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The cold-crystallization behaviors of dodecyl-substituted nucleobases (adenine, uracil, and thymine) were
analyzed. The dodecyl derivative from uracil alone did not exhibit cold crystallization; however, a mixture of
adenine and uracil derivatives at a molar ratio of 1: 1 exhibited cold crystallization. These results are similar
to the thermal behavior of dodecyl derivatives of adenine and thymine alone and in mixtures reported in
a previous study. Temperature-controlled infrared spectroscopy was used to observe the molecular
assembly states of the liquid, supercooled state, and cold-crystallized compounds. Hydrogen-bonded
molecular pairs in the high-temperature liquid state, multiple hydrogen-bonded networks in the
supercooled state, and reverse Hoogsteen-type complementary hydrogen bonds in cold-crystallized

compounds were observed using infrared spectroscopy. The heterogeneity of the system, due to
Received 5th December 2023 ltiole t f hvd bondi tarded th tallizati t lting i l 4 cold
Accepted 17th January 2024 multiple types of hydrogen bonding, retarded the crystallization rate, resulting in supercooling and co

crystallization. Infrared spectroscopy, which can be used to measure the aggregation state of molecules,

DOI: 10.1039/d3ra08293h including the liquid and supercooled states, is an effective analytical method for clarifying the process of
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Introduction

The thermal analysis of thermal-storage materials is
becoming increasingly important for solving energy prob-
lems. Cold crystallization is a latent-heat-storage phenom-
enon involving supercooling."” Molecules that exhibit cold
crystallization are expected to retain their heat-storage state
(the supercooled state) for long periods.®” Cold crystallization
of small molecules is typically observed at low temperatures,
at approximately room temperature,*® and is expected to be
applied to heat-storage materials for low-temperature waste
heat.

Recently, small molecules exhibiting cold crystallization via
supercooled liquids, glass,"™® liquid crystals,>*>* and ionic
liquid crystals®?*® have been reported. To develop better
thermal-storage materials, the mechanism of the thermal
behavior during cold crystallization must be analyzed in detail.
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Another important factor in cold crystallization is the super-
cooling phenomenon that occurs during cooling; therefore, the
molecular assembly in the supercooled liquid or glass state
must be investigated. Previously, the cold crystallization
behavior of supercooled liquids was difficult to analyze because
of the effect of averaging the molecular structures. In liquids,
observing the aggregation state of molecules is difficult because
the conformations of the molecules are averaged. As a result,
the analysis of liquids to elucidate the mechanism of the cold
crystallization of small molecules has remained stagnant. In
a previous study,* the cold crystallization of mixed nucleobases
(alkyl derivatives of adenine and thymine) was reported.
Complementary hydrogen bonding was observed to have an
important effect on thermal behavior. The mode of hydrogen
bonding was analyzed using Fourier-transform infrared (FTIR)
spectroscopy. Therefore, molecular aggregation, including that
in liquids, can be analyzed by investigating hydrogen bonds.
Although the information is still averaged, FTIR analysis
provides more detailed data on molecular aggregation in
liquids.

In this study, the thermal behavior of the dodecyl deriva-
tive of uracil (U-C12), in addition to the derivatives of adenine
(A-C12) and thymine (T-C12) used in a previous study (Fig. 1),
was investigated at a temperature-controlled stage using FTIR
spectroscopy. The hydrogen bonding in the molecular
assemblies formed in the liquid, supercooled-liquid, and
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Fig. 1 Chemical structures of (a) A-C12, (b) U-C12, and (c) T-C12.

cold-crystallized states was analyzed. Complementary
hydrogen bonds are formed in the AT (adenine-thymine) and
AU (adenine-uracil) pairs. The thermal behavior and
temperature-dependent changes in hydrogen bonding in
a mixed system of dodecyl derivatives were investigated.
Molecular aggregation in the liquid and supercooled states
was successfully achieved. The results will be useful for
understanding the cold-crystallization behaviors.

Experimental
Synthesis of U-C12

A-C12 and T-C12 were synthesized as previously described.””
U-C12 was synthesized using reagents obtained from Tokyo
Chemical Industry and Kanto Chemical. Uracil powder
(0.34 g, 3.0 mmol) and potassium carbonate (0.47 g, 3.4
mmol) were added to 10 mL of N,N-dimethylformamide. The
mixture was then stirred at room temperature for 10 min.
Liquid-state 1-bromododecane (0.85 g, 3.4 mmol) was added
to the mixture, which was heated at 60 °C for 48 h. The
product was purified by solvent extraction using CHCl; and
saturated aqueous NaCl solutions. The CHCI; solution was
collected and concentrated using a rotary evaporator. The
product was purified via recrystallization from a 1: 3 v/v ethyl
acetate/hexane solution. The white crystalline powder was
collected using suction filtration and dried under reduced
pressure (U-C12, 0.14 g, 16% yield). Elemental analysis was
performed using an analyzer (240011, PerkinElmer, USA). The
elemental analysis of C;6H,3N,0, is as follows—calculated: C,
68.53; H, 10.07; N, 9.99%, observed: C, 68.48; H, 10.29; N,
10.00%. 'H nuclear magnetic resonance (NMR) spectra were
recorded using a spectrometer (J]NM-ECZ500R, JEOL, Japan).
"H-NMR (acetone-d6, 500 MHz): 6 9.87 (s, 1H, N-H), 7.55 (d, J
= 8.0 Hz, 1H, C=CH-N), 5.51 (d, J = 8.0 Hz, 1H, CH=C-N),
3.73 (t,J = 7.4 Hz, 2H, N-CH,-C), 1.66 (quin, J = 6.9 Hz, 2H,
N-C-CH,-C), 1.36-1.22 (m, 18H, C-CH,—C), 0.86 (t, ] = 7.2 Hz,
3H, C-CHj,).

Thermal analysis

Differential scanning calorimetry (DSC) was conducted using
a calorimeter (DSC 3500 Sirius, NETZSCH, Germany). The scan
rate was 10 °C min~ ', and the temperature range was —50 to
+160 °C. The mixed system was prepared at a molar ratioof 1: 1,
and the molecules were mixed by convection by maintaining
them at 160 °C for 1 h after the first heating process.
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Powder X-ray diffraction (PXRD) analysis

PXRD patterns were measured using a diffractometer (MiniFlex,
Rigaku, Japan) with a heat stage and CuKa (A = 1.54059 A).
Cooling of the samples was performed outside the diffractom-
eter using a cool plate (SCP-85, AS ONE, Japan). Preparation of
the mixed system was conducted in the same method as
described above.

FTIR spectroscopy

A thermally controlled FTIR spectroscopic system was con-
structed, as shown in Fig. S1.f A spectrometer (FT/IR-4200,
JASCO, Japan) was used to obtain the FTIR spectra. A stage
(FTIR600, Linkam, UK) was used to control the sample
temperature. The sample was inserted between CaF, plates, and
the plates were mounted on a stage with heat-resistant tape. Dry
nitrogen gas was passed through the window of the stage to
prevent condensation.

Results and discussion

DSC analysis of U-C12, and mixture of A-C12 and U-C12 (AU-
C12)

A DSC diagram of U-C12 is shown in Fig. 2a. Powder crystals of
U-C12 were enclosed in an aluminum pan and used for the DSC
analysis. In the first heating process, U-C12 melted with two
endothermic peaks (peak a: 174J g%, 75 °C; peak b: 2J g7, 86 ©
C). In the first cooling process, crystallization peak c¢ with an
enthalpy of 85 ] g~ ' was observed at 54 °C, followed by a solid-
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Fig. 2 DSC diagram of (a) U-C12 and (b) AU-C12.
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solid transition (peak d: 10 J g%, 31 °C). The corresponding
transition peak e (7 J g, 38 °C) was observed in the second
heating process. The U-C12 compounds melted, corresponding
to peak f (108 J g™, 86 °C).

The DSC diagram of AU-C12 is shown in Fig. 2b. During the
first heating process, two melting peaks (peak g: 125J g™ *, 75 ©
C; peak h: 46 J g™, around 100 °C) were observed. To ensure
uniform mixing, the mixture was maintained at 160 °C for 1 h.
Thereafter, the AU-C12 compounds were cooled, and no
crystallization peaks appeared in the first cooling process. A
glass transition T, was observed at —8 °C. AU-C12 adopted
supercooled liquid and glass states. The corresponding Ty
was observed at —4 °C in the second heating process. In
addition, cold crystallization (peak i: 28 J g™, 19 °C; peak j: 77
J g ', around 63 °C) was observed. Finally, the cold-
crystallized sample melted at 92 °C, with an endothermic
peak corresponding to an enthalpy of 104 J ¢~ (peak k). In
a previous study,”” A-C12 and T-C12 exhibited crystallization
during cooling and melting during heating, whereas AT-C12
(a mixture of A-C12 and T-C12) exhibited supercooling and
cold crystallization. Similarly, AU-C12 exhibited supercooling
during cooling and cold crystallization during heating.

Powder X-ray diffraction analysis

The thermal processes observed in the DSC scans were analyzed
using powder X-ray diffraction (PXRD). The PXRD pattern of U-
C12 is shown in Fig. 3a. The blue line indicates the pattern of
crystals formed between peaks c¢ and d in Fig. 2a. The red line
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Fig. 3 PXRD patterns of (a) U-C12 and (b) AU-C12.
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shows the pattern of crystals formed below the temperature of
peak d. The black line shows the pattern of crystals formed
between peaks e and f. The PXRD patterns indicated by the blue
and black lines were identical, whereas those indicated by the
red line were different. In addition, the patterns were different
from those of the sample measured at room temperature before
thermal treatment (Fig. S271). This suggests that U-C12 exhibits
crystal polymorphisms.

Fig. 3b shows the PXRD patterns of AU-C12. The blue line
shows the pattern at 0 °C in the first cooling process. The
pattern exhibits a broad peak (halo) at 26 = 20°, suggesting
that AU-C12 adopts an amorphous state and isotropic liquid
state. The red line indicates the pattern of crystals formed at
55 °C (above the temperature of peak i in Fig. 2b) during the
second heating process. The red line shows a crystalline
pattern with many peaks, suggesting that AU-C12 underwent
cold crystallization during heating from the supercooled
state. The black line shows the pattern of the crystals formed
between peaks j and k. The intensities of the peaks in the
pattern corresponding to the red line increased, whereas new
diffraction peaks (e.g., peaks at 9.2°, 11.2°, 14.8°, 17.4°, and
18.3°) appeared. Peak j corresponds to the growth of crystals
formed at peak i and the cold crystallization of other crys-
talline states. Fig. S21 shows a comparison of the PXRD
patterns of A-C12, U-C12, and AU-C12. At room temperature,
the pattern of AU-C12 was a superposition of those of A-C12
and U-C12. On the other hand, after cold crystallization, the
pattern of AU-C12 was different from those of A-C12 and U-
C12. The results suggest that AU-C12 exhibits the new crys-
talline phases by cold crystallization.

Temperature-controlled IR spectroscopy

A previous study revealed that complementary hydrogen
bonding between A-C12 and T-C12 is a factor in cold crystalli-
zation. In this study, the temperature-controlled IR spectra of
AT-C12 and AU-C12 were acquired using the equipment shown
in Fig. S1.1 The changes in hydrogen bonding with temperature
were investigated in detail.

Fig. 4 shows the IR spectra of liquid-state A-C12, T-C12,
and AT-C12 at 160 °C. The spectrum of AT-C12 (red line)
was the same as that of A-C12. The spectrum of A-C12
exhibited peaks at 3478 cm ™' (asymmetric stretching vibra-
tion of free NH, with one hydrogen-bonded H atom),
approximately 3320 cm™' (NH, bend overtone), and
3170 cm ™' (hydrogen-bonded NH stretch).?® The spectrum of
T-C12 showed peaks at 3418 cm™" (NH stretch of thymine
monomer), approximately 3200 cm~ ' (NH stretch of stacked
thymine dimer), and 3050 cm™* (NH stretch of hydrogen-
bonded thymine dimer).>*** A peak was also observed at
3478 cm ™', arising from the free NH, stretching of A-C12
hydrogen-bonded to T-C12.** The peaks of T-C12 did not
appear in the spectrum of AT-C12, suggesting that the
hydrogen-bonded pairs of A-C12 and T-C12 were predominant
in the high-temperature liquid state of AT-C12.

Fig. 5a shows the variation in the IR spectra with the
temperature of AT-C12. The spectrum of the high-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Comparison of infrared spectra of A-C12, T-C12, and AT-C12.

temperature liquid state at 160 °C was the same as that in
Fig. 4. The sample was cooled to —20 °C, and the spectrum of
the supercooled state was measured. The peak at 3478 cm™*
disappeared, suggesting that both H atoms of the NH, group
of A-C12 formed hydrogen bonds, thereby forming
a hydrogen-bonding network. The other peaks remained
broad and are considered to be the averaged peaks corre-
sponding to multiple types of complementary hydrogen
bonds. The sample was re-heated, and the spectrum of the
cold-crystallized solid was recorded at 60 °C. The spectrum
was the same as that of the co-crystal formed by AT-C12, as
shown at the bottom of Fig. 5a. The cold-crystallized sample
formed complementary hydrogen bonds in a reverse Hoogs-
teen pattern.”” A stable crystal state with a single hydrogen-
bonding pattern was formed; therefore, the peaks related to
the hydrogen bonds (approximately 3100-3500 cm™ ') became
sharper. The hydrogen-bonded NH, peaks of the reverse
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Fig. 5 Infrared spectra of (a) AT-C12 and (b) AU-C12 in cold crystal-
lization behavior.
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Hoogsteen structure appeared at higher wavenumbers than
those of the Hoogsteen and Watson-Crick structures.’*?*?
Therefore, the peak of the cold-crystallized sample forming
the reverse Hoogsteen structure showed a higher wave-
number shift relative to that of the averaged peak in the
spectrum of the supercooled state. In the co-crystal, one H
atom of NH, formed a complementary hydrogen bond,
whereas another H atom formed a hydrogen bond with an
adjacent AT-C12 pair.”” This supports the conclusion that the
disappearance of the peak at 3478 cm ™' was caused by the
formation of a hydrogen-bonding network via NH,. In
summary, a schematic diagram of the hydrogen-bonded pair
with free NH, in the high-temperature liquid state is shown in
Fig. 6a, and multiple types of hydrogen bonds are shown in
Fig. S3.f A diagram of the hydrogen-bonding network in
supercooled liquid and cold-crystallized states is shown in
Fig. 6b.

Fig. 5b shows the temperature-controlled IR spectrum of
AU-C12, which changed with sample temperature. The
spectrum of AU-C12 was almost identical to that of AT-C12.
The FT-IR spectrum of the high-temperature liquid at 160 °C
showed the asymmetric stretching vibration (3490 cm™") of
free NH, with one hydrogen-bonded H atom. Similar to AT-
C12, a hydrogen-bonded dimer of AU-C12 was formed, and
no hydrogen-bonding network was formed in the high-
temperature liquid. In the spectrum of the supercooled
state at —20 °C, the peak of free NH, disappeared, and
averaged broad peaks of the hydrogen-bonding network
were observed. Sharp peaks owing to the complementary
hydrogen bonds of the reverse Hoogsteen pattern were
observed in the spectrum of the cold-crystallized sample at
40 °C. These results suggest that the changes in the cold-
crystallization behavior of the molecular assembly were the
same for AT-C12 and AU-C12. A gradual increase in the
absorption intensity at 3399 cm ™' in the temperature range
of 40-80 °C was observed for AU-C12. This peak change was
attributed to crystal polymorphism. As neither the IR spectra
nor the PXRD patterns showed significant changes, the cold-
crystallized compounds corresponding to peaks i and j in
the DSC had almost the same structure. Both crystals
exhibited a reverse Hoogsteen structure, and only the micro-
orientations of the molecules were considered different.
Fig. S47 shows the IR spectra measured at a step of 10 °C.
The spectra of AT-C12 and AU-C12 change in response to
cold crystallization (around 40 °C) and melting (around 100
°C). Therefore, the IR measurement proved to be a useful
method to reveal the process of cold crystallization.

Temperature-controlled IR spectral measurements revealed
that hydrogen-bonded pairs were formed in the high-
temperature liquid state, but no hydrogen-bonding network
was formed. In the supercooled state, multiple types of
hydrogen bonds were formed, and one type of hydrogen-bonded
structure (the reverse Hoogsteen structure) was formed during
cold crystallization. Hence, the heterogeneity of the system,
owing to multiple types of hydrogen bonds, reduced the crys-
tallization rate during cooling, and cold crystallization
occurred.

RSC Adv, 2024, 14, 3776-3781 | 3779
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Fig. 6 Schematics of (a) hydrogen-bonded pair and (b) hydrogen-bonding network.

Conclusions

The molecular assemblies formed in each state (liquid, super-
cooled liquid, and cold-crystallized) were successfully deter-
mined using IR spectroscopy. The spectral changes were
combined with the DSC and PXRD data to investigate the
thermal behavior of the dodecyl-substituted nucleobases
(adenine, uracil, and thymine). Various hydrogen bonds
delayed crystallization during cooling, leading to cold crystal-
lization. Temperature-controlled IR spectroscopy is a powerful
technique for analyzing the cold-crystallization behaviors and is
expected to contribute to future research on cold crystallization.
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