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ABSTRACT: A nonclassical phase-transition model in which clusters act as the growth units has
gained acceptance, contrasting with the classical phase-transition model where atoms or molecules
attach or detach individually. However, this cluster-based model for phase transitions has not been
established in phase transitions of semiclathrate hydrates, latent-heat storage materials, in which
cage structures form and dissociate at the crystal surface. Using liquid-cell transmission electron
microscopy, we directly observed the dissociation behavior of a single crystal of tetra-n-
butylammonium fluoride semiclathrate hydrate induced by electron-beam irradiation. Early
dissociation stages showed moiré patterns, indicating that a 10-30 nm region of the crystal surface
had transitioned to a metastable phase. Subsequently, spherical clusters, potentially responsible for
the memory effect that facilitates recrystallization after dissociation, appeared without diffraction
contrast attributable to crystal. These observations provide insights into nonclassical dissociation

processes of hydrates to understand phase transition of latent-heat storage materials.

INTRODUCTION:

As typified by the dissolution/precipitation process, dissolution and crystallization are closely
related. Other examples include the promotion of crystallization due to partial melting caused by

periodic changes in supersaturation,' and the memory effect, which facilitates the recrystallization



of crystals after the dissociation of a hydrate.? Therefore, an understanding of the processes of
dissolution [or dissociation for a (semi)clathrate hydrate] is directly linked to an understanding of
the mechanism of crystallization.

Phase-transition technology has been used in various chemical engineering fields, for example
in the commercial production of pharmaceuticals, chemicals, foods, advanced materials (such as
nanomaterials or biomaterials), and electronic devices.> In particular, the formation of a
crystalline seed in a process called nucleation is important in the initial stages of crystallization
because crucial features of the resulting crystals, such as the crystalline structure, lattice orientation,
particle size, size distribution, and chirality, are determined in the early stages of crystallization.®
8 Moreover, competition between clusters with different structures is important in controlling
polymorphism’ and chirality.'°

There has been a recent increase in the number of reports on the concept of nonclassical
crystallization, which differs from the classical idea of layer-by-layer growth of crystals involving
atomic or molecular building units.

A quarter of a century ago, solute clusters with an approximate diameter of 16 nm and their
aggregates were observed in an aqueous solution of citric acid, indicating that the crystallization
of citric acid monohydrate proceeds through the aggregation of clusters rather than through
molecule-by-molecule growth.!"!3 In 2008, the existence was reported of well-defined clusters in
a solution of calcium carbonate prior to its crystallization.!* More-recent reports describe
crystallization pathways from solution to crystals through mesoscopic intermediates that are
metastable with respect to the mother liquid compared with the emerging crystalline phase, '’
““dense liquid”’ intermediates remaining in solution for many hours before sudden sedimentation

of gold sulfide,'® and the formation of aggregates derived from simple ions and ion pairs in aqueous



solutions prior to the nucleation of calcium carbonate.!” Crystallization appears to proceed through
aggregation of such clusters; that is, the cluster might be the smallest growth unit of a crystal.'®
The concepts of NCC also have profound implications in latent-heat storage technologies that
exploit the crystallization of phase-change materials, where supercooling causes severe
problems.!” When a high degree of supercooling is required to promote the crystallization of a
cold-storage material, additional cooling energy is required, resulting in poor energy efficiency.?’
When supercooled aqueous solutions of several latent-heat storage materials were examined by
scanning electron microscopy using the freeze—fracture replica method, clusters with radii of about
5-10 nm were detected.?!?* The relationship between cluster formation/aggregation and the
degree of supercooling prior to crystallization indicated that clusters promote crystallization.? This
suggests that the crystallization of latent-heat storage materials proceeds by an NCC process. The
memory effect might result from the dissolution of crystals to form cluster units. We therefore
examined the dissociation of a single crystal of tetra-n-butylammonium fluoride (TBAF)
semiclathrate hydrate (SCH), a latent-heat storage material, by in-situ liquid-cell transmission
electron microscopy [LC-TEM; See the Supplemental Information (SI) for the experimental

procedures.].>?*2® Our results suggest the presence of a nonclassical “cluster-unit” dissolution

process that might promote recrystallization.

2. RESULTS AND DISCUSSION
Overview of the Dissociation Processes under Electron-Beam Irradiation

We observed the dissociation processes of three tetragonal crystals (Figures 1A—C and SI,
Figures S1 and S2) and one cubic crystal (Figures 1D—G) under electron-beam irradiation

(~5 x 10* electrons nm 2 s7!). Although the cubic structure is the most stable crystal structure of



TBAF SCH, the incongruent-type dissociation temperature of tetragonal TBAF SCH (300.4 K) is

only 0.5 K lower than that of the cubic form (300.9 K).?
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Figure 1. Dissociation processes of TBAF SCH crystals under electron irradiation. A. Bright-field
TEM image of tetragonal crystals and the corresponding electron-diffraction pattern i. B and C.
Enlarged images of the regions shown by an arrow in A at 0 s and 632 s, respectively. The timing
started on increasing the electron dose rate to 5 x 10* electrons nm™ s™!. Inset ii shows an enlarged
image of the red box region in C. White arrows show tiny particles with several nanometers in

diameter. D - G. Bright-field TEM images at various times after initiation of electron-beam

irradiation at 8 x 10* electron nm™ s™!. Insets iii, v, ix, and xiii are the electron-diffraction patterns

corresponding to the TEM images in each blue box, obtained from the [001] direction. Enlarged



image iv shows the bright contrast region, indicated by arrows, that appeared on the surface of the
crystal. Insets vi—viii and x—xii show clusters dissolved from the crystal. The cyan arrows in Insets
v and ix show diffraction spots of 0.38 nm, attributed to an intermediate metastable phase in the
dissociation process. The magnification for E-G is the same as that for D. The scale bars in Insets

vi—viii and x—xii are 20 nm.

An aggregate of tetragonal crystals showed multiple diffraction spots (Figure 1A, Inset i),
suggesting the presence of a collective of randomly oriented single crystals. Part of the aggregate
of tetragonal crystals was magnified and the electron dose rate was increased from 10 to ~50,000
electron nm2 s”! (Figure 1B). On electron-beam irradiation, the outer periphery of the crystal
appeared to dissociate with the release of two types of spherical object at 632 s (Figure 1C). One
of these types of object had the characteristic contrast of a shell structure with a diameter of 20—

40 nm and, in strong contrast, the other was a tiny particle measuring a few nanometers.

The tiny particles indicated by white arrows in Inset ii of Figure 1C were, at most, several
nanometers in diameter and were probably clusters composed of TBAF SCH, which could promote
recrystallization. Note that the movement and diffusion of solvent and solute molecules are
prevented due to the confined space of a liquid cell. Then, clustering of dissociated molecules may
be accelerated.?® Whether the dissolution process accompanied by clusters observed in this study
is a phenomenon that also occurs in conventional dissolution is a topic for the future. However,
our observation results are consistent with previous reports that clusters promote the
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recrystallization of clathrate hydrates in general condition, a phenomenon known as the



memory effect. In other words, the results of this direct observation support the hypothesis that
clusters promote recrystallization.

The fresh cubic crystal at 0 s had a rectangular shape with sharp edges (Figure 1D). According
to a crystallographic information file from Komarov et al.,* the corresponding electron-diffraction
pattern (Figure 1D, Inset iii) is consistent with a single cubic crystal of space group / 43d (a =
24.37 A) in the (001) orientation (except for the relative intensities of some spots), based on the
extinction rule. The weak halo rings are attributable to two amorphous silicon nitride windows
and/or the solution. The lattice spacing d1 = 0.33 nm of the single crystal was assigned to be (800)
based on the literature,” although the extinction rule is not fully satisfied.

After the start of electron-beam irradiation, additional diffraction spots attributed to a crystal
with a 15% larger lattice constant appeared in the same crystallographic orientation at 298 s
(Figure 1E, Inset v) suggesting the formation of a crystal as an intermediate phase during the
dissociation. The crystal further dissociated and 10-nm-sized clusters were observed on the crystal
surface at 454 s (Figure 1F, Insets vi—viii). The intensity of the original diffraction spots became
weaker than that originating from the intermediate phase. In addition, many other diffraction spots
appeared, indicating the progress of polycrystallization. Finally, the crystal totally lost its
rectangular shape and, at 817 s, several spherical contrasts with sizes of less than 30 nm were
observed surrounding it (Figure 1G, Insets x—xii). Despite the significant change in crystal shape,
weak electron-diffraction spots originating from the initial cubic crystal remained visible (Figure
1G, Inset xiii), indicating that a part of the cubic crystal remained within the central area.

The polycrystallization observed in Figure 1G is likely influenced by both the presence of
clusters and local saturation changes induced by electron-beam irradiation. The clusters formed

during dissociation, facilitate the growth of new crystalline domains, which would contribute to



polycrystallization. This is consistent with previous studies on hydrate recrystallization, where
clusters serve as precursors for rapid crystal growth.??

On the other hand, the electron beam induces radiolysis of water, leading to local fluctuations in
solute concentration, which can create supersaturation zones around the dissolving crystal. These
fluctuations can also promote polycrystallization independently.?® Given the coexistence of these
two factors, it is likely that polycrystallization results from a combination of cluster-mediated

nucleation and saturation-driven crystallization.

Detailed Dissociation Process of a Cubic Single Crystal

During the dissociation process, we observed the generation and disappearance of moiré patterns
in the TEM images (Figure 2). In Figure 2, the moiré patterns are highlighted by double circles;
patterns identified as corresponding to the same moiré pattern on the basis of their position and
size within the crystal are shown with the same color. Moir¢é patterns that were densely packed and
could not be individually tracked are enclosed by white dashed circles. For example, the moiré
patterns enclosed by red circles had a lifetime estimated to be between 146 s (Figure 2C) and 382
s (Figure 2G).

Figure 2A (0 s) shows the initial state of the single crystal just after electron-beam irradiation
(~8 x 10* electrons nm~ s7!). In Figure 2B (103 s), slight distortions in the smoothness of the
crystal facets appeared and faint moiré patterns began to emerge in the regions delineated by the
white dashed circles.>* In Figure 2C (146 s), clear moiré patterns can be observed in the areas
enclosed by the circles, and their presence was supported by a fast Fourier transform (FFT) image
(Figure 2C, Inset i). Later, moir¢ patterns were observed over the entire surface of the crystal, as

indicated by the circles at 226 s (Figure 2D). The presence of moiré patterns was also supported



by the FFT images in Figure 2, Insets iii and iv. The diffraction spots (Figure 2D, Inset ii) indicate
the presence of a single crystal, suggesting that the crystal structure was not significantly

decomposed at 226 s.




Figure 2. Detailed dissociation processes with the generation and disappearance of moiré patterns

in a cubic TBAF SCH single crystal under electron-beam irradiation. A-J. Bright-field TEM

images with time progress. Double circles indicate moiré patterns, and the same color was assigned
to those determined to correspond to a single moiré pattern based on its position and size within
the crystal. The white dashed circles indicate moiré patterns that were densely packed and could
not be individually tracked. Insets i, iii, iv, vi, and ix. FFT images taken from selected regions
indicated by circles in the upper-left-hand corner and the orange arrows. Insets ii and ix. Electron-
diffraction pattern taken from the central part of the crystal. Insets v, vi, viii, and ix. Enlarged
images of the regions indicated by circles in the upper-left-hand corner and the orange arrows.

Contrast profiles along the blue lines are presented in the SI, Figure S3.

Moir¢ patterns were continuously observed in the TEM image until 557 s (Figure 2I). The moiré
periodicities observed in the TEM images were determined to be 2.48-2.49 nm (Insets v, vi, viii,
and ix in Figure 2, and SI, Figure S3). Based on the diffraction spots in Figures 1E and 1F and
SI, Figure S3, the lattice spacings were assigned as di = 0.33 nm and d> = 0.38 nm.

Assuming parallel moiré patterns, we can apply the following equation:

D = (di x d»)/(d1 — do) (1)

where D is the moiré periodicity, di is the lattice spacing of the single crystal (0.33 nm), and >
is the lattice spacing of the newly appearing crystal that produced the moiré pattern. From Equation
1, the moiré periodicity D was calculated to be 2.5 nm, which is in good agreement with the
observed results from the TEM images (Figure 2, Insets v, vi, viii, and ix and SI, Figure S3). We
can then conclude that the moir¢ patterns generated during the crystal dissociation under electron-

beam irradiation result from interference between the initial lattice spacing of 0.33 nm and a lattice
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spacing of 0.38 nm produced after the generation of the moiré pattern (Fig. 3). Unlike moiré fringes
caused by strain-induced distortions, which are typically localized to a few atomic layers. The
persistence and spatial extent of the observed moiré patterns suggest that the intermediate phase
forms a relatively thick layer on the mother crystal, maintaining a coherent but distinct lattice
structure. The presence of a stable, well-defined periodicity in the moiré pattern indicates that this
intermediate phase is not merely an amorphous transition layer but retains a crystalline nature,

leading to long-range interference effects between the two lattices.

Cluster dissociated from the crystal

Intermediate metastable crystallites l Lattice spacing
A part of mother crystal «
¢~ 0.38 nm| ‘
| P ! |
s

Dissociation Progression ) !
Moiré pattern §

Figure 3. Schematic of the nonclassical “cluster-unit” dissociation process of TBAF SCH.

In the dissociation process, bubble-like shapes are observed at the same time as the formation of
moiré fringes. If moiré fringes were formed by an interaction between the bubble-shaped crystals
and the mother crystal, moiré¢ fringes should be observed surrounding the area where there is no
moir¢ fringe corresponding to the center of the bubble. However, the moiré fringes always appear
homogeneously. In addition, bubble-like shapes do not show diffraction contrasts or lattice images

originating from crystal. Therefore, it can be concluded that the formation of moiré fringes, i.e. the
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dissociation process accompanied by clusters, is independent to the formation of bubble-like
substances due to electron beam irradiation.

The crystal dissociation under electron-beam irradiation occurred not only on the crystal surface
parallel to the substrate, but also on the side surfaces. The crystal’s side surfaces were smooth in
Figure 2A, but the smoothness was gradually lost on electron-beam irradiation. Each side surface
had a significantly brighter contrast layer with a thickness of 1520 nm (Figure 1E, Inset iv). In
addition, regions about 15 nm in size appeared with relatively strong contrasts (Figures 2B-2D),
especially on the lower and upper side surfaces. Examples are indicated by the hexagons in Figures
2C and 2D.

The formation of moiré patterns observed in this study is attributed to interference between the
initial cubic lattice of the mother crystal and an overlying intermediate phase with a slightly
different lattice spacing. Given that the moiré periodicity (2.48-2.49 nm) is significantly larger
than the underlying lattice constants (0.33 nm and 0.38 nm), the intermediate phase must maintain
a relatively consistent thickness to sustain the observed moiré contrast.

This phenomenon suggests that the intermediate phase does not simply form and dissolve
randomly but instead undergoes a well-defined transition before detaching as clusters. Unlike
strain-induced moiré effects, which are usually limited to a few atomic layers, the persistence and
spatial uniformity of the observed moiré patterns indicate that the intermediate phase maintains a
coherent crystalline structure over an extended thickness. Such behavior is consistent with
previous studies on metastable crystalline overlayers in phase-transition processes.'> The
disappearance of moiré patterns as dissolution progresses further supports the notion that they

originate from an ordered intermediate phase rather than from random lattice distortions.
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The appearance of the moiré patterns (enclosed by circles and color-coded based on size in blue,
cyan, red, pink, and green, representing 10, 15, 20, 25, 30 nm @, respectively) is shown in SI,
Figure S4. The judgment regarding the moiré¢ patterns was made by enlarging the TEM images
and identifying the presence of three or more parallel lines.

The size distribution of the regions containing moiré patterns is shown in Figure 4. The
dissociation of the single crystal due to electron irradiation proceeded at the level of units with a
size in the range 10-30 nm with a mode diameter of 15.0 nm and a median diameter of 19.3 nm.
This size distribution is consistent with the size of clusters observed around the single crystal in
the enlarged TEM images of Insets vi—viii and x—xii in Figures 1F and 1G.

This size distribution is consistent with the size of clusters observed around the single crystal,
suggesting a direct correlation between the formation of the moiré patterns and the cluster-
mediated dissolution process.

The observed moiré patterns are indicative of an intermediate crystalline phase with a finite
thickness on the mother crystal. As the dissolution progresses, this intermediate phase detaches in
discrete units, leading to the formation of the observed clusters. The disappearance of moiré
patterns coincides with the separation of these intermediate-phase clusters, supporting the
hypothesis that the moiré contrast arises from a structured overlayer rather than from localized

strain effects.
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Figure 4. The size distribution of the moiré regions observed in the dissociation process of the

cubic crystal in Figure 2 and SI, Figure S4.

On electron-beam irradiation, the single crystal undergoes dissociation, along with the
generation of moiré patterns, where the surface expands in units of 30 nm or less that peel off from
the deeper layers, eventually decomposing through polycrystallization. The 30-nm-sized units
might correspond to the particles shown in Figure 1G, Insets x—xii.

The lifetime of moiré patterns was investigated (Figure 5) and shown to have a mode value of
2.0 minutes and a median value of 2.3 minutes at an electron dose rate of 8 x 10* electron nm >
s . In terms of the electron dose, the lifetime of moiré patterns during crystal dissociation was
determined to be 1 x 107 electron nm 2. The lifetime of the moiré patterns is regarded as
corresponding to the lifetime of the intermediate metastable crystallites during the dissociation of
the single crystal. There are two possible causes of dissociation by electron-beam irradiation: a

kinetic process acting on molecules in the crystal or environmental changes due to radiolysis of
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the solution. It has been reported that the damage to crystals caused by electron-beam irradiation
is mainly the result of amorphization rather than molecular decomposition.>* Amorphization
promotes dissolution because amorphous materials have a higher solubility than the corresponding
crystal. The dissolution process observed in this study involves intermediate metastable crystallites
10-30 nm in size, which is different from the dissolution process accompanied by amorphization
due to random molecular orientation. The temperature increase due to the electron dose rate (~5-
8x10* electrons nm™ s™') used in our experiment is estimated to be 2-3 K.** When compared to the
decomposition temperature of SCH (300.9 K) in TBAF, the ambient temperature is 293 K, so even
if the temperature increases by 3 K, it will still be lower than the decomposition temperature.
Therefore, we conclude that the main cause of crystal dissociation is the undersaturation of the
solution environment for the crystal due to radiolysis of the solution by electron-beam irradiation

rather than local temperature increases.
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Figure 5. The lifetime of moiré patterns from generation to disappearance in the cubic crystal

observed in Figure 2 and SI, Figure S4.
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CONCLUSION

TEM observations enabled the visualization of the dissociation processes of TBAF SCH single
crystal, which progresses with repeated generation and disappearance of moiré patterns. This
corresponds to the formation of intermediate metastable crystallites [15 nm (mode) and 19.3 nm
(median)] on the crystal surface and is discrete. Particles of a similar size were observed around
the dissociating crystals. These particles correspond to clusters of TBAF SCH, which are reported
to be responsible for the easy recrystallization of TBAF SCH crystals, a phenomenon known as
the memory effect.?!2* In the future, we expect that knowledge relating to the formation of clusters
could lead to the development of an efficient latent-heat storage technology with a reduced cooling

energy.
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