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The thermal behavior of alkylated diarylethene molecules (2,3-bis(2,4,5-trimethyl-3-thienyl)-N-

alkylmaleimides; DAE-Cn) was investigated. DAE-C1 and DAE-C2 exhibited cold crystallization, which is

a heat-storage phenomenon. In addition, DAE-Cn showed photoisomerization; the open-ring isomer O-

DAE-Cn was formed by visible light irradiation and transformed to the closed-ring isomer C-DAE-Cn by

UV light irradiation. X-ray diffraction and optical microscopy analyses revealed that O-DAE-Cn exhibited

cold crystallization and C-DAE-Cn showed poor crystallinity. UV irradiation (365 nm) inhibited cold

crystallization, and visible light irradiation (525 nm) triggered cold crystallization, suggesting that heat

storage by the cold crystallization of DAE-Cn can be photo-controlled.
Introduction

Heat-storage materials have contributed to the development of
a sustainable society. Cold crystallization is a heat storage
phenomenon that uses supercooling.1 Generally, liquid mole-
cules transform to the solid state during the cooling process.
However, supercooling occurs when there are some factors that
inhibit solidication, and the supercooled molecules store heat
corresponding to the phase transition energy.2 The supercooled
molecules sometimes crystallize when they are reheated, and
crystallization during the heating process is called cold crys-
tallization. Macromolecules oen exhibit supercooling, glass
transitions, and cold crystallization.3–7 They have a large
molecular chain and are difficult to crystallize into a uniform
molecular assembly, leading to a glass state in the cooling
process. In recent years, the cold crystallization of small mole-
cules has been reported.8–16 Small molecules oen adopt a low
crystallization temperature; therefore, they are suitable for the
storage of low-temperature waste heat in society.17,18

In addition to heat storage, photochemical energy storage
has attracted attention. Photochromic molecules are oen used
in energy storage.19–24 They absorb ultraviolet (UV) and/or visible
light, and molecular photoisomerization occurs. The isomeri-
zation is sometimes accompanied by a solid–liquid transi-
tion,25,26 and the transition energy can be stored by light
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irradiation.27–30 The combination of cold crystallization and
photoisomerization is a promising method for nding new
functional energy storage systems.

Diarylethene (DAE) molecules are photochromic and pho-
toisomerizing.31–37 The diarylethene moiety is photo-switched to
the open-ring isomer by visible light and to the closed-ring
isomer by UV light. To control the crystallinity, an alkyl chain
was introduced into the diarylethene molecule 2,3-bis(2,4,5-
trimethyl-3-thienyl)maleimide in this study to give DAE-Cn
(Fig. 1). As a result of alkylation, the molecules exhibited various
thermal behaviors, including cold crystallization. In addition,
a photoinduced cold crystallization was observed. The thermal
and optical properties of alkyl-derivatized diarylethene mole-
cules were therefore analyzed.

Experimental
Synthesis and identication of 2,3-bis(2,4,5-trimethyl-3-
thienyl)-N-alkyl-maleimide (DAE-Cn)

All reagents were purchased from Tokyo Chemical Industry
(TCI) or Sigma-Aldrich, and were used without further puri-
cation. The powder of 2,3-bis(2,4,5-trimethyl-3-thienyl)
Fig. 1 Chemical structures of (a) the open-ring isomer, O-DAE-Cn,
and (b) the closed-ring isomer, C-DAE-Cn.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Thermal behavior of O-DAE-Cn
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maleimide (100 mg, 0.29 mmol), tetrabutylammonium bromide
(TBAB, 20 mg, 0.06 mmol), and potassium carbonate (K2CO3,
10 g, 72 mmol) were added in 60 mL of tetrahydrofuran (THF).
Then, 1-bromoalkane (0.30 mmol) was added to the mixture,
and the mixture was stirred for 5 min at room temperature. The
mixture was reuxed for 24 h under a nitrogen atmosphere. The
solvent was removed by evaporation. The product was puried
by solvent extraction utilizing CHCl3 and saturated NaCl
aqueous solutions, and CHCl3 layer was collected. The solvent
was removed by evaporation, and the product was dried for 12 h
under reduced pressure. The product was further puried by
silica gel column chromatography using CHCl3/hexane 1 : 1 v/v
solution. The yellow powder crystals (C1–C3: C1, 90 mg, 87%
yield; C2, 54 mg, 50% yield; C3, 51 mg, 45% yield) or orange oily
liquid samples (C4–C18) were obtained.

The elemental analysis was performed on a PerkinElmer
2400II CHN analyzer. The nuclear magnetic resonance (1H-NMR
and 13C-NMR) spectra were measured on Bruker AVANCE NEO
400 spectrometer and JEOL JNM-ECZ400S spectrometer. The
infrared (IR) spectra were measured by a JASCO FT/IR-4200
spectrometer. DAE-C1: found: C, 63.38; H, 5.71; N, 3.92%.
Calc. for C19H21NO2S2: C, 63.48; H, 5.89; N, 3.90%. 1H-NMR (400
MHz, CDCl3, Me4Si): d 3.13 (s, 3H, N–CH3), 2.26 (s, 3H, C]C–
CH3), 2.24 (s, 3H, C]C–CH3), 2.06 (s, 3H, C]C–CH3), 1.90 (d, J
¼ 3.2 Hz, 6H, C]C–CH3), 1.74 (s, 3H, C]C–CH3).

13C-NMR
(100 MHz, CDCl3, Me4Si): d 170.6, 170.5 (C]O), 137.3, 137.1,
136.3, 136.0, 132.0, 131.6, 127.7, 127.5 (C]C), 130.5 (2C, C]C),
24.4 (N–CH3), 14.5, 14.2, 13.4, 13.1 (C–CH3), 13.2 (2C, C–CH3).
IR (KBr, cm�1): n 2976–2857 (C–H), 1771 (C]O), 1705, 1646 (C]
C). DAE-C2: found: C, 64.33; H, 6.17; N, 3.58%. Calc. for
C20H23NO2S2: C, 64.31; H, 6.21; N, 3.75%. 1H-NMR (400 MHz,
CDCl3, Me4Si): d 3.69 (q, J ¼ 7.2 Hz, 2H, N–CH2–C), 2.26 (s, 3H,
C]C–CH3), 2.24 (s, 3H, C]C–CH3), 2.06 (s, 3H, C]C–CH3),
1.90 (s, 6H, C]C–CH3), 1.74 (s, 3H, C]C–CH3), 1.27 (t, J ¼
7.2 Hz, 3H, N–C–CH3).

13C-NMR (100 MHz, CDCl3, Me4Si):
d 170.4, 170.3 (C]O), 137.1, 136.9, 136.2, 136.0, 132.0, 131.6,
127.7, 127.6 (C]C), 130.5 (2C, C]C), 33.5 (N–CH2–C), 14.5,
14.2, 13.4, 13.1 (C–CH3), 14.1 (N–C–CH3) 13.2 (2C, C–CH3). IR
(KBr, cm�1): n 2983–2860 (C–H), 1767 (C]O), 1705, 1634 (C]
C). DAE-C3: found: C, 65.06; H, 6.36; N, 3.47%. Calc. for
C21H25NO2S2: C, 65.08; H, 6.50; N, 3.61%. 1H-NMR (400 MHz,
CDCl3, Me4Si): d 3.60 (t, J ¼ 7.2 Hz, 2H, N–CH2–C), 2.26 (s, 3H,
C]C–CH3), 2.24 (s, 3H, C]C–CH3), 2.05 (s, 3H, C]C–CH3),
1.90 (d, J¼ 2.1 Hz, 6H, C]C–CH3), 1.74 (s, 3H, C]C–CH3), 1.68
(m, 2H, C–CH2–C), 0.94 (t, J¼ 7.4 Hz, 3H, C–CH3).

13C-NMR (100
MHz, CDCl3, Me4Si): d 170.6, 170.5 (C]O), 137.0, 136.8, 136.2,
136.0, 132.0, 131.6, 127.7, 127.6 (C]C), 130.5 (2C, C]C), 40.1
(N–CH2–C), 22.0 (N–C–CH2–C) 14.5, 14.2, 13.4, 13.1 (C–CH3),
13.2 (2C, C–CH3), 11.4 (N–C–C–CH3). IR (KBr, cm�1): n 2965–
2858 (C–H), 1767 (C]O), 1705, 1635 (C]C).
Alkyl chain length Thermal behavior

C0 Glass transition
C1 Cold crystallization

Polymorphism
C2 Cold crystallization
C3 Glass transition
C4–C18 Oily liquid state
Analysis of thermal and optical properties

Differential scanning calorimetry (DSC) was performed on
a NETZSCH DSC 3500 Sirius calorimeter. The sample was
enclosed into the aluminum pan, and then DSC scans were
conducted under dry nitrogen gas. The heating and cooling
© 2022 The Author(s). Published by the Royal Society of Chemistry
rates were 10 �C min�1. Powder X-ray diffraction (PXRD) was
measured on a Rigaku RINT 2500 diffractometer.

Optical microscopic data were captured on a Nikon ECLIPSE
LV100POL microscope with a heat stage (Linkam, THMS600).
UV (365 nm) and visible light (525 nm) irradiation was con-
ducted with an ASAHI SPECTRA CL-1501 controller and LED
lamp. UV-vis absorption spectra were recorded with a JASCO V-
750 spectrophotometer, with sample concentration of 1.0 �
10�4 mol L�1 (CHCl3 solution).

Results and discussion
Thermal behavior of O-DAE-Cn

During the synthesis of DAE-Cn, the sample was exposed to
visible light, and as a result, DAE-Cn was obtained as the open-
ring isomer O-DAE-Cn. The thermal behavior of O-DAE-Cn was
analyzed by differential scanning calorimetry (DSC) and the
results are listed in Table 1. Solid virgin (i.e., not previously
thermally treated) samples of O-DAE-C3 and the non-alkylated
compound DAE-C0 melted in the rst heating process, and no
crystallization was observed in subsequent cooling/heating
processes. Samples of O-DAE-C4–C18 were synthesized as
orange oily liquid products, and no melting and crystallization
behaviors were observed. However, O-DAE-C1 exhibited cold
crystallization and polymorphism, and O-DAE-C2 exhibited
cold crystallization.

Fig. 2a shows a DSC diagram of O-DAE-C1. In the rst
heating process, the virgin sample melted at 215.6 �C (peak a,
40.2 kJ mol�1). In the rst cooling process, a crystallization peak
was not observed, but a glass transition (Tg) was observed at
35.8 �C. An enlarged view of Tg is shown in Fig. S1.† In the
second heating process, a Tg at 37.5 �C and cold crystallization
at 80.1 �C (peak b, 19.6 kJ mol�1) were observed. In addition, an
endothermic peak c (156.8 �C, 21.0 kJ mol�1) and a second
crystallization peak d (163.7 �C, 18.2 kJ mol�1) were observed,
suggesting the polymorphism of DAE-C1. The compound nally
melted at 209.9 �C with 33.0 kJ mol�1 of heat absorption (peak
e). The melting temperatures were almost identical for the rst
and second heating processes. It is evident that the virgin
sample obtained by solvent evaporation and the crystal formed
at peak d adopt the same thermodynamically stable structure.
The cold-crystallized crystal was probably a metastable struc-
ture formed kinetically.

The DSC diagram of O-DAE-C2 is shown in Fig. 2b. The virgin
sample melted at 127.9 �C with a 23.0 kJ mol�1 endothermic
peak in the rst heating process (peak f). In the rst cooling
process, no crystallization peaks were observed, but a glass
RSC Adv., 2022, 12, 21926–21931 | 21927
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Fig. 2 DSC diagrams of (a) O-DAE-C1 and (b) O-DAE-C2, both of
which exhibit cold crystallization. Peak f was reduced to half of the
original. (c) DSC diagram of O-DAE-C0 (black line) and O-DAE-C3
(orange line) which exhibit glass transitions.

Fig. 3 UV-vis absorption spectra of DAE-C2. (a) Change over time
under UV irradiation (365 nm). (b) Change over time under visible-light
irradiation (525 nm).
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transition Tg was observed at 19.3 �C. The crystallization of O-
DAE-C2 was slow, and supercooling occurred. In the second
heating process, the corresponding Tg was observed at 22.6 �C,
and cold crystallization (peak g, 79.4 �C, 5.8 kJ mol�1

exothermic) was observed. The cold-crystallized sample nally
melted at 126.6 �C with 6.5 kJ mol�1 (peak h).

Fig. 2c shows DSC diagrams of O-DAE-C0 and O-DAE-C3.
Virgin samples were obtained as crystalline powders, and only
a glass transition was observed aer melting in the rst heating
process. The melting peak, and the Tg transitions during cool-
ing and heating, occurred at 178.3 �C (26.0 kJ mol�1), 67.5 �C,
and 68.6 �C for O-DAE-C0, and at 105.4 �C (25.6 kJ mol�1),
28.3 �C, and 15.9 �C for O-DAE-C3.

Sample O-DAE-C2 exhibited clear cold crystallization without
polymorphism. Therefore, the effect of photoisomerization on
cold crystallization was investigated using DAE-C2.
21928 | RSC Adv., 2022, 12, 21926–21931
Photochromism of DAE-C2

Diarylethene derivatives are known to be photochromic.
Therefore, we investigated the photochromism of DAE-C2.
Fig. 3a shows the UV-vis absorption spectrum of a CHCl3 solu-
tion of DAE-C2 (1.0 � 10�4 mol L�1) measured aer various
periods of exposure to UV light of wavelength 365 nm. As
a result of the UV irradiation, the peak at 380 nm and the broad
peak near 520 nm became larger as the irradiation proceeded.
This change in absorption corresponds to the photochromism
of the diarylethene moiety.38 Therefore, it was conrmed that
DAE-C2 was synthesized mainly as the open-ring isomer O-DAE-
C2 and was transformed to the closed-ring isomer C-DAE-C2 as
a result of the UV irradiation. Fig. 3b shows the change in the
UV-vis absorption spectrum under visible-light (525 nm) irra-
diation. The peaks at 380 and 520 nm became smaller, sug-
gesting that the DAE molecule can exhibit reversible photo-
switching even if it is alkylated.
Photo-induced thermal behavior of DAE-C2

To investigate the effect of UV-vis irradiation on cold crystalli-
zation behavior, polarized optical microscopy (POM) with UV
and visible light lamps was conducted. Fig. 4 shows the polar-
ized microscopic images of the cold crystallization of DAE-C2,
and the image without the polarizing plate is shown in the
upper le of each image. First, cold crystallization behavior was
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Photo-induced thermal behavior of DAE-C2 observed by polarized optical microscopy.
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observed under visible light. Powder crystals of O-DAE-C2 were
inserted between the cover glasses and placed on a heat stage.
The compounds were heated to 140 �C and melted, and the
polarized microscopic images darkened. The compounds were
cooled to �20 �C at a rate of 10 �C min�1. The image remained
dark, suggesting that O-DAE-C2 exhibited supercooling. When
the sample was reheated and maintained at 85 �C, cold crys-
tallization was observed. The yellow crystals grew gradually, and
the entire observation area was covered with crystals within
14 min.

To investigate the crystallization behavior of closed-ring
isomer C-DAE-C2, optical microscopy under UV (365 nm) irra-
diation was used. The yellow liquid of DAE-C2 was transformed
into an orange liquid by UV irradiation. The temperature of the
sample was varied while UV irradiation was continued. Super-
cooling was observed in C-DAE-C2, and the polarized micro-
scopic image remained dark during cooling. When the sample
was reheated and maintained at 85 �C, crystal nuclei did not
appear immediately, suggesting the poor crystallinity of C-DAE-
C2. In addition, the crystal growth rate was slower than that
under visible-light irradiation, and it took 35 min from the rst
appearance of crystal nuclei for crystals to cover the entire
observation area. A small amount of orange liquid remained for
a considerable time, and it took approximately 1 h for the
sample to consist completely of yellow crystals. From the yellow
color of the crystals and the fact that crystal nuclei did not easily
form under UV irradiation, it can be concluded that the crystals
formed were the open-ring isomer O-DAE-C2. Although UV
irradiation was conducted continuously, it was thought that the
O-DAE-C2 crystals were formed because the sample was exposed
to visible light during capture of the microscopic images. In the
above experiments, the cold crystallization of O-DAE-C2 and
poor crystallinity of C-DAE-C2 were conrmed.
© 2022 The Author(s). Published by the Royal Society of Chemistry
The cold crystallization behavior was then investigated
under combined UV and visible light irradiation. The orange
supercooled liquid C-DAE-C2 was prepared under UV irradia-
tion, then the sample was heated and maintained at 85 �C.
When crystal nuclei appeared, the UV irradiation was switched
to visible-light irradiation and crystal growth was observed. The
color of the liquid rapidly changed from orange to yellow and
the rate of crystal growth increased. The yellow crystals covered
the entire observation area aer 16 min. Summarizing the
above experiments, it was revealed that photo-induced cold
crystallization can occur in DAE-C2, and that it is inhibited by
UV light irradiation and induced by visible light irradiation.

Powder X-ray diffraction (PXRD) and single-crystal X-ray
structural analyses were conducted to investigate the crystal
structure. Fig. 5 shows the XRD patterns of DAE-C2. The blue
line shows the powder pattern of the cold-crystallized sample
under visible-light (525 nm) irradiation, the orange line the
pattern under UV irradiation (365 nm). The XRD patterns are
identical. Additionally, a single crystal of O-DAE-C2 was ob-
tained. Although the quality of the single crystal was poor and
the crystal structure has not yet been analyzed completely, the
structural insight from the single crystal is important for
understanding the cold crystallization behavior. The crystallo-
graphic data are listed in Table S1,† and the molecular structure
of the single crystal is shown in Fig. S2.† The molecules in the
single crystal adopted the structure of the open-ring isomer O-
DAE-C2. The calculated powder pattern of the single crystal,
shown in Fig. 5 as a gray line, is the same as that of the cold-
crystallized samples (blue and orange lines). Le Bail rene-
ment39 of the PXRD patterns was also conducted using FullProf
soware.40 The rened patterns based on the single crystal data
could be tted to match the measured patterns (Fig. S3†). The
results reveal that cold-crystallized DAE-C2 adopted the O-DAE-
RSC Adv., 2022, 12, 21926–21931 | 21929
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Fig. 5 Powder XRD patterns of cold-crystallized samples under irra-
diation with visible light (blue line) or UV light (orange line), and
calculated pattern from a single crystal of DAE-C2 (gray line).
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C2 structure; therefore, O-DAE-C2 showed good crystallinity and
C-DAE-C2 showed poor crystallinity. The yellow crystals formed
by cold crystallization in POM experiments under UV light
irradiation are thus conrmed to be O-DAE-C2, formed by
visible light exposure during capture of the microscopic image.

POM and XRD experiments revealed that O-DAE-C2, which is
formed under visible-light exposure, exhibited good crystallinity
and cold crystallization. In contrast, C-DAE-C2 formed under
UV light exposure exhibited poor crystallinity. Therefore, UV
irradiation leads to the inhibition of cold crystallization, and
visible-light irradiation triggers cold crystallization. In
summary, the cold crystallization of DAE-C2 can be photo-
controlled. These results are expected to lead to the develop-
ment of photoresponsive heat storage materials.

Conclusions

The thermal behavior including cold crystallization of DAE-Cn
was investigated. Alkyl chain length n inuenced the thermal
behavior; DAE-C0 and DAE-C3 showed only glass transition, on
the other hand, DAE-C1 and DAE-C2 exhibited the cold crys-
tallization. In addition to the effect of alkyl chain length, the
effect of light irradiation was observed. The open-ring isomer O-
DAE-Cn and closed-ring isomer C-DAE-Cn were photo-
isomerized by visible light (365 nm) and UV light (525 nm)
irradiation. O-DAE-Cn showed good crystallinity, and the cold-
crystallized sample was composed of O-DAE-Cn. In contrast,
C-DAE-Cn exhibited poor crystallinity. As a result, UV irradiation
inhibited the cold crystallization, and visible light irradiation
triggered the cold crystallization.

Conflicts of interest

There are no conicts to declare.

Acknowledgements

This work was supported by JSPS KAKENHI (grant number:
JP21K14725). The authors would like to thank Professor
21930 | RSC Adv., 2022, 12, 21926–21931
Masatomo Yashima of Tokyo Institute of Technology for tech-
nical assistance in tting of the PXRD data.

References

1 M. R. Yazdani, J. Etula, J. B. Zimmerman and A. Seppälä,
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