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ARTICLE INFO ABSTRACT

Article history: We designed and synthesized photochromic diarylethdor a write-by-light/erase-by-heat
Received recording system. The introduction of polar substits at both sides of the diarylethene
Received in revised form maintained the photocyclization and photocyclorsiger reactivities, but significantly changed
Accepted the thermal cycloreversion reactivity. The introtioic of electron-withdrawing substituents
Available online accelerated the thermal reaction and the introdncof electron-donating substituents

suppressed the thermal reaction. The rate congihtiie thermal reaction were well correlated
with Brown-Okamoto's substituent constamt that is a modified value of Hammett's

Keywords: . . .

. substituent constamt. The large rate constants are ascribed to therlaatévation energy for
Photochromism . . .
Diarylethene th_e thermal react|on._ These results provide ne_vwvle’dge for the molecular design of
Substituent Effect diarylethenes for a write-by-light/erase-by-heabreling system.

Thermal Reactivity 2019 Elsevier Ltd. All rights reserved

Substituent Constant

1. Introduction the substituent (B at the reacting positions of a typical

) ) . . diarylethene derivative changes from methi®)(to methoxy
Materials that can reversibly switch their color éattracted groups Po), the photocycloreversion quantum  yields

much attention because of the various possibilitfespplication extraordinarily decrease by a factor of 1000, wherdae
for rewritable media and switching devices. Photogfise iS¢y cjization quantum yields are almost constant.[08] the other
defined as a photoreversible transformation betvi@erisomers  pang the introduction of the bulky substituentstiet reacting
having different absorption bands [1]. Photochrogompounds positions leads to accelerating the thermal cyefension
can be switched between two states upon photoirradiathere  (a5ction [17]. As a result, a diarylethene derivatiwith the
are two types |n.the photochromic systems: T- artglp_Es. T- cyclohexyloxy group at the reacting positions hasecic
type photochromic cqmpounds undergo thermal ba@d{tlms of photochromic properties [18]. Thus, 1,2-bis(2-cieryloxy-5-
the photogenerated isomers. Azobenzene [2], spiaopi8,4],  phenyl-3-thienyl)perfluorocyclopentene 30)  undergoes  the
spirooxazine [4], naphthopyran [5], and hexaargiimiazole [6]  photocyclization reaction with a moderate quantueidyof 0.43.
are known as the representative T-type photochromig, conrast, the photocycloreversion reaction shisited as can
compounds. T-type photochromic compounds can bél s g seen from the extraordinarily low quantum yield@x10™.
photomodulated materials such as ophthalmic lefgsin  yowever, the thermal cycloreversion reaction takesewith a
contrast, P-type photochromic compounds are théynsthble it jife time of 45 s at 160 °C, whereas the calorgomer is
for both isomers. The photoge_nerated isomer retmrnise initial significantly stable at room temperature. Theseerties are an
isomer only by photoreaction. The representativelyP®-  ,qvantage for application to a write-by-light/erbseheat
photochromic compounds are diarylethene [8], fuiigide [9],  yecording system. It is desirable to design didhgee molecules
and  phenoxynaphthacenequinones  [10]. ~Among  theMynose closed-ring isomers exhibit the thermal cynlersion

diarylethenes_ have the most excellent propertieb si$ fatigue  (aaction at temperatures much lower than 160 °C et

reS|stancez high eenS|t!V|ty, and ra_p|d responﬂd,_aie expected enough stable at room temperature.

to be applicable in optical memories [11], photécgdtswitches

[12], displays [13], nonlinear optics [14], and phr@sponsive An introduction of electron-withdrawing substituents lmoth

actuators [15]. sides in therrconjugation of diarylethene leads to the fast
thermal cycloreversion reaction [19]. Here, triflaorethyl,

The photochemical and thermal properties of didgngiees cyano, and formyl groups have been introduced astctron-
can-be modified by changing the substituent. Famg{e, when

OCorresponding author. Tel.: +81-6-6605-2797; f&t-6-6605-2797; e-mail: kobatake @a-chem.eng.osake:§p
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withdrawing substituent at both sides of diarylethefer . 1o

comparison, methoxy groups have been introducedthas (@) (b)
electron-donating substituent and trifluoromethgbups at two LT |
m-positions have also been introduced. Thermalocgekrsion §o°r § 08}
reactivities of the closed-ring isomers were coteglausing 804 804
, . . . < <
Hammett's polarity parameters to reveal the effdcinductive o2l o2l
and resonance of the substituents to the thernmdbreywersion L N\ L o
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Fig. 1. Absorption spectral change of @J2.19x10° M in n-hexane),
(b) 5 (1.63%10° M in dichloromethane), (6 (1.84x10° M in
dichloromethane), (dj (1.71x10° M in n-hexane), and (€9 (1.66x10°
M in n-hexane) by photoirradiation: open-ring isomer ¢klaolid line),
solution in the photostationary state under irréaiiawith 313 nm light
Scheme 1. Molecular structure of diarylethenes used in wnisk. (blue dashed line), and closed-ring isomer (bldiel $ine).

) ) Amax Molar absorption coefficient, and photocyclizatiand
2. Resultsand discussion photocyclization quantum vyields. Thé, . for 4-8 were

. determined to be 0.38, 0.45, 0.46, 0.33, and O&&pectively.
2.1 Photochromism There is hardly any changedn,_,. compared to that & (d,_. =

Diarylethenes 40-80 prepared in this work undergo 0.43) [18], which indicates that high photocyclipatireactivity

photocyclization reactions as well as diarylethebes3o upon ~Was maintained. Moreover, thé.,, values for 4-8 were
irradiation with ultraviolet (UV) light. Fig. 1 showabsorption  determined to be 4.6xI) 1.5x10°, 8.6x10° 1.5x10", and
spectral changes of-8 in n-hexane or dichloromethane. The 5.9x10% respectively. Thab., hardly changed in comparison
open-ring isomersdo-8o are colorless and have absorptionWith that of 3 (®., = 6.4x10") [18], which means that high
maximum wavelength\(..) at the range from 310 to 369 nm. photostability was also maintained. Thus, it was tbtmat the
Upon irradiation with 313 nm light, a new absorptiband  ®o.c and®._,, were hardly affected even when substituents were
derived from the closed-ring isomers appeared @ wfsible introduced into the terminal phenyl groups of tharylethene
region and the solution color turned to blue. Thg, of 4c-8c  having the cyclohexyloxy group at the reactive foss. Thus,
appeared at 635, 640, 664, 673, 645, and 638 rspectvely. diarylethenesA4—8 have the good photocoloration reactivity and
The photogenerated closed-ring isomers were stablewan  the high photostability in the colored state enofghuse as the
temperature and they were possible to be isolatedHByC.  write-by-light/erase-by-heat recording system.
Upon irradiation with visible light, the closed-rinigomers
returned to the open-ring isomers very slowly. The
photocyclization and photocycloreversion quantueldg (., ..  2.2. Thermal cycloreversion reactivity
and @._,,) of 4-8 were examined to quantitatively discuss the

photochemical reactivity of the diarylethenes. Eatil shows The thermal reactivity ofic—8c in toluene was investigated.

Tablel
Optical properties im-hexane.
. Open-ring isomer Closed-ring isomer
Diarylethene o T Dy e De o Ref.
Ama{nm e/M™cm Ama{nm /M ~cm
1 280 35600 575 15600 0.59 0.0083 20,21
2 309 33000 625 15000 0.44 1.7510 16,18
3 313 34000 635 13000 0.43 6.4%x10 18
4 326 42700 640 13500 0.38 4.6510 This work
59 347 59700 664 14200 0.45 1.5x40 This work
6% 369 56000 673 17500 0.46 0.86%10 This work
7 310 41500 645 17900 0.33 1.5%40 This work
8 327 39300 638 12700 0.35 5.9%10 This work

a) In dichloromethane.
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Fig. 2. Thermal bleaching behavior of 4, (c) 5c, (e)6c, (g) 7c, and

(i) 8cin toluene. Absorbancé) was monitored at the maximum
wavelength of the closed-ring isomer. The firstesrglots for the decay
curves of4c, 5¢, 6c, 7¢, and8c are shown in (b), (d), (f), (h), and (j),
respectively.

The closed-ring isomergc-8c underwent thermal bleaching
reactions from blue to colorless. The absorpticecsp after the
thermal bleaching reaction remained almost the saméhe
shape and intensity compared with the absorptiootspef the
open-ring isomers. This indicates that the therbiahching is
ascribed to the cycloreversion reaction from thesedl-ring
isomer to the open-ring isomer. Fig. 2 shows decayes of the
absorption peaks ofic-8c in toluene. The absorbance of the
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Fig. 3. Temperature dependence of the rate constantdaghérmal
bleaching reaction afc (o ),5c (e ),6c (o), 7c(m ), and8c ( A ) in
toluene.

closed-ring isomers &, decreased slowly above 60 °C. The
decay curves followed the first-order kinetics plo&és also
shown in Fig. 2. The rate constantk) (for the thermal
cycloreversion reactions odc-8c were determined from the
slope of the first-order kinetic plot

Fig. 3 shows the temperature dependendefof the thermal
bleaching reaction oic-8c. The kinetic parameters (activation
energy E) and pre-exponential factorA)) of the thermal
bleaching reaction were calculated from the slope &me
intercept of the linear relationship and are suniedrin Table
2. TheE, values for4-8 were determined to be 114, 109, 113,
131, and 113 kJ mdi respectively. TheE, values for the
diarylethene derivatives introduced electron-withdrey
substituents4, 5, 6, and8) are smaller than that 8f(E, = 120 kJ
mol ), while theE, value for diarylethene introduced electron-
donating substituent7) is higher. This result indicates that the
introduction of the electron-withdrawing substituetgads to a
decrease inE, which is a preferable condition for the
acceleration of the thermal bleaching reactivity. e other
hand, theA values for4-8 were determined to be 2.2%i0
8.8x10", 3.0x10% 2.4x16° and 4.2x1 s, respectively. The
A values for diarylethenes introduced electron-witladng
substituents4, 5, 6, and8) are also smaller than that 8f(A =
4.4x10% s, while the A value for diarylethene electron-
donating substituent7) is higher. This result indicates that the
introduction of the electron-withdrawing substitueatso leads
to a decrease i\, which is an unpreferable condition for the
acceleration of the thermal bleaching reactivity. compare the
thermal bleaching reactivity, tHevalues for3-8 at 120 °C were
calculated to be 5.0x18 1.6x10° 2.9x10°% 2.9x10° 9.4x10°,
and 4.1x10° s, respectively, using the kinetic parameters. The
introduction of electron-withdrawing substituents elecated the

Table2
Thermal bleaching properties &é-8c in toluene.
Diarylethene at ilzc; oc EJ/kJ morl?* Alst attl/i/gg)lqc t;{gg n:? Reference

1c? 4.4x10° 139 1.3x1 2600 46000 20
2c 1.3x10° 137 2.1x16 880 13000 16,18
3c 5.0x10* 120 4.4x18 23 67 18
4c 1.6x10° 114 2.2x18 7.4 12 This work
5¢c 2.9x10° 109 8.8x18 4.0 4.0 This work
6c 2.9x10° 113 3.0x167 4.0 5.9 This work
7c 9.4x10° 131 2.4x18 120 1050 This work
8c 4.1x10° 113 4.2x18 2.8 4.2 This work

a) In 3-methylpentane.
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Table3
The polarity parameters of the substituents andkithetic
parameters for the thermal cycloreversion reaction

log(k/ki)

SUbEtz't”e”t - o 00U Examort logars?
H 0 0 0 120 126
p-CFs 054 061 0505 114 123
p-CN 066 066 0763 109 11.9
p-CHO 042 073  0.763 113 125
p-OCH,  -027  -078  -0.726 131 13.4
mm(CR), 2x043 2x052  0.914 113 126

reaction and the introduction of electron-donatswypstituents
suppressed the reaction. This result clearly indicahat the
thermal cycloreversion reactivity is largely infheed by thes,
value than thé\ value.

When these materials are applied as a rewritalperpahe
stability of the colored state at room temperatisrémportant.

of the inductive effect and the resonance effeu, thea” values
proposed by Brown-Okamoto have been widely adopteitien
electrophilic reaction. Furthermore, using the égumaproposed
by Yukawa-Tsuno, the electronic effect of the substits can be
separated into a contribution of the inductive aedonance
effects.

Hammett's plot was performed as shown in Fig. 4a. The
natural logarithm of the rate constant of the sultsd
diarylethenes relative to the unsubstituted digingee (logk/ky))
at 120 °C was plotted for the value. Although the electron-
withdrawing substituents exhibited a linear relatitan the o
value, the electron-donating substituent was ouhefrelation.
Thus, the o value was replaced into the® value. The
relationship using the” value showed a linear relationship for
both the electron-withdrawing and the electron-dowsati
substituent. It means that the thermal cyclorewerseaction is
affected by not only the inductive effect but atke resonance
effect. However, the resonance effect of the methgsgup
negatively affected the reaction. Thus, the laggnance effect
of the methoxy group is considered to contribute the
stabilization of the energy level of the closedyritsomer,

The half-life time {y;,) of the thermal cycloreversion reaction at resulting in the small reactivity. The normal laglam of the pre-
room temperature (25 °C) was at least 4 months Far t exponential factor (logy)) and theE, values were plotted versus

diarylethenes synthesized in this work. These resudticate that

o’ All of the values are linearly related to the ditbent

these diarylethenes have sufficient stability fomenon use as a constant. As the substituent constant value incsgakeE, and

write-by-light/erase-by-heat recording system.

2.3. Relationship between the substituent and the thermal
cycloreversion reactivity

The thermal cycloreversion reaction is expected b®
influenced by both the inductive effect and resaeaaffect of

log(A) values decrease, while the Ikf()) increases. This result
also indicates that the magnitude of the electrahdrawing
property of the substituent has a large influenoette E, as
mentioned above, resulting in an increase of the canstant.
The relationship between the substituent constadttha rate
constant would provide a guideline for molecular igkesto
synthesize molecules exhibiting a desired thermahdhing
reactivity.

the substituent Rbecause the substituent affects the electron
density in ther-conjugated system of the diarylethene closed-

ring isomer. To elucidate the relationship betwdenintroduced
substituents and the thermal properties, Hammaitstisuent
constant ¢) [22] and Brown-Okamoto's substituent constari} (
[22,23] were employed. The" values correspond o= 1 in the
Yukawa-Tsuno equation [24]. The and¢* values include not
only the inductive effect but also the resonanckecef The
contribution of the resonance effect for thevalue is larger than
that of theo value. Table 3 shows andc’ together with the
kinetic parameters for the thermal cycloreversieactions. The

difference between andc” is the difference between the content

log(kks)

E,/kJ mol?
N
S

log(A /1)

=)

s L L L L L L L
1.0 -05 0.0 05 10 15 -1.0 -05 0.0 0.5 10 1.5
+ +

Fig. 4. The relationship between (a) traditional Hamme@smeterd)
or (b) Brown-Okamoto's parameter’) and logk/ky) at 120 °C. (c) and
(d) show the relationship betweehandE, (c) and logd) (d).

2.4. Application

For a write-by-light/erase-by-heat recording systeme
investigated the thermal bleaching reactivity ie filter paper.

wF RF
SO 5
570 N
C AV LN E/:] C rg\yi/is)\ //
o, 30:R- o—\/:)
b1 /
@ |\ 7 ®

(c)
UV (313 nm) Heat .
= — =S

10 min
at 120 °C

(d)
11nin —) —

Vis.
(> 500 nm)
o

10 min
at 160 °C

Fig. 5. Photocoloration and thermal and photochemicaldbiiedq of 1
(upper left),3 (upper right)4 (bottom left), and (bottom right) in the
filter paper. (a) Before UV irradiation and (b) exftUV irradiation.
When the colored sample was kept for 10 min at 120140 °C, and
160 °C in the dark, it changed to sample (c), &t (e), respectively.
The blue color of3c, 4c, and 8c disappeared at an appropriate
temperature, while the blue color @€ remained the original color.
When the colored sample was irradiated with vislighat (> 500 nm)
for 1 min, it changed to (f). The blue color Iuf disappeared, while the
color of3c, 4c, and8c remained.



Fig. 5 shows the color changes1o3, 4, and8 by light and heat
in the filter paper. To disperse the diarylethehéha molecular
level in the filter paper, the diarylethene was mdixwith
poly(methyl methacrylate) (PMMA). The sample was preg
by dipping the toluene solution containing diarigkste and
PMMA to the filter paper and drying. The colorlegsen-ring
isomers (Fig. 5a) tuned blue upon UV irradiation daethe
generation of the closed-ring isomers (Fig. 5b).efhthe
samples were kept at 120 °C in the dark. After 10, ithia blue
color of 8c disappeared, while the blue color Bf, 3c, and4c
remained (Fig. 5¢c). When the samples were kept @omin at
140 °C in the dark, the blue color 4f and8c disappeared, while
the blue color oflc and3c remained (Fig. 5d). Moreover, when
the samples were kept for 10 min at 160 °C in th&,dhe blue
color of 3c, 4c, and8c disappeared, while the blue color Iof
remained (Figure 5e). On the other hand, when theredl
sample (Fig. 5b) was irradiated with visible light§80 nm) for
1 min, the blue color ofc disappeared, while the color &, 4c,
and 8c remained (Fig. 5f). Thus, diarylethenésand 8 that we
synthesized in this work showed high photostabilitg ghermal
cycloreversion reactivity even in solid medium. ¥leceeded in
tuning the thermal cycloreversion reactivity by raaucing
various substituents into the terminal phenyl geup

3. Conclusion

We have synthesized diarylethenes for a write-bytlegase-
by-heat recording system. The introduction of palalbstituents
at both sides of the diarylethene significantly raed the
thermal cycloreversion reactivity. The introductioh electron-
withdrawing substituents accelerated the reaction &nel
introduction of electron-donating substituents gepped the
reaction. The rate constanks,were well correlated with Brown-
Okamoto's substituent constamt that is a modified value of
Hammett's substituent constantThe increase in thie value is
ascribed to loweE, These results provide new knowledge for
molecular design of diarylethenes for a write-byrtigrase-by-
heat recording system.

4, Experimental section
4.1. General

Solvents used were of spectroscopic grade and gdirifiy
distillation before use!H NMR (300 MHz) spectra were
recorded on a Bruker AV-300N spectrometer with
tetramethylsilane (TMS) as the internal standar@ds$/spectra
were obtained on a Bruker FT-ICR/SolariX mass spaetter.
The photoirradiation was carried out using a 200 \&taury-
xenon lamp (MORITEX MUV-202) as the light source.
Monochromatic light was obtained by passing thetltbhough a
monochromator (Jobin-Yvon H10 UV). Absorption spectraeve
measured using a JASCO V-560 absorption spectroni¢®irC
was carried out using a HITACHI L-7150 pump/L-2400
detector/D-2500 Integrator and a Kanto Chemical Higil Si
60 column.

4.2. Materials

Diarylethenesto—8o were synthesized in a method similar to
that described in the literature [10]. The details described in
the electronic supplementary information.

4.3. Thermal bleaching reaction

The thermal bleaching reaction of diarylethene adiesng
isomers was carried out in toluene as follows. Thaytithene
open-ring isomer was put in an optical quartz cethassed and
sealed under vacuum. The solution in the cell wasliated with
313 nm light to give the closed-ring isomer. Thé a&as placed
in a constant temperature chamber (ESPEC ST-11)glthe
thermal bleaching reaction. The reaction yields waneodically
determined by absorption spectroscopic measurements

4.4, Preparation of photochromic papers and thermal
cycloreversion reaction in the papers

PMMA was dissolved in toluene to prepare a 10 wt%t&woiu
Diarylethene (ca. 1 wt% relative to the polymer) wadeal to the
polymer solution. The mixed solution was poured iatgetri
dish, and a filter paper was dipped into the didte Ppaper was
pulled out using tweezers and dried with a dryer. fllter paper
was cut into squares. The paper was irradiated wishndi light.
The colored filter paper after the photoirradiatieas heated in a
constant temperature chamber (ESPEC ST-110) duttiey
thermal cycloreversion reaction. The same papers wsed
repeatedly.
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Highlights

We designed photochromic diarylethenes for a wjtdight/erase-by-heat recording
system.

Diarylethenes having polar substituents at botessilere newly synthesized.

Photocyclization and photocycloreversion quantuehdg remained constant even in the
introduction of the polar substituents.

Thermal cycloreversion reactivities were signifidpmccelerated by introduction of the
electron-withdrawing substituents.

We demonstrated a write-by-light/erase-by-heatnding system in the filter paper with
the ability to erase even at 120 °C.



