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ABSTRACT

Photochromic molecules display reversible isomerization reactions between two isomers

accompanying with exchange between heat and chemical potential. A considerable part

of absorbed light energy is stored in and released from the present E-type photochromic

molecules, which undergo cyclization reactions under UV light excitation and backward

reactions after application of oxidative stimuli. The photochromic nature, thermal

stability and cascade ring-opening reaction of the closed form isomers of eight

photochromic terarylenes are studied and energy storage efficiencies at a single

wavelength, m as high as 23% are experimentally demonstrated. Their efficient

photochemical quantum yield for the cyclization reaction markedly contributes to the

high energy storage efficiency as well as showing the capability of efficient cascade

cycloreversion reactions. Spontaneous cycloreversion reactions are well-suppressed as
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the forbidden nature in cycloreversion reaction giving rise to sufficient heat storage

duration.
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Global energy consumption has more than doubled over the past 40 years and is
predicted to roughly triple by 2100 in line with growing world population.' The solar light
hitting the earth’s surface, in particular, has been widely considered as the most promising
energy source. Photovoltaic silicon-based solar cells are the most widely prevailing
device form with maximum theoretical efficiencies as high as 33.1%.* Since solar
radiation is intermittent and fluctuates over time, appropriate systems for energy

conversion, storage and release are desirable such as secondary batteries.*> The solar
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energy may also be stored and released upon the formation and dissociation of chemical

bonding (e.g., as H-H, C-H and C-C bonds), as typically represented by photosynthesis.>
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Figure 1. (a) Schematic diagram of MOST system based on the E-type photochromic

terarylenes. The light energy is stored as the enthalpy change ( A H.,) upon

photocyclization. The external oxidative stimuli trigger the intermolecular cascade

reactions, leading to release of the stored energy as heat. (b) photochromic reaction of

newly synthesized compound 2 in the bulk-amorphous state. (c) The UV-vis spectral

changes with UV-light irradiation (365 nm) for newly synthesized compounds 2 (left)

and 4 (right) in acetonitrile.

In artificial photosynthetic systems, solar energy is used to produce valuable chemicals

and fuels such as methane, hydrogen and so on, through photochemical and

photoelectrochemical reactions, allowing energy release in various forms such as heat

through combustion.®!* Molecular-based energy cycles employing photoisomerization

reactions have been attracting attention as solar thermal fuels which can convert, store,

and release solar energy as heat. They operate in the closed systems.'" Photochromic

molecules display reversible photoisomerization reactions between thermodynamically

stable and metastable isomers with color change. The photonic energy is initially

converted into electronic-excitation energy followed by relaxation into a metastable

isomer. Despite major part of the excitation energy being released to the surroundings as
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heat, a considerable portion can be stored as the excess enthalpy of the metastable

isomer.'””? This enthalpy can be used for heating surroundings upon the reverse

isomerization reaction. Capability of on-demand heat release is thus critically desired for

the MOlecular Solar Thermal storage (MOST) systems.!¢!”

The energy storage efficiency, 1, in a MOST system is defined as the ratio of energy

released upon usage (E..) against the initial input energy (E;.n) calculated over the entire

solar spectrum.!® Restricting analysis to the maximum wavelength absorption of one state

of a photoswitch!” allows for estimation of the molecules light-to-chemical-energy

efficiency in terms of the wavelength at which it is absorbing. The design of

photoresponsive molecules can be used to tune their efficiency through two main factors.

One is the quantum yield of photoconversion reaction (¢) related to the efficient use of

photon energy. The other is the enthalpy difference between the photoisomers (AHis,),

which roughly corresponds to the amount of released energy (E,.). A number of

photoresponsive molecules have previously been considered as active materials in MOST

systems, such as azobenzene,'®2?> fulvalene-tetracarbonyl-diruthenium?2 and

norbornadiene.?® The norbornadiene derivatives proceed 2m +2m reactions and their

covalent C-C bonds support relatively large heat storage capacity AH,,. They also offer

relatively large activation energy for thermal back-reaction, E,, which is also desired for
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stable energy storage. The maximum energy storage efficiency of 14% was reported for

an azobenzene system through the hybridization with carbon nanotubes, wherein light in

the UV range was used for the energy input.” Moth-Poulsen and coworkers suggested a

solar energy storage efficiency higher than 10% for a MOST system studied over the

entire solar spectrum.?”’ It has been previously calculated that the thermodynamic limit for

solar spectrum storage efficiency lies in the range of 10 to 16% depending on the storage

lifetime?” with the maximum solar efficiency calculate to lie below 13% .2

Since m values never exceed the value of the photochemical quantum yield, n<¢, high

photo-sensitivity is critically desired for efficient MOST materials. In this regard,

photochromic diarylethene (DAE) and related substances are worth to study due to their

large ¢ value in the 6m-electrocyclization, which can be close to unity at certain

wavelengths.?-3! The enthalpy difference (AH..,) between the two photoisomers, the open

(0) and closed (c) forms, was suppressed in most DAEs by means of tuning aryl units.

DAEs thus behave as “P-type photochromic molecule” and the c-forms is stable in the

dark for more than years. Therefore, most DAEs are not promising as MOST materials.?*-

3 However, the accumulated findings and recent progress in DAE derivatives encourages

the authors to optimize the DAE backbone to explore efficient MOST substances.’>* In
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the present study, the authors focus on a series of terarylene derivatives (see Figure 2), as

a sister substance of DAEs with an additional central aromatic unit.

The well-known Hammond's postulate*! implies a trade-off between E, and AH;,. It is

thus intrinsically difficult to achieve both large energy storage capacity and high thermal

stability simultaneously. As like 2rt +27 reactions, the 6m cyclization and cycloreversion

reactions of DAE are symmetrically forbidden at the electronic ground state, which may

lead to inherently high E, values.?*3! The estimated lifetime of a typical c-form DAE is

1900 years or more,”#* which implies an energy storage retention of 2000 times larger

than the conventional lithium ion-batteries (typical self-discharge rate >40 % per

year).!®?" [rie,**# Kobatake®? and coworkers have suggested three factors for controlling

the thermal stability of the metastable c¢-forms: (i) aromatic stabilization energy (ASE)

of the aryl groups 374345 which have been reported as thiophene > thiazole >

benzothiophene;* (ii) electron-withdrawing substituents at the aryl groups,’”* and (iii)

steric hindrance around the substituents at the reactive carbon atoms.’?>> Meanwhile, the

additional aromatic ring in terarylene selectively stabilizes the o-form and elevates AH..

- The lifetime of c¢-forms are ranging from seconds to years and we should carefully

optimize their molecular structure.*®#’ The on-demand release of heat from MOST

substance requires external stimuli, such as heating,**>! catalyst®>** and oxidation
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inducing catalytic exothermal reaction.’® DTEs and terarylenes undergo oxidative
cycloreversion after electrochemical and chemical oxidation.””%® These new types of
photochromic molecules display highly efficient oxidative fading reactions with chain-
like amplification, boosting the overall reaction efficiency up to 100,000%.47° Only 103
equivalents of electrochemical or chemical oxidative stimuli could trigger the
cycloreversion reaction of the entire system. They are thus facile on-demand heat release
in MOST applications (Figure 1a). The present terarylene molecules, Figure 2, further
display high photochromic reactivity in the bulk-amorphous state (Figure 1b), which is
also advantageous for MOST materials with high energy storage density.

Synthesis and Optical Properties.

A series of terarylene derivatives comparing a variety of combinations of aromatic units
by considering previously reported frameworks substituted with varying substituents

were investigated as potential candidates for MOST applications (Figure 2).

Ph Ph Ph

SA\N S)%N

F O L O R 8

R
10: R = CH, 30:R=CH, 50:R = CHj, 70:R=CH,
20:R = Ph 40:R = Ph 60: R = Ph 80:R = Ph

Figure 2. Molecular structures of terarylene derivatives.
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Table 1. Photochemical and photothermal properties of substances.

Photochemical properties Photothermal properties
Amax (0-form) / nm Po-c /Pe-o P tin (s) AH..,, DSC 1! Energy Density DSC Nosc (Morr) / %X
(e/ 10*M'em™) @ (AHc.,DFTH) / kJ mol™! (Energy Density DFT)

MIJ kg'!
273 (2.21) 0.58/0.454 4.7x 107 32.7(76.7) 0.72 (1.69) 8.2 (20)
249 (2.20%) 0.57m.a. 14x 107 114 (136) 1.97 (2.36) 22 (26)
307 (2.9) 0.98/0.008! 19x108 248 (74.3) 0.52 (1.55) 7.7 (23)
303 (2.8) 0.63/n.a. 2.6 x 10° 109.6 (129) 1.81 (2.13) 23 (27)
327 (3.21) 0.4/0.03 ¢l 1.0x10% | —(86.9) —-(1.71) —(8.8)
327 (3.40) 0.12/0.03!¢! 12x 107 | —(143) —(2.26) —(11)
315(3.0) 0.6/0.07™ 12x10% | 70.6 (98.3) 1.32 (1.84) 13 (19)
294 (3.12) n.a 56 -(162) —(247) -

[a] measured in acetonitrile unless otherwise specified. € at 350 nm in 10* M-'cm™!; [b]

The cyclization quantum yields were estimated using an absolute photoreaction quantum

yield evaluation system in toluene unless otherwise specified.”’ ; [c] measured in toluene;

[d] data from ref.”? in hexane; [e] € was estimated at 313 nm in hexane; [f] data from ref.”

in hexane; [g] data from ref.”’ [h] data from ref.’* in hexane. [i] based on the integrated

heat release in DSC profile and the conversion rate of ¢-form determined with UV-vis

spectra; [j] data from DFT calculation with B3LYP/6-31G(d); [k] calculated using Eq. 2,

at 380 nm.
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All of these substances displayed reversible color change under standard terarylene

conditions and concentrations upon UV and visible light irradiation,” and have been fully

characterized in both isomers using 'H-NMR and HPLC. Substances 1,”> 3" and 77

exhibited relatively high photocyclization quantum yields (¢,..) over 58% as summarized

in Table 1. The intramolecular non-covalent interactions between N-H, S-H and S-N

atoms seems to tether them together. The rotational angle between the central and side

aromatic units in the o-forms were selectively stabilized as the photochromic reactive

“parallel” conformation. This is especially efficient in the photon-quantitative cyclization

reactivity for 3 (... ~ 98%).”? Phenyl groups were then introduced at the reactive carbon

atoms in 2, 4, 67° and 8.’ which seems to enhance AH_, by elevating the enthalpy of the

c-form due to the steric effect of the bulky substituents around the sp® carbon atoms. The

o-forms showed strong absorption in the UV region below 400 nm with extinction

coefficients over 10* M-'cm! at 300 nm (Table 1). The introduction of phenyl substituents

on the reactive carbon atoms enhanced the extinction coefficient in the UV region (see

Figure S1). All the terarylene derivatives including newly synthesized 20 and 4o

exhibited reversible spectral changes with characteristic isosbestic points (Figure lc,

Figure S2). The introduction of phenyl rings suppressed the ¢,. values and the half-

lifetimes of the metastable ¢-forms. The bulky substituents at these positions were also
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reported to accelerate the thermal cycloreversion reaction due to their steric effect on the

c-form fused rings. It should be noted that the ¢,.. values around 0.6 for 20 and 40 are

still more than twice those of the majority of azobenzene and norbonadiene systems. The

half-lifetimes over 106 s (> 10 days) of 2¢ and 4c¢ also appears high enough?” for practical

MOST demands. Compounds So and 60 gave relatively small ¢, values due to the

preferential adoption of photochromically inactive conformations. The half-lifetime of 8¢

being below 60 s is too short for full characterization and for MOST application.

These substances display color fading reactions upon addition of oxidizing reagents

such as tris(4-bromophenyl)ammoniumyl hexachloroantimonate (TBPA). Specific

amplified oxidative cycloreversion were observed with an amplification ratio 1:1000 or

more, as like as previous substances.*’*® Beside this high redox-cycloreversion

capability, they showed relatively low visible light photochemical cycloreversion

reactivity. 3¢ for instance showed 0.8% photochemical quantum yield.” In this sense, 3¢

may be classified not as “P-type photochromes”, but as “E-type photochromes”, which

may be defined as molecules with photo-induced coloration isomerization and efficient

reverse reaction with catalytic electro-stimulation but less-sensitive to light.

Estimation of efficiency based on Theoretical Calculations.
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To achieve a large energy storage efficiency (1) a number of parameters must be
optimized for photoresponsive fuel molecules. Experimentally, 1 may be roughly

estimated on the basis of the following equation while referencing previous examples: !

_ Eout _ (I)o—cAHc—o
Ein E:light (1 exc) + E:stim

(1)

where E,, and E;, are the output and sum of input energies respectively. The output is
expressed as the product of ring-cyclization quantum yield (¢..) and the energy
difference between the o- and c-forms. The input is then obtained as the sum of light
radiation energy at the applied wavelangth (Ejign (1ex)) and the energy of the external
stimulus (Eim) used to trigger the cycloreversion reaction for the release of stored energy
(Figure 3). Since present terarylene c-forms exhibit efficient cascade oxidative

cycloreversion*’"%7¢ the E;, can be small enough and we may simplify eq.(1) as,

~ q)O—CAHC—O
Elight (1 exc)

(2)

exited state

Photons
absorbed

E
XX o

E&:‘.\, C-form
Feedaioy aH

c-o

O-form -

ground state Heat release
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Figure 3. Energy Diagram of MOST System Based on Photochromic Terarylene.

For our estimation of storage efficiency, the photons at 380 nm (315 kJmol') were

assumed to activate the photoresponsive molecules, which is not converted in the

conventional Si-based solar cells. The enthalpy differences (AH..,) between the o- and c-

forms were estimated by density functional theory (DFT) calculations using the B3LYP

functional with the 6-31G(d) basis set known to give an accurate representative of

terarylene energies (see Table S1 for basis set comparison).®”’7 Table 1 also summarizes

the calculated AH., for the terarylene derivatives along with their energy storage

densities. Compounds 1, 3 and 5 composed of benzo[b]thiophene and thiazole units,

having less aromatic stabilization compared to thiophenes, gave smaller AH,, values than

7, the system containing two thiophene rings. The introduction of phenyl groups enhances

the AH., value by approximately 60 kJmol' in each case. These phenyl groups are

tentatively considered to selectively destabilize the c-forms through their steric effect on

the planar fused rings. The 1 values under 380 nm irradiation are also estimated in Table

1. The maximum mn value may be as high as 26.6 for 4o/c. This value appears high

compared to the previous norbornadiene and azobenzene substances (mostly less than

1%), however it must be considered that it is calculated only at the absorption maximum
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instead of the complete solar spectrum. Indeed, previous reports show comparable
efficiencies of 28% under similar single wavelength analysis.”” We also estimated 1 value
= 6.6 % for a typical diarylethene molecule, 44'-(perfluorocyclopent-1-ene-1,2-
diyl)bis(5-methyl-2-phenylthiazole), based on previous experimental data and a
calculated AH,, value. These results thus support the capability of the present molecules

for MOST applications.

Study on Thermal Cycloreversion Reaction.

Arrhenius type first-order kinetics for the thermal cycloreversion reaction is of
importance in the energy storage for use on a practical time scale, which is characterized
by the activation barrier, E,, from ¢- to o-forms (Figure 4a, Table S2 for the parameters
of thermal cycloreversion reaction). Figure 4b shows the trade-off relationship between

the experimentally obtained E, and the computationally calculated AH., for 1-8.

0.0026 0.0028 0.003 0.0032 0.0034 0.0036
a)_ ' b) 160
140 .3
4 °1 4
120
pot .5 2.6
6 2100 7
— e E °
g | . y = -15226x + 30.799 280
[= . ~
- o y =-12814x + 26.904 60
-10 . ® 4y =-13711x + 30.84 u('j
’ ' 40 8
® 7.y =-11125x + 23.639
2k ® 8.y =44229x +10.775 20
_14 0 _ss_ L 1 1
T/ K 0 70 90 150

110 130
AHc-o / kJ mol-!
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Figure 4. a) Arrhenius plots for thermal fading kinetics of terarylenes 1, 2,4, 7 and 8; b)

Activation energy E, against A Hc-o for compound 1-8.

We may divide these substances into two classes, those with methyl groups (1, 3, 5 and

7) and those with phenyl groups (2,4, 6 and 8) at the reaction center carbon atoms. Then,

we found a linear relationship between E, and AH., values with a similar slope of about

-2 for both class of substances in Figure 4b. The series of 1, 3, 5 and 7 share a common

molecular framework of terarylene with that of 2, 4, 6 and 8, respectively, and have three

aromatic units involved in the 6m-photocyclization. These three aromatic rings are

collapsed upon photocyclization and recovered in the cycloreversion reaction. The sum

of aromatic stabilization energy of these aryl units may predominantly contribute to this

E.-AH_, relationship. The higher aromatic stabilization in the o-form may also have an

effect on the transition state and suppress E,, which supports the Hammond’s postulate.

The negative slope of about -2 seems to be unique for the 6n-electrocyclization reaction

in the terarylene framework. This slope is frequently between O and -1 for most thermal

reaction systems under the classic linear free energy relationship, LFER. The aromatic

rings in the present systems affects twice strongly for the activation barrier than the

relative stability of o-form. Therefore, molecular tuning of molecular design based on the
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aromatic stabilization energy 1is strongly limited by the Hammond’s postulate.

Interestingly, the phenyl rings on the reactive carbon atoms did not change the slope but

induced a significant parallel shift and increased AH..,. This observed trend suggests

possibly overcoming the trade-off between AH., and E, by means of introduction of

substituent groups at the reaction center carbon atoms.

We can also compare our results with representative examples of diarylethene systems

(Figure S2) over which they show enhanced storage properties, as well as other MOST

molecules such as azobenzene'® and norbornadiene?*?? derivatives in term of the AH;,, and

E, relationship (Figure S2, S3). Both the photoresponsive scaffolds gave a good linear

trade-off relationship in E,-AHi,. Among these substances, the present terarylene

substances, especially those with phenyl substituents, displayed data distribution at large

AH;,, with similar or little higher E,, suggesting the favorable characteristics of terarylenes

in terms of energy storage efficiency.

We then experimentally evaluated the AH.., value by means of differential scanning

calorimetry (DSC). Compounds 1, 2, 3, 4 and 7 with relatively high ¢,.. and reasonable

thermal stability were selected. The heat release at the first heating scan of samples

containing a photostationary state mixture was recorded as an exothermic peak in the

DSC thermograms (Figure S4). The successive second scan gave no such exothermic
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peak for all samples, suggesting the first scan peak corresponds to the heat release at the

cycloreversion reaction of the c-form. The heat release associated with the crystalline-

phase transition was not observed due to the amorphous character of these samples. The

second scan profiles were thus used for correcting background heat-flow. We evaluated

AH.., values from the peak integral and the amount of c-form present (Table S3). These

experimentally estimated values roughly coincide to the results of DFT calculations with

minor deviation because of effects of medium and intermolecular interaction. The energy

storage efficiency was then evaluated from the DSC profiles as mpsc values and also

summarized in Table 1. The high npsc values obtained for compounds 2 and 4, 22% and

23% respectively, seems to indicate they are particularly promising for energy storage

applications.

Heat Release Triggered by Oxidation as E-type photochromes.

The release of stored energy in the terarylene-based system can also be triggered by the

oxidative cycloreversion reaction, proceeding via a chain-reaction manner. The heat

release is demonstrated by adding a small amount of chemical oxidant (TBPA) to an

acetonitrile solution containing the ¢-form of 1 (5.0 x 102 mM). The surface temperature

of the solution was monitored using a thermography camera. As shown in Figure 5a, after
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the addition of oxidant (5 mol% eq.) the solution temperature increased by 3°C. The
temperature change was also monitored using a thermocouple thermometer (Figure 5b).
The addition of the oxidant induced heat release, with the temperature increasing from
27°C to 30°C. The temperature was stable at 30°C for around 10 seconds, indicating good

thermal balance.

0.0 10 20 30 40 50
b) Time /s

31.1°C 316°C 302°C

Figure 5. a) Temperature increase after adding 5 mol% of TBPA in acetonitrile (0.05
mL) into 1 mL of chloroform solution of 7¢/o (black), 70 (red), and only chloroform
(blue). Concentration of c-form = 5.0 x 102 M. The temperature was monitored by a
sheathed thermocouple. b) Thermographic images after adding 5 mol% of TBPA in

acetonitrile (0.05 mL) into chloroform (1 mL) in a quartz cell.

S19



The ideal temperature increase was roughly calculated from the AH., based on DFT,

amount of c-form, and heat capacity of the solvent to be 2.9°C, which roughly agreed

with the observed temperature change. The heating effect of initial oxidation is much

smaller than the heat release by the ¢-form thanks to the cascade reaction capability which

indicates the advantage of this strategy. The concentration of the solution should be

increased for future practical investigation as the heat density is important for practical

applications. Electrochemical oxidation stimulation may also be conventionally used in

practical MOST systems, which should be a subject of future studies.

The light to chemical storage efficiency at a single illumination wavelength for eight

terarylenes, including two new substances of E-type photochromic nature was

investigated for MOST applications. The terarylene framework was strategically

designed by considering energy difference between the photoisomers (AH.,), which

corresponds to the amount of stored (and released) energy. The AH,, likely stems from 1)

the increasing steric hindrance around the substituent groups on the reaction center carbon

atoms and 1i) the loss of aromatic stabilization energy upon the photoisomerization from

o- to c-forms. According to the computationally estimated values of AH,.,, a framework

containing benzothiophene or thiophene as the central aromatic moiety and phenyl rings

as a bulky substituent at reactive carbon atoms, such as 2, 4 or 6 are the best to enhance
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AH..,. High photo-cyclization quantum yield (¢;,) is achieved by locking the o-form in

its photoreactive conformation using intramolecular non-bonding interactions inherent to

terarylene. These high AH., and ¢, values support maximum efficiencies at a single

wavelength of 22% for 2 and 23% for 4. These values are comparable with existing single

wavelength MOST storage systems and offer a potential future framework to study such

behavior under broad wavelength conditions. The well-known Hammond’s postulate and

the trade-off relation between the activation energy (E,) and AH.., were experimentally

observed in the terarylenes and some previous substances. The sum of aromatic

stabilization energy of the three aryl units in the terarylene framework seems

predominantly contribute to the E,-AH.. relationship. We tentatively classified these

terarylenes into two groups based on the distribution of E,-AH,, data plots, depending on

the substituent groups. The present terarylenes showed significantly large AH.., compared

to previous substances with similar or higher E, value. Particularly, the introduction of

phenyl rings was much advantageous for enhancing AH.., with only a minor loss in E,. In

addition to relatively high photochemical cyclization quantum yield, the E-type

photochromic nature of terarylenes with significant amplification cycloreversion

behavior seems to offer an interesting potential for future MOST substances. Considering

the energy capacity of the terarylene scaffold, the present highest AH., is 114 kJmol™! for
S21



2, which is surprisingly as high as about one-third of the photon energy at 380 nm.

Terarylene is also advantageous as being highly photoreactive with excellent recyclability

even in amorphous and crystalline solids, which may provide very high energy density.

These excellent features of terarylenes motivate us to explore further optimization of

molecular structure for future MOST applications particularly looking at expanding

towards the entire solar spectrum.
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Experimental details
General

General *H and 3C NMR (300, 400 and 600 MHz) spectra were recorded on JEOL JNM-
AL300, JEOL JNM-ECP400 and JEOL JNMECAG600 spectrometers, respectively. Recycling
preparative GPC were performed on Japan Analytical Industry LC-9110NEXT. Mass
spectrometry and high-resolution mass spectrometry were performed on matrix
assisted laser desorption/ionization (MALDI) time of Flight (TOF) — MS spectra (Bruker
Autoflex Il and JEOL spiralTOF JMS-S3000). UV/Vis spectra, quantum yields of
photochromic reactions (¢co and ¢oc) and photo-induced fading reaction were
measured using a JASCO V-660, V-760 spectrophotometer and a Shimadzu QYM-01 set-
up, respectively. Calculations were performed with the Gaussian09 package.! We
worked at the B3LYP 6-31G(d) level of theory in vacuo. For kinetic thermal analyses, the
temperature was controlled by a JASCO ETC 505 T temperature controller. Heat quantity
was measured using Differential scanning calorimeter, SHIMAZU DSC-60Plus and
SHIMAZU TA-60WS thermal analyzer. For the demonstration of heat release system, the
temperature was monitored by CHINO sheathed thermocouple (¢ 0.3 mm) and Fine
FHP301Npro. Thermographic images were recorded on Optris Compact spot finder IR

camera Xi 400.
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General Synthesis

Compounds 1,% 3, 5% 6,5 7% and 8’' were synthesized as previously reported.
compound 2 and 4 were prepared according to the routes depicted in Schemes 1 and 2.
Compounds S1,°S4, S5 were prepared as previously reported, and compound S2 was
commercially available. The structures have all been successfully characterized using

NMR and HR-MS. NMR and MS spectra are in the supplementary information (Figures

S13-S16).
N__Br (HO),B a 53 b S—\N
AL -
s1 s2 s3 2

Scheme 1. Synthesis of 2: a) [Pd(PPh;),], PPh;, 2 M K;PO,, water/1,4-dioxane, THF, 24

h, 110 °C; b) Boronic acid, (‘Bu),PMeHBF ,, pivalic acid, Cs,COj;, Pd(OAc), 16 h, 150 °C.

4,5-bis(benzothiophen-3-yl)-2-phenylthiazole (S3): A two-necked flask was charged
with 4,5-dibromo-2-phenylthiazole (S1) (0.48 g, 2.0 mmol), benzothiophen-3-ylboronic
acid (S2) (1.28 g, 4.4 mmol), triphenylphosphine (0.26 g, 1.0 mmol) and 2 M aqueous
tripotassium phosphate (15 mL) in 1,4-dioxane (15 mL). After 15 minutes of stirring
under a nitrogen atmosphere, tetrakis(triphenylphosphine)palladium(0) (0.34 g, 0.2

mmol) was added and stirred under nitrogen atmosphere at 110°C for 24 hours. The
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organic layer was then extracted with chloroform, and the combined extracts were washed
with water and dried over anhydrous sodium sulfate. The sample was then filtered, and
the filtrate concentrated in vacuo. Gel Permeation Chromatography (chloroform) afforded
4 5-bis(benzothiophen-3-yl)-2-phenylthiazole (S3) as a white powder (0.59 g, 1.3 mmol,
65% yield). 'H-NMR (300 MHz, CDCl;, TMS, 25°C) 6 (ppm) 7.42-7.50 (m, 7H), 7.81
(s, 2H), 7.86-8.18 (m 6H), HR-MS (MALDI-TOF): m/z calcd. for C3;H»NS; [M]*:

657.168; found 657.149.

4,5-Bis(2,5-diphenylthiazol-4-yl)-2-phenylthiazole (2): A two-necked flask was
charged with 4,5-bis(benzothiophen-3-yl)-2-phenylthiazole (S3) (0.10 g, 0.23 mmol),
bromobenzene (0.08 g, 0.51 mmol), di-fert-butylmethylphosphine tetrafluoroborate
(0.011 g, 0.046 mmol), cesium carbonate (0.30 g, 0.92 mmol), palladium acetate (0.10 g,
0.046 mmol) and pivalic acid (0.011 g, 0.11 mmol) in mesitylene (2 mL). The mixture
was heated under reflux at 150°C for 16 hours. Thereafter, it was filtered through celite,
extracted with ethyl acetate, and the combined extracts were washed with water and dried
over anhydrous sodium sulfate. Gel Permeation Chromatography (chloroform) afforded
2 (0.019 g, 0.032 mmol, 14% yield) as a colorless powder. 'TH-NMR (600 MHz, CDCl;,
TMS, 25°C) 6 (ppm) 8.16 (d,J = 6.2 Hz, 2H), 7.60 (dd,J = 18.9, 7.9 Hz, 2H), 7.51 (dt,J
= 18.6,7.2 Hz, 3H), 7.33 (s, broad, 1H), 7.25 (s, 1H), 7.21-7.15 (m, 2H), 7.09 (m, 2H),
6.88 (d,J =8.2 Hz,2H), 6.84 (d,J =8.2 Hz, 2H), 6.69 (s broad, 4H), 6.53 (s broad, 2H);
3C NMR (151 MHz, CD,Cl,, TMS, 25°C) 0 (ppm) 167.0, 149.0, 143.1, 139.8, 139.5,
139.1, 138.9, 134.1, 133.8, 133.3, 130.6, 129.4, 129.0, 128.2, 128.2, 1280 - 127.6 (5

broad overlapping peaks observed), 126.7, 126.0, 124.7, 124.5, 124.3, 124.2, 124 .0,
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1234, 1222, 121.8, 121.5. HR-MS (ESI): m/z calcd. for C;H,3NS5: 577.0993 [M*];

found: 577.0998.

S S

N
\

. _
O~ . I@—h SEE ey
O7g< S6

sS4 S5 4

Scheme 2. Synthesis of 4: a) [Pd(PPh;).], PPh;, 2 M K;PO,, water/l,4-dioxane, THF 24
h, 110°C; b) Phenylboronic acid, ('Bu),PMeHBF,, pivalic acid, Cs,CO;, Pd(OAc), 16 h,

150°C.

4.4'-(benzo[b]thiophene-2,3-diyl)bis(2-phenylthiazole) (S6): A two-necked flask was
charged with 2-phenyl-4-(4 4,5 ,5-tetramethyl-1,3,2-dioxaborolan-2-yl)thiazole (S4) (660
mg, 2.3 mmol), 2,3-dibromobenzo[b]thiophene (S5) (321 mg 1.1 mmol,),
triphenylphosphine (43 mg, 0.165 mmol) and 2 M aqueous tripotassium phosphate (10
mL) in 14-dioxane (10 mL). After 60 minutes of stirring under nitrogen atmosphere,
tetrakis(triphenylphosphine)palladium(0) (80 mg, 0.047 mmol) was added and stirred
under nitrogen atmosphere at 110°C for 24 hours. The organic layer was then extracted
with chloroform and the combined extracts were washed with water and dried over
anhydrous sodium sulfate. The sample was then filtered, and the filtrate concentrated in
vacuo. Gel Permeation Chromatography (chloroform) afforded 4,4'-(benzo[b]thiophene-

2,3-diyl)bis(2-phenylthiazole) (S6) (0.35 g, 0.7 mmol, 70% yield) as a white powder. 'H-
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NMR (300 MHz, CDCl;, TMS, 25°C) 6 (ppm) 8.10-8.07 (m, 2H), 8.02-7.99 (m, 2H),

7.91-7.88 (m, 1H),7.72-7.70 (m, 1H), 7.49-7.43 (m, 7TH), 7.41-7.37 (m, 2H), 7.16 (s, 1H).

4.4'-(benzo[b]thiophene-2,3-diyl)bis(2,5-diphenylthiazole) (4): A two-necked flask
was charged with 44'-(benzo[b]thiophene-2,3-diyl)bis(2-phenylthiazole) (S7) (0.20 g,
0.44 mmol), bromobenzene (0.16 g, 1.04 mmol), di-tert-butylmethylphosphine
tetrafluoroborate (0.021 g, 0.09 mmol), cesium carbonate (0.054 g, 1.7 mmol), palladium
acetate (0.019 mg, 85 ymol) and pivalic acid (0.026 g, 0.25 mmol) in mesitylene (1.5
mL). The mixture was heated under reflux at 150°C for 16 hours. Thereafter, it was
filtered through celite, extracted with ethyl acetate and the combined extracts were
washed with water and dried over anhydrous sodium sulfate. Gel Permeation
Chromatography (chloroform) afforded 4 (0.050 g, 0.083 umol, 16% yield) as a white
powder. 'H NMR (600 MHz, CDCl;, TMS, 25°C) 6 (ppm) 7.86 (d,J =7.9 Hz, 1H), 7.80
(d,J=79Hz,1H),7,79 (m,2H),7.71 (dd,J =79, 1.7 Hz, 2H), 7.41-7.33 (m, 8H), 7.07
(dd,J=72Hz,1.4Hz,2H),7.03 (t,J =7.2 Hz, 2H), 7,00 (d,J = 7.8 Hz, 2H), 6.96-6 .91
(m, 4H); *C NMR (151 MHz, CDCl;, TMS, 25°C) & (ppm) 165.0, 145.3, 143.8, 139.8,
136.2, 136.0, 135.8, 133.8, 133.4, 131.2, 130.5, 129.8, 129.6, 128.8, 128.7, 128.6 (2
overlapping peaks), 128.4, 128.4,128.3,128.1, 127.7, 126.5, 126 4, 1249, 124.5, 122 0;

HR-MS (ESI): m/z calcd. for C3sHN,S;: 604.1096 [M*]; found: 604.1097.
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Figure S1. UV-vis spectra of compounds 10-80 in acetonitrile.

Concentration = (1) 4.6 x 10> M; (2) 5.6 x 10™ M; (3) 2.5 x 10> M; (4) 4.5 x 10~ M; (5)

4.1 % 1075 M; (6) 2.9 x 1075 M; (7) 3.0 x 1075 M; (8) 4.0 x 105 M.
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Figure S2. New absorption bands in the visible region upon irradiation of 10-80
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in acetonitrile (UV light at 365 nm). Visible light irradiation turns them back to
the o form. Initial concentration of o forms = (1) 4.6 x 10> M; (2) 5.6 x 10~ M; (3)
2.5 x 1075 M; (4) 4.5 x 10™> M; (5) 4.1 x 107> M; (6) 2.9 x 10~ M; (7) 3.0 x 107> M;
(8) 4.0 x 1075 M.

Table S1 Half-lifetime of c-form towards the non-photochemical cycloreversion
reaction and the ratio of remaining species (T)

k /st Eaco /k) moltll A /stbl
1 1.0x 108 127 1.4 x 108
2 5.1x10% 106 4.8 x 101
3l 2.9x107%0 137 5.3 x10%°
4 3.8x107 114 2.5x10%3
5ld] 5.8x10% 112 5.2 x 10%®
6! 4.9 x10°3 104 1.7 x 10%°
7 6.5x 107 92 1.6 x 10%°
8 1.2 x 102 37 4.3 x 10*

All measurements reported in toluene. [a] rate constant of a first-order decay at 20°C;
[b] the parameters of thermal cycloreversion reaction by means of Arrhenius
relationship of temperature-dependent cycloreversion kinetics following Arrhenius’s

equation: Ink = In4 — i—;; [c] data from Ref.2; [d] data from Ref.3.
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Figure S3 The plots of activation energy vs AH.., for terarylenes and diarylethenes,
The molecular structures of the diarylethene references are also described. Their

corresponding AHis, have been calculated by the same method as shown table 2
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using the B3LYP functional with the 6-31G(d) basis set. The reference data are

from the literature.*”’
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Figure S4 The molecular structures of referenced data.

a) azobenzene derivatives,* b) Norbornadiene derivatives,> ¢) MQ-R2 series,”> d)

Diarylethene derivatives.®’
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Figure S5. DSC scanning spectra of compounds 1-4 and 7. The heat quantity of the
powder containing a photostationary state mixture for compounds 1 (a), 2 (b), 3
(c), 4 (d) and 7 (e) were measured. The scan speed and the packed weight of
powder in the DSC holder are a) 5°C min! and 4.0 mg, b) 5°C min? and 2.4 mg, c)
8°C min! and 2.5 mg, d) 5°C min! and 3.1 mg, e) 5°C min? and 3.2 mg.
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Table S2 Summary of DSC measurements

Heat quantity!® Conversion rate AH. . measured'®
(mJ g) of c-form® (kJ mol™)

1 414 0.58 32.7

2 87.3 045 114

3 359 0.70 248

4 124 0.69 109.6

7 81.3 0.62 70.6
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[a] data are estimated by the integration for the peak of heat release in DSC measurement
with a mass of each compound. [b] data are estimated using UV-vis spectrum by comparing the
o/c form of mixture powder dissolved in acetonitrile and the o-form induced by irradiation of

visible light. [c] data are estimated with conversion rate of c-form.
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Figure S6. a) Temperature increase after adding 5 mol% of TBPA in acetonitrile (0.05 mL) into
1 mL of chloroform solution of 7c/o (black), 70 (red), and only chloroform (blue).
Concentration of c-form = 5.0 x 102 M. The temperature was monitored by a sheathed
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thermocouple. b) Thermographic images after adding 5 mol% of TBPA in acetonitrile (0.05
mL) into chloroform (1 mL) in a quartz cell.
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Figure S7 HR-MS data of 20 (MALDI-TOF).
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Figure S9 3C NMR spectrum of 20 (151 MHz, CD,Cl;, TMS, 25°C).
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msTornado Analysis 1.9.1, 2020-12-03T14:25:19+09:00
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Figure S10 HR-MS data measurement (Top) and calculation result (bottom) of 40. MALDI-
Spiral-TOF system with polyethylene glycol as internal standard.

54



T T
79 74

T
6.6

04
i

Yn I AN
Figure S11 'H-NMR spectrum of 40 (600 MHz, CDCl3, TMS, 25°C).

ILL

| L

T T T T T T T T
160.0 150.0 1400 1300 120.0 1100 100.0 90.0

170.0
X : parts per Million : Carbon13
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Figure

Figure S13. X-ray Structure of 40. Gray: carbon, yellow: sulfur, blue: nitrogen.
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