cheme B The polymer5 had
a weight-average molecular weightl{) of 270,000 with
a polydispersity of 11.50. The composition of the obtained
copolymer5 was confirmed to have a 1:5.5 ratio between the
chromophore monome® and the comonomer MMA unit
by IH NMR spectroscopic analysis. Prolonged polymeriza-
tion over 3 h under this condition led to the gelation of the
polymer. Thus, the polymerization was terminated after 2 h.
Copolymerization of the styrene-derived monomér
with styrene was carried out with a 1:4 molar feed ra-
tio. The copolymer, P(PNQSUt/Sth) after precipitation in
methanol, was obtained as a pale yellow powder in 70%
yield. The polymer6 was found to have a weight-average
molecular weight y,) of 12,000 with a polydispersity of
1.89. The composition of the obtained copolyntewas
confirmed to have a 1.9 ratio between the chromophore
monomer4 and styrene unit byyH NMR spectroscopic
analysis. Interestingly, no gelation under extended poly-
merzation was observed in this case. The low molecular
weight of the styrene-derived copolym@compared to the
copolymer5 could presumably due to nearby location of
the photochromic chromophore to the polymerizable dou-
ble bond. The copolymers and 6 are soluble in common
organic solvents (such as chloroform, THF and dimethyl-
formamide (DMF)) except for hexane and methariH.
NMR spectra of the monomer3 and 4 as well as the
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Scheme 3. Synthesis of copolymérsaand 6 having pendant phenoxyquinones by radical polymerization.

copolymers5 and 6 are shown inFig. 1. As can be seen drastic increase of the peaks at 450 and 478 nm with 5s
by inspection of these spectra, the vinylic protons of the irradiation of the polymer film. The transformation from
monomers3 and4 disappeared in the corresponding spec- “trans’-quinone form to ‘and’-quinone form reached to
tra for the polymers and6. This observation confirms the the saturation after 20s for both polymers. In order to
radical-initiated polymerizations are successfully carried test reversibility of the rearrangement, the polymer films

out. pre-exposed with 365nm UV light were irradiated with
visible light (>410 nm) and the results are showrFig. 2B
2.3. Photochromic properties in thin polymer films and D Upon irradiation with visible light, decrease of the

peaks at 450 and 478 nm was observed. As displayed in

In order to investigate the feasibility and degree of Fig. 2B and D the transformation from ana’-quinone
photo-induced rearrangement of the chromophores, thinto “trans’-quinone induced by visible light, however, was
polymer films (ca. 0.fum thickness) were prepared by spin found to be less efficient than UV light-inductrens-to-ana
coating a dioxane solution containing the copolyrBeor conversion in the polymer films. Thus, complete con-
6 on quartz substrates. The polymer films were exposedVersion to the trans-quinone form was not observed.
to either UV light (365nm) fortransto-ana transforma-  The acrylate copolymeb has slightly higher conversion
tion or visible light (>410 nm) foranato-trans rearrange-  (63%) than the styrene-derived copolynt(55%). This
ment. The progress, then, was monitored with an UV-Vis is presumably due to the lack of flexibility in the case of
spectrometer Kig. 2). As displayed inFig. 2A and G styrene-derived copolyme® in which the photochromic
copolymers5 and 6 show typical photochromic proper- chromophore is directly attached to the main chain back-
ties of a 6-phenoxynaphthacenequinone. Upon irradiation bone of the polymer. Accordingly, migration of the phenoxy
of the polymer films containing the copolymér or 6 group to the adjacent carbonyl group can be affected by
with 365nm UV light, characteristic double peaks of the steric bulkness of the main chain backbone of the polymer.
“and-quinone form of the phenoxynaphthacenequinone In the case of acrylate polymé the polymer has alkyl
at 450 and 478 nm increasBig. 2A and §. Transforma- chain between main chain backbone and the photochromic
tion from “trang’-quinone form to ‘and-quinone form in ~ chromophore, providing some flexibility to the migrating
the polymer5 or 6 was found to be efficient, observing groups.
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Fig. 1. 'H NMR spectra of monomers and polymers in CRCI
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Fig. 2. Time course revealed by UV-Vis spectroscopic monitoring of thin films of P(PNQMA/MMA) and P(PNQSU/St) upon irradiation with 365 nm UV
light (A and C) and visible light (>410nm) (B and D).

3. Conclusion with the polymers, the &nd’-quinone forms were trans-
formed to trans’-quinone forms by irradiation with visible

Copolymers having pendant photochromic groups have light. The simple and straightforward strategy described
been prepared by AIBN-initiated radical polymerization. above for the preparation of polymers having pendant pho-
Synthesis of the monomers were straightforward and the tochromic quinone moieties should be useful in the design
radical-initiated polymerizations with the acrylate- and of polymer-bound photochromic materials.
styrene-derived monomers were conducted without any
difficulty in spite of the quinone moieties presented in the
monomers. The polymers obtained were readily dissolved in 4. Experimental
common organic solvents such as chloroform, dioxane, THF,
and DMF. Spin-casting of the polymer solution afforded thin 4.1. General
polymer film on a quartz substrate. Photo-rearrangement
from “trans’-quinone forms to &nd’-quinone forms oc- 2,2-Azoisobutyronitrile  (Tokyo Kasei Kogyo) was
curred when the polymer film was exposed to 365nm UV recrystallized from methanol before use. 3-(4-Hydroxyphen-
light. Although complete reversibility was not observed yl)-1-propanol, 4-acetoxystyrene, styrene, methyl methacry-
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late, and methacryloyl chloride were purchased from methacryloyl chloride (0.15g, 1.47 mmol) over 30 min at
Aldrich and used as receivé#l and 13C NMR spectro-  —5°C. The resultant mixture was stirred at ambient tem-
scopic measurements were carried out with a Varian 200 perature for 6 h, filtered, and the filtrate was concentrated
Spectrometer using tetramethylsilane (TMS) as an internalin vacuo. The residue was purified by column chromatog-
standard in CDGl UV-visible spectra were recorded with  raphy eluting with hexane/ethyl acetate (3:1 by volume) to
a JASCO V-530 spectrophotometer. IR spectra were ob- give 0.35g (87%) of the desired monong&mp 97°C; H
tained with an ATI Genesis Series FTIR spectrophotometer. NMR (CDClgz, 200 MHz):5 8.89 (s, 1H), 8.12—-8.42 (m, 4H),
Number and weight-average molecular weight4, (and 7.65-7.85 (m, 4H), 7.19 (d, 2H), 6.83 (d, 2H), 6.12 (s, 1H),
Myw, respectively) and the molecular weight distribution 5.58 (s, 1H), 4.19 (t, 2H), 2.73 (t, 2H), 2.05 (m, 5HfC
(Mn/M,,) were estimated by gel permeation chromatogra- NMR: § 183.6, 181.9, 168.3, 158.3, 153.3, 137.1, 136.8,
phy (GPC) using THF as eluent at a flow rate of 1 mIin 136.3,135.4,135.1,134.5,134.3,132.5,131.5,131.0, 130.6,
calibrated with polystyrene standards. Photo-irradation 130.4, 128.4,127.9,127.6,126.1, 125.8, 121.8, 115.5, 32.0,
was carried out using a 500W high-pressure mercury 30.9, 19.1; IR (KBr, crml): 3397, 3336, 3064, 2931, 2329,
lamp. Light of the appropriate wavelength was selected 1886, 1714, 1671, 1585, 1500, 1425, 1394, 1270, 1166,
by using either a monochromator or a cut-off optical 1110, 1022.
filter.
4.2.4. 6-[(4-Vinylphenyloxy)]-5,12-
4.2. Material synthesis naphthacenequinondy
A mixture containing 4-hydroxystyrene (1.44g, 12.0
6-Chloro-5,12-naphthacenequinoriy (vas prepared as mmol), 6-chloro-5,12-naphthacenequinond) ((2.43g,

described irf4]. 10.0mmol), and KCOs; (1.80g, 13.0mmol) in DMF
(50 ml) was stirred at 110C for 3 h. The resulting mixture
4.2.1. 4-Hydroxystyrene was cooled to room temperature and poured into the acid-

A mixture containing 4-acetoxystyrene (20.0g, 0.12mol) ified ice water. The precipitate was collected, dried, and
and potassium hydroxide (17.0g, 0.31mol) in 170ml of recrystallized from methanol to give 2.12g (65%) of the
H,O was stirred until the suspension of 4-acetoxystyrene desired producs. mp: 94°C; 'H NMR (CDCls, 200 MHz):
disappeared. White crystalline 4-hydroxystyrene was ob-§ 8.95 (s, 1H) 8.15-8.50 (m, 4H), 7.65-7.90 (m, 4H),
tained by bubbling the solution with G@as (yield: 14.6 g, 7.25-7.5 (d, 2H), 6.90 (d, 2H), 6.65-6.85 (t, 1H), 5.65 (d,
99%). mp: 68C; 'H NMR (CDCls, 200MHz): § 7.35 1H), 5.18 (d, 1H)13C NMR (CDCh): § 181, 180.1, 155.6,

(d, 2H), 6.85 (d, 2H), 6.68 (t, 1H), 5.6 (d, 2H), 5.2 (d, 154.8, 134.3, 134.1, 133.2, 133.1, 132.8, 132.0, 131.9,

1H); IR (KBr, cm™1): 3340, 1609, 1510, 1257, 992, 899, 131.0, 126.2, 125.7, 124.8, 122.5, 121.5, 117.1, 111.6;

839. IR (KBr, cm_l): 1673, 1584, 1503, 1440, 1325, 1254,
1157.

4.2.2. 6-[(4-(3-Hydroxypropyl)phenyloxy)]-5,12-

naphthacenequinon&) 4.2.5. Preparation of copolymer P(PNQMA/MMA) (

A mixture of 6-chloro-5,12-naphthacenequinone (0.2g, A solution containing the acrylate monom®&r(223 mg,
0.68 mmol), potassium carbonate (0.82g, 2.05mmol), and 0.47 mmol), MMA (188 mg, 1.88 mmol), AIBN (2 mol%
3-(4-hydroxyphenyl)-1-propanol (0.13g, 0.82mmol) in based on total monomers), and 1,4-dioxane (2ml) in
10 ml of DMF was stirred at 110C for 6 h. The resul- an ampoule was subjected to repeated freeze-thaw cy-
tant mixture was cooled to room temperature, poured into cles before the ampoule was sealed under vacuum. The
acidified cold water. The precipitate was collected, dried, sealed ampoule was heated at°65for 2 h. After poly-
and recrystallized from ethyl acetate/hexane to give 0.24 g merization, the product was precipitated into excess
(90%) of a yellow crystalline produ@. mp 204-205C; methanol. Polymers were filtered off and dried to give
IH NMR (CDCls, 200 MHz): 8 8.90 (s, 1H), 8.36 (t, 1H), 349mg (85%) of P(PNQMA/MMA) %) as a yellow
8.23 (d, 2H), 8.19 (d, 1H), 7.75 (m, 4H), 7.18 (d, 2H), 6.85 powder.

(d, 2H), 3.65 (t, 2H), 2.66 (t, 2H), 1.87 (quintet, 2H}C

NMR: § 182.9, 181.1, 157.5, 152.6, 136.0, 135.5, 135.2, 4.2.6. Preparation of copolymer P(PNQSt/S8) (

134.3, 133.6, 131.8, 130.3, 130.1, 129.9, 129.5, 127.6, A solution containing the styrene-derived mononder

127.1, 127.0, 125.0, 114.8, 62.3, 34.2, 31.2, 29.7; IR (KBr, (0.75mg, 2.0mmal), styrene (0.83mg, 8.0 mmol), AIBN

cm1): 3471, 3045, 2929, 2856, 1668, 1581, 1498, 1425, (2mol% based on total monomers), and 1,4-dioxane (8 ml)

1398, 1344, 1272, 1213, 1168, 1106, 1054. in an ampoule was subjected to repeated freeze-thaw cycles
before the ampoule was sealed under vacuum. The sealed

4.2.3. 6-[(4-(3-Methacryloyloxypropyl)phenyloxy)]-5,12-  ampoule was heated at 66 for 6 h. After polymerization,

naphthacenequinon&) the product was precipitated into excess methanol. Poly-

To a mixture of naphthacenequino€d.4 g, 0.98 mmol), mers were filtered off and dried to give 1.10g (70%) of
triethylamine (0.15g, 1.47 mmol) in 7 ml of THF was added P(PNQSUSt) §) as a yellow powder.
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4.2.7. Film preparation and photo-isomerization [3] M. Lahav, E. Katz, A. Doron, F. Patolsky, I. Willner, J. Am. Chem.
experiment Soc. 121 (1999) 862.
A solution containing the polymeB or 6 (10 wt.%) in [4] F. Buchholtz, A. Zelichenok, V. Krongauz, Macromolecules 26
. X ) . ' (1993) 906.
1,4-dioxane was filtered with a membrane filter of @& (5] J.-M. Kim, H.-Y. Shin, K.H. Park, T.-H. Kim, S.Y. Ju, D.K. Han,

pore size. The filtrate was spin-coated with 400 rpm for 20 s K.-W. Ahn, Macromolecules 34 (2001) 4291.

followed by 2000 rpm for 20 s using a Headway spin-coater [6] A.J. Myles, N.R. Branda, Tetrahedron Lett. (2000) 3785-3788.
to give a ca. 0.pum thick film. The film was exposed to  [7] J. Malkkin, J. Zelichenok, V. Krongauz, A.S. Dvornikov, P.M.
365nm UV or visible light with cut-off filter (410 nm). The Rentzepis, J. Am. Chem. Soc. 116 (1994) 1101.

. . [8] A. Doron, M. Portnoy, M. Lion-Dogan, E. Katz, I. Willner, J. Am.
progress was monitored using a JASCO V-530 spectropho- Chem. Soc. 118 (1996) 8937.

tometer. [9] Y. Yokoyama, S. Fukui, Y. Yokoyama, Chem. Lett. (1996) 355-356.
[10] Z. Fang, S. Wang, Z. Yang, B. Chen, F. Li, J. Wang, S. Xu, Z. Jiang,

T. Fang, J. Photochem. Photobiol., A 88 (1995) 23.
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