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Novel Photochromic Molecules Based on 4,5-Dithienyl Thiazole with
Fast Thermal Bleaching Rate
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Novel photochromic triangle terarylenes are synthesized, and their photochromic properties and thermal
bleaching kinetics are investigated. Fairly high photochemical coloration reactivity is observed with
photochemical quantum yield as high as 0.6 for 4,5-dithienyl thiazole derivative. Introduction of phenyl-
ethynyl groups into the molecular structure allows systematic control of thermal cycloreversion time
constant over 10times, and the half-lifetime shorter th& s isachieved at 303 K. The kinetic analysis
of thermal cycloreversion reaction clearly shows significant contribution of frequency facfonovel
molecular designing concept for systematic control of thermal bleaching reaction rate is presented without
taking bulky functional groups on reaction center.

Introduction type photochromic molecules, fulgidend diarylethené,
have also attracted much interest recently because they show

Considerable interest has been focused on organic pho-ajrly high stability in both the colored and the bleached states
tochromic molecules from the viewpoints of fundamental ynder dark at ambient temperature. The specific thermal
organic photochemistry and also of practical applications as stability of these molecules would make them possible to
photoresponsive materiadisSpirooxazines and naphthopyr- be used as the active material for future photomemory
ans, for example, show photoinduced coloration upon UV medium. Another specific nature of these hexatriene type
light irradiation and the spontaneous backward bleaching in photochromic molecules is the high-performance photochro-
dark, which makes them possible to use as light-modulating mic reaction in solid states® Some of them, indeed, show
materials for eyewedrSeveral such photochromic molecules reversible photochromic reactions in polymer matrixes,
showing photocoloration and thermal bleaching reactions organic glass matrixes, thin film, and even in single-
have been reported, and some of them are currently used asrystalline state. Photochromic quantum yields of some
the active materials in practical sunglass. The performancediarylethenes in single-crystalline state have been reported
of these photochromic molecules for the practical light- to be almost unity.Moreover, diarylethenes are known to
modulating materials, such as degree of coloration responseshow excellent fatigue resistivity for repetitive photochromic
thermal bleaching time constant, and fading temperature, hastycles:® These photochromic properties of the hexatriene-
been studied and discussed in connection with the funda-Pased photochromic molecules have stimulated further stud-
mental photochemical properties such as photochemical
reaction mechanisrfhguantum yield, and thermal bleaching  (5) (a) Heller, H. G.; Oliver, SJ. Chem. Soc., Perkin Trans. 1081,

S . BN . L 197-202. (b) Yokoyama, YChem. Re. 200Q 100, 1717-1739.
kinetic parameter@:Fa_tlgue reS|st_|V|ty and fast fadlng klne_tlcs (6) (a) Irie, M. Chem. Re. 200Q 100, 1685-1716. (b) Irie, M.; Mohri,
are currently attracting much interest for use in vehicles. M. J. Org. Chem1988 53, 803—-808. (c) Fukaminato, T.; Kobatake,

; ; ; S.; Kawai, T.; Irie, M.Proc. Jpn., Acad. Sci. R001 77, 30—35.
Besldes thes? photochromic molecules _Showmg the_rmal (7) (a) Kawai, T.; Koshino, T.; Nakazono, M.; Yoshino, &hem. Lett.
fading properties, two classes of well-established hexatriene- 1993 697—700. (b) Tanio, N.; Irie, MJpn. J. Appl. Phys1994 33,
1550-1553. (c) Tanio, N.; Irie, MJpn. J. Appl. Physl994 33, 3942-
3946. (d) Ebisawa, F.; Hoshino, M.; Sukegawa Appl. Phys. Lett.
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(1) PhotochromismBrown, G. H., Ed.; Wiley-Interscience: New York, Y. Chem. Mater1998 10, 1945-1950.
1971. (8) (a) Kawai, T.; Koshido, T.; Yoshino, KAppl. Phys. Lett1995 67,
(2) Organic Photochromic and Thermochromic Compoui@tsno, J. C., 795-797. (b) Kawai, T.; Fukuda, N.; Gsehl, D.; Kobatake, S.; Irie,
Guglielmetti, R. J., Eds.; Plenum Press: New York, 1999. M. Jpn. J. Appl. Phys1999 38, L1194-L1196. (c) Kim, M.-S.;
(3) (a) Lareginie, P.; Lokshin, V.; Samat, A.; Guglielmetti, R.; Pepe, G. Kawai, T.; Irie, M. Chem. Lett.2001, 702-703. (d) Kim, M.-S.;
J. Chem. Soc., Perkin Trand996 2, 107-111. (b) Maeda, S.; Kawai, T.; Irie, M. Opt. Mater.2002 21, 271-274. (e) Kim, M.-S ;
Mitsuhashi, K.; Osano, Y. T.; Nakamura, S.; Ito, Mol. Cryst. Liq. Maruyama, H.; Kawai, T.; Irie, MChem. Mater2003 15, 4539~
Cryst. 1994 246, 223-230. (c) Nakamura, S.; Uchida, K.; Muraka- 4543.
mmi, A.; Irie, M. J. Org. Chem1994 58, 5543-5545. (9) (a) Kobatake, S.; Irie, MBull. Chem. Soc. Jpr2004 77, 195-210
(4) (a) Pardo, R.; Zayat, M.; Levy, OJ. Mater. Chem2006 16, 1734 and references therein. (b) Kobatake, S.; Matsumoto, Y.; Irie, M.
1740. (b) Favaro, G.; Malatesta, V.; Mazzucato, U.; Ottavi, G.; Angew. Chem., Int. EQ005 44, 2148-2151. (c) Irie, M.; Kobatake,
Romani, A.J. Photochem. Photobiol., A995 87, 235-241. (c) S.; Horichi, M. Science2001, 291, 1769-1772. (d) Morimoto, M.;
Coelho, P. J.; Salvador, M. A,; Oliveira, M. M.; Carvalho, L. M. Kobatake, S.; Irie, MChem. Rec2004 4, 23—38. (e) Kobatake, S.;
Photochem. Photobiol., 2005 172, 300-307. Uchida, K.; Tsuchida, E.; Irie, MChem. Commur2002 2804-2805.
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Scheme 1. Chemical Structures of TA-1, TA-2, TA-3, and 1.2
TA-4
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TA4: Rem Ros Rus Roz —— Figure 1. Absorption spectral change -1 upon UV irradiation (313
i Ri=Re=Rs=Rs= =—Pn nm) in hexane (concentratioa 3.3 x 1075 M).
ies as active materials for future photomemory and photo- 0.04
switching material$! Recently, some novel classes of (@)
photochromic hexatriene molecules have been reported. One 0.03

of the authors has proposed a new class of the hexatriene-

[2]
type photochromic molecules with 1,2-diaryl-arylene type %0-02
structure, so-called as “triangle terarylene”, which can by
modulate ther-conjugation connection pathway with the 0.01 / /w
photochromic reactions. NS~
Because of the specific photochromic performance of 0400 500 po 00 800
hexatriene-type photochromic molecules, one may expect to Wavelength / nm

develop the light-modulating materials with photoinduced Figure 2. Differential absorption spectral change™4-4 after flash UV
coloration and thermal bleaching properties on the basis of light irradiation at 293 K in toluene. Each trace corresponds to (a) 0 s, (b)
the hexatriene-type structure. One of the well-known hexatriene4-1 s, (c) 16 s, and (d) 28 s later following the irradiation. (Acquisition
type molecules iscis-stilbene, which undergoes photo- tme intervalwas 1 ms.)

cyclization to form thermally unstable ring-closed form  Table 1. Optical Properties and Arrhenius Parameters of Thermal
isomer. The thermal cycloreversion reactiorctsstilbene Cycloreversion Reaction of TA-1, TA-2, TA-3, and TA-4

at room temperature is too fast to characterize the ring-closed Ama{nm tyz (k1)

form as the photoproduét.Nakamura and Irie have reported (A0Mtom)? EdfkImof? AY10MsT at20°C

that much larger aromatic stabilization on benzene unit is TA-1a 266 (3.5)

o o . TA-1b 600 (0.94 92 016  14d
an origin of the thermal reactivity of ring-closed form of 555 333 §4.07y >
cis-stilbene. Less aromatic units such as thiophene or pyrrole TA-2b 637 (-)° 83 1.4 51 min
introduced as the aryl units in the diarylethenes are expected TA-3a 328 (3.3§ _

L . TA-3b 610 ()¢ 91 18 94 min
to enhance the activation energy barrier of the thermal 154, 329 (4.5%
cycloreversion reaction in the ground st&t&y controlling TA-4b 648 (—)° 83 930 54s

aromaticity, therefore, unique photochromic materials based  a at room-temperature? in hexane® In methanold In toluene.

on the hexatriene structure are expected, which show high-

performance photochromic reaction even in solid state and In the present study, photochromic molecules based on
fatigue resistivity and fast thermal fading rate constant at 4,5-dithienyl thiazole structutgwhich show large photo-
room temperature. Diarylethenes having bulky substituent coloration quantum yield and rapid thermal fading kinetics
groups at the reacting carbon atoms have been reported tat room temperature are presented. By choosing the numbers
show relatively high fading rate and low photobleaching and kinds of aromatic groups, the fading kinetics can be

properties at the elevated temperattire. tuned. Moreover, specific substituent effect on thermal
bleaching kinetics is observed, which significantly contributes
(10) (a) Irie, M.; Lifka, T.; Uchida, K.; Kobatake, S.; Shindo, €hem. to the bleaching lifetime as shors & s aroom temperature.

Commun1999 747-750. (b) Irie, M.; Uchida, KBull. Chem. Soc.
Jpn. 1998 71, 985-996.

(11) (a) Koshido, K.; Kawai, T.; Yoshino, KSynth. Met1995 73, 257— Experimental Section
260. (b) Tsivgoulis, G. M.; Lehn, J.-MAngew. Chem., Int. Ed. Engl.
1995 34, 1119-1122. (c) Norsten, T.; Branda, N. B. Am. Chem. Organic chemicals were purchased from Nacalai tesque, Wako,

Soc.2001, 123 1784-1785. (d) Giordano, L.; Jovin, T. M.; Irie, M.; ;

Jares-Erijiman, E. AJ. Am. g:r)nam. So@002 124, 7481-7489. (e) and TCI and were used as receivéid.NMR (300 MHz) and**C
Kawai, T.; Sasaki, T.; Irie, MChem. Commur2001, 711-712. (f) NMR (75 MHz) were recorded on a JEOL AL-300. Mass spectra
Irie, M.; Fukaminato, T.; Sasaki, T.; Tamai, N.; Kawai, Nature
2002 420 759-760. (g) Tian, H.; Chen, B.; Tu, H.; Mullen, KAdv.
Mater. 2002 14, 918-923. (h) Kawai, T.; Nakashima, Y.; Irie, M. (15) (a) Morimitsu, K.; Shibata, K.; Kobatake, S.; Irie, M. Org. Chem.

Adv. Mater. 2005 17, 309-314. (i) Dulic, D.; van der Molen, S. J.; 2002 67, 4574-4578. (b) Morimitsu, K.; Shibata, K.; Kobatake, S.;

Kudernac, T.; Jonkman, H. T.; de Jong, J. J. D.; Bowden, T. N.; van Irie, M. Chem. Lett2002 572-573. (c) Kobatake, S.; Uchida, K;

Esch, J.; Feringa, B. L.; van Wees, B.Rhys. Re. Lett. 2003 91, Tsuchida, E.; Irie, MChem. Lett200Q 1340-1341.

207402-207600. (16) (a) Nakashima, T.; Atsumi, K.; Kawai, S.; Nakagawa, T.; Hasegawa,
(12) Kawai, T.; Iseda, T.; Irie, MChem. Commur2004 72—73. Y.; Kawai, T.Eur. J. Org. Chemln press. (b) Nakagawa, T.; Atsumi,
(13) Waldeck, D. HChem. Re. 1991, 91, 415-436. K.; Nakashima, T.; Hasegawa, Y.; Kawai, Them. Lett2007, 36,

(14) Nakamura, S.; Irie, MJ. Org. Chem1988 53, 6136-6138. 372-373.
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Figure 3. Comparison of photochromic coloration and spontaneous bleachifig-gf and TA-1 at room temperature (ca. 288 K).
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103 T/ K of corresponding aryl bromides and aryl pinacol borate as
ven o0 G40 A28 A described in the Supporting Information.
00 | '\"\r:-jh Each colorless solution diA-1a, TA-2a, TA-3a, andTA-
i "‘T::b 4a turned blue-green upon UV light irradiation, and the
x -3.00 | TA-3b colored solutions were bleached by visible light irradiation
S 500 | or spontaneous thermal cycloreversion reaction under dark
| \\ condition. Reversible absorption spectral change was ob-
AL TR i
served at room temperature in all compounds, and the
-9.00 | presence of isosbestic points supported the reversible two-

Figure 4. Arrhenius plots of the thermal cycloreversion rate constant of

mponent photochromic reaction schemes. Th loration
TA-1, TA-2, TA-3, andTA-4 in toluene. component photochromic reaction schemes € coloratio

and decoloration cycles can be repeated at least 20 times

were measured with a mass spectrometer JEOL JMsS-T100Lc Without any photodegradation. Figure 1 shows absorption
AccuTOF. Purification by high-performance liquid chromatography SPectral change ofA-1a with the photochromic reaction
(HPLC) and gel permeation chromatograph (GPC) was performed @S a typical example, and optical properties of each com-
with an HPLC system (JACSO PU-2080, UV-2075) and a GPC pound are summarized in Table 1. Thgy of the bleached
system (JASCO PU-2080, UV-2086) with appropriate columns. and colored states tends to shift to longer wavelength by
UV—vis absorption spectra were recorded on a JASCO V-550 introducing phenyl ethynyl units. Remarkable red-shift of
spectrophotometer. Transient spectra after photoexcitation werethe absorption band of the colored state BA-2 in
recorded by an S2000 system (Ocean OpfitAn excitation pulse comparison with that ofTA-3 also suggests that the

was generated by a short arc xenon flash lamp (SA-200E, Nisshin o, 5yimum wavelength of the colored state is predominantly
Electronic, Tokyo, Japan). Rate constants were estimated by fitting affected by the expansion of theconjugation system in

the absorbance decay with single-exponential curves. Absorptionthe cvelohexadiene tvpe rina-closed form structure. in a
spectra in a polymer matrix were measured by using an Olympus y xadl ype rng ucture, 1

BX-51 optical microscope connected with a Hamamatsu PMA-11 Similar manner to triangle terthiophe#feThis is ascribed
photodetector with an optical fiber. An ultrahigh-pressure Hg lamp 10 the rerouting and switching effect of theconjugation
(500W) and a Hg Xe lamp (150 W) were used as light sources €xpansion reported in diarylethenes witkconjugated mo-

for steady-state measurements. The photochromic quantum yieldlecular units introduced on the carbon atoms of the reaction
was determined by using 1,2-bis(5-(2,4-diphenylphenyl)-2,4-dim- center!® which also seemed to be applicable for these
ethyl-3-thienyl)perfluorocyclopentene in hexane solution as the terarylene derivatives.

reference’ Ring-closed form ofTfA-1 was isolated from the colored
_ . solution by reversed-phase HPLC using methanol as the
Results and Discussion eluent, and its chemical structure was determined tG/e
In the present study, four photochromic 4,5-dithienyl 1b |Ilqstrated in Sc.he.mell on the basis'sdlf NMR spectrum:
thiazole derivativesTA-1a. TA-2a. TA-3a. and TA-4a That is, characteristic signals of methyl protons of the ring-

whose molecular structures are shown in Scheme 1, arecloSed form isomeFA-1b were observed at 2.41, 2.31, 2.29,
prepared and their photochromic and thermal bleaching@d 2.12 ppm. The ring-closed form isonieA-1b was
kinetics are studied. Thiazole unit is introduced as the central Stable under dark condition at room temperature, whereas
aromatic moiety instead of thiophene unit in “triangle the colored isomers oTA-2b, 3b, and4b spontaneously
terthiophene’216 ower steric hindrance between the central tgrr_led bagk to the original bleac_hed state. Therefore, it was
aromatic group and the side thiophene units is expected todlffIC_u|t to isolate those Col_ored isomers fr_om their colo_red
be advantageous for photocyclization reacfibtmproved solu_t|0n_s. The photochemlcal quantum yields of the ring-
chemical stability against oxidation is also expected for the Cyclization reaction fronTA-1a to TA-1b and of the reverse
thiazole groups. The phenylethynyl groups were introduced reaction were evalua_ted to be 0.6 and 0.07, respectively. The
to modify the relative stability between the ring-open and former valu_e is cor_1$|derably large and no less than those of
ring-closed form isomers. The molecules shown in Scheme Well-éstablished diarylethenes so far repoftddh-1a also

1 were synthesized by conventional cross-coupling reactions

(18) (a) Peters, A.; McDonald, R.; Branda, N. ®Bhem. Commur002
2274-2275. (b) Tanifuji, N.; Irie, M.; Matsuda, KI. Am. Chem. Soc.

(17) Imamoto, Y.; Mihara, K.; Tokunaga, F.; Kataoka, Biochemistry 2005 127, 13344-13353. (c) Tanifuji, N.; Irie, M.; Matsuda, KChem.
2001, 40, 14336-14343. Lett. 2005 34, 1580-1581.
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(a) (b) (c) (d)

before irradiation 0 sec 10 sec 30 sec

Figure 5. Photochromic coloration and spontaneous bleachingfe#t dispersed in PMMA film at room temperature (ca. 288 K).

(@) 020

at 249 K. At 273 K, the split signals merged into two peaks
at 2.25 and 2.00 ppm, which indicates thermal tautomeriza-
tion in the ring-open form isomérA-4a. From the merging
temperature of the signalsAG* of the conformational
tautomerization was estimated to be cax5L0' kJ mol?
by using the Eyring equation. Similar splitting in NMR peaks
has already been reported for photochromic diarylethenes
and was assigned to the rotational isomerization around the
single bonds between the aryl units and the central ethene
unit.!® In the colored state ofA-4, additional NMR peaks
were observed at 2.59 and 2.32 ppm at 249 K, which can be
400 500 600 700 attributed toTA-4b.
wavelength/nm We then investigated the thermal cycloreversion kinetics
ti / of TA-1, -2, -3, and-4 at various temperatures in toluene.
0 10 'mezo sec 30 40 The absorption spectrum of colored state was measured at
(b) 00 o ‘ elevated temperature, and the bleaching of visible absorption
band was detected. The flash lamp-induced photochromic
coloration and rapid thermal bleaching can be repeated for
L more than 100 times with no marked degradation. Figure 2
‘*.‘ shows differential absorption spectra BA-4, which was
—20 e acquired at certain time intervals after flash UV light
irradiation. The rapid decrease of absorption band at 648
-30 * o nm indicates thermal bleaching froA-4b to TA-4a and
b . the absorbance decay followed the single-exponential kinet-
—40 ics. The first-order cycloreversion reaction rate constant
' was evaluated to be 0.14%'sat 293 K. The rapid bleaching
50 of the colored solution offA-4 at room temperature (ca.
Fi 6 ’ ! . - ) 288 K) is demonstrated in Figure 3A-1 maintained its
gure 6. (a) Absorption spectral change in the visible region of . ) . .
TA-4 with thermal cycloreversion in a PMMA film. (b) Decay line of ~ Color at 30 s after the UV light irradiation, whileA-4 was
peak absorbance by thermal cycloreversion reactiohfeft in a PMMA almost bleached at that time. Figure 4 shows the temperature
film. dependence of the first-order thermal cycloreversion reaction
showed photochromic coloration and bleaching even in rate constantk for each photochromic compound. The
polycrystalline powder state, which suggests photochromic activation energyt,) and frequency factor) are estimated
reactivity even in crystalline state. The lower photochemical from the linear regression lines and are summarized in Table
quantum yield of the photochromic cycloreversion reaction 1. The presen, values are considerably smaller than those
than that of the cyclization reaction allows high contrast of diarylethened>2°The molecules have three aromatic units
coloration under the illumination of ambient light. The in the ring-open form isomers, and those aromatic units
similar effect would be also expected for other 4,5-dithienyl collapse simultaneously on the photocyclization reaction,
thiazole derivative§A-2, -3, and-4 since the introduction ~ which makes the ring-closed form unstable and is partly
of arylethynyl units into the reacting carbon atoms did not responsible for the faster cycloreversion kinetics. On the other
affect much the ring-cyclization reactid®. The UV irradi- hand, the frequency factors of the thermal cycloreversion
ated colored solutions &fA-2 andTA-3 showed additional ~ reaction were progressively enhanced by the increase of the
NMR signals of three methyl groups at 2.54, 2.17, and 2.16 humber of phenylethynyl groups introduced. In particular,
ppm and at 2.46, 2.27, and 2.18 ppm, respectively, which the frequency factor oTA-4b is considerably larger than
were attributed to the ring-closed form isom&w-2b and those of diarylethene'$;2° which is also responsible to the
TA-3b, respectively. The colored state 3A-4 was Sso rapid bleaching of colored state ©A-4 in combination with
unstable at room temperature that NMR study was conducted
at 249 K. In the originall A-4a solution, two methyl groups ~ (19) Irie, M.; Miyatake, O.; Uchida, K.; Eriguchi, 0. Am. Chem. Soc.
exhibited doubly split NMR signals with the ratio of about (20) #%iiéiasfsggbatake, S.: Kawai, T.: Irie, @hem. Lett2003 32,
1.1 (2.45 ppm):1.8 (2.11 ppm):1.9 (2.05 ppm):1.2 (1.88 ppm) 892-893.
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the small activation energy. The present results suggest thaexistence of plural structural isomers of colored photomero-
introduction of rigid phenylethynyl groups onto the reacting cyanines or a nonuniform distribution of the free volume in
carbon atoms of the cyclohexadiene structure would enhancea polymer seems to be responsible for the complicated and
the frequency factor and reaction rate constant of the thermalrelatively slow fading kinetics. On the other hand, unity in
cycloreversion reaction. The half-lifetimes at 293 K of each the photoproduct and the smaller free volume necessary for
ring-closed isomer extrapolated from the temperature de-isomerization are expected in the case of hexatriene-based
pendence are also summarized in Table 1. Interestingly, theterarylenes.
half-lifetime t;, of TA-4 became 5 orders of magnitude
shorter than that ofTA-1 by the introduction of four
phenylethynyl groups at 2,5-positions of both side thienyl ~We have synthesized novel terarylene derivatives on the
groups. This value is short enough for the practical applica- basis of 4,5-dithienyl thiazole with high coloration
tion to light-modulating sunglass. reactivity. Time constant of thermal cycloreversion of
The UV light-induced coloration and spontaneous bleach- terarylene derivatives could be modulated ove? tiies
ing of TA-4 were also observed in a polymer matrix. As by introducing phenylethynyl groups. In particular, four
shown in Figure 5, poly(methylmethacrylate) (PMMA, Mw  phenylethynyl-containing’A-4 shows efficient coloration
= ca. 1x 1) film containedTA-4 colored with UV light under ambient sunlight and rapid bleaching under dark
irradiation and was bleached thermally in 10 s at room condition, suggesting possibility of light-modulating function
temperature. Absorption spectral change and the decay linewith thermal bleaching time shorter than 10 s at 293 K and
of absorbance peak @fA-4 are shown in Figure 6. The tone even shorter thal s at 313 Keven in polymer matrix.
of color in PMMA is almost the same as that of in solution,
while the absorption maximum slightly shitted to longer
\li\;i\:teifsng\t/tn T:iofge]{i:&al Tfr?:cglureaﬁv\tggoevgI:}';‘:’;_g;ger Hierarchical Structure” an.d _also by Grant-?n-Aid for Scientific
o ) . Research (B) from the Ministry of Education, Culture, Sports
be 0..11 s, which is almost gqual to_that o_bserved iN" Science, and Technology, MEXT, Japan.
solution. The spontaneous fading of spirooxazine has been
reported not to obey a single-exponential kineticThe Supporting Information Available: Detailed experimental
section including description of the preparation and characterization
(21) Voloshin, N. A.; Metelitsa, A. V.; Micheau, J. C.; Voloshina, E. N.;  Of compoundsTA-1, -2, -3, and-4. This material is available free

Besugliy, S. O.; Shelepin, N. E.; Minkin, V. I.; Tkachev, V. V.;  of charge via the Internet at http://pubs.acs.org.
Safoklov, B. B.; Aldoshin, S. MRuss. Chem. Bull. Int. EQ003 52,
2038-2047. CM0630340
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