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ABSTRACT: This study reports the formation of structure I (sI)
and structure II (sII) clathrate hydrates (CHs) of trimethylene
oxide (TMO) at different concentrations of the components under
cryogenic conditions in ultrahigh vacuum. We codeposited
TMO:H2O ices of 1:3 and 1:15 ratios at 10 K and thermally
annealed them to 135 K. Using reflection−absorption infrared
spectroscopy, we observed the formation of distinct CH structures
from compositionally varied ices at 135 K. Although TMO
occupied the 51262 cage of sI CH in the 1:3 mixture, in the 1:15
mixture, it occupied the 51264 cage of sII. The sI TMO CH
demonstrated greater thermal stability compared to sII. Interest-
ingly, the dissociation of these CH structures exerts different effects on amorphous solid water (ASW). While the sI CH dissociation
does not lead to the expected conversion of ASW to crystalline hexagonal ice, the dissociation of sII CH crystallizes ASW. This
observation may be attributed to the relative stability and host−guest hydrogen bonding of the CHs, as supported by density
functional theory analysis.

■ INTRODUCTION
Formation of clathrate hydrates (CHs) in laboratory
interstellar conditions has been established by several studies
using reflection−absorption infrared spectroscopy
(RAIRS).1−5 Subsequently, Tychengulova et al. have reported
infrared spectroscopic investigations of the formation of CO2
CH under simulated interstellar environments.6 Besides
RAIRS, a recent study has shown the formation of
tetrahydrofuran and 1,3-dioxolane under ultrahigh vacuum
(UHV) and cryogenic conditions by reflection high-energy
electron diffraction (RHEED).7 The chemically diverse
interstellar medium (ISM) contains more than 300 species,
such as neutral atoms and molecules, cations, anions, and
radicals.8 These species exist in the gas phase or in the solid
phase on interstellar ice-dust.9,10 As the ice matrices are
predominantly rich in water, many molecular species may be
entrapped in them as CHs, forming different structures. The
size of the CH cages depends on the size of the guest molecule,
which determines whether the CH will be in structure I (sI) or
structure II (sII) or structure H (sH).11 Temperature and
pressure are two crucial parameters to decide the CH structure
for a particular guest molecule. Additionally, one structure can
be converted to another, either by altering the condition or by
introducing other foreign molecules.12,13 Most of these studies
have been conducted under high-pressure conditions, where
the guest molecule is forced to occupy the hydrate cage.
However, in UHV, this mechanism is different, particularly for

nanoscale thin film ices, at cryogenic temperatures. Here,
thermal annealing of the mixed ice containing host and guest
molecules enables their mobilization, followed by reorientation
of the water molecules, resulting in enclathration of the guest,
all under UHV.14

Trimethylene oxide (TMO), a four-membered cyclic ether,
has yet to be detected in space. However, recently its structural
isomer, propylene oxide, has been detected in ISM.15 Ethers
are known to form CH; for example, tetrahydrofuran, a five-
membered cyclic ether, and dimethyl ether, a noncyclic ether,
form 51264 cages of sII CH in UHV.3,16 Ethylene oxide, a three-
membered cyclic ether analogous to TMO, commonly forms
51262 cage of sI CH in atmospheric pressure and in
vacuum.17,18 The CH structure and its cage size are largely
dictated by the size and chemical nature of the guest molecule.
TMO has an intermediate size between ethylene oxide and
tetrahydrofuran. Investigating TMO CH structure under UHV
is crucial for understanding how molecules behave in a water
ice matrix and occupy clathrate cages at cryogenic temper-
atures (10−135 K).
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There are a few reports on the effect of composition in
TMO CH formation, where CHs are formed by vapor
deposition of guest molecules on crystalline ice nanocryst-
als.19−22 However, there is no such study of the formation of
TMO CH in amorphous ice under UHV. Also, the
consequence of their dissociation affecting the crystallization
of ice has hitherto not been observed. The effect of CH
dissociation on the crystallization kinetics of amorphous solid
water (ASW) provides new insights into the physical
transformations of icy bodies in space. Deciphering how
guest molecules interact with ASW and contribute to phase
transitions enhances our understanding of the stability and
structural evolution of materials in extraterrestrial environ-
ments.

Here, we report the formation of TMO CHs from
amorphous TMO-H2O mixed ice by thermally annealing the
mixtures from 10 to 135 K. We observed the formation of sI
and sII CH from 1:3 and 1:15 mixtures of TMO and H2O,
respectively, under identical temperature and pressure
conditions. For the first time, we demonstrate the role of
composition in CH formation under UHV conditions. The
RAIR spectra illustrate the formation of two CHs using two
vibrational modes: for sI using the ring puckering mode and
for sII using the C−O−C stretching mode. These observations
are supported by density functional theory (DFT) analyses,
which highlight the influence of host−guest hydrogen bonding
and a distorted planar geometry of TMO in the CHs.
Interestingly, the dissociation of these two types of CH
structures impacts the ASW differently. While the dissociation
of sII CH crystallizes ASW into hexagonal ice at 135 K, as
expected, the dissociation of sI CH does not induce this phase
transition, leaving the amorphous ice intact. This contrasting
effect is attributed to the greater stability of sI compared to sII,
as evidenced by the RAIR study as well as the DFT analyses.

■ EXPERIMENTAL SECTION
All experiments were conducted using a UHV chamber
maintained at a base pressure of ∼5 × 10−10 mbar, illustrated
in Figure 1. The apparatus is described in detail else-
where.23−25 Briefly, the chamber is equipped with several
analytical techniques, including RAIRS, low-energy ion
scattering (LEIS), mass spectrometry, secondary ion mass

spectrometry (SIMS), temperature-programmed desorption
mass spectrometry (TPD-MS), and a vacuum ultraviolet
deuterium continuum source. The base pressure of the vacuum
chamber is achieved by six turbomolecular pumps, further
supported by scroll pumps. A single-crystal Ru(0001) substrate
of 1.5 cm in diameter and 1 mm in thickness was used for our
experiments to grow nanoscale ice films. This substrate was
mounted on a copper holder and placed at the tip of a closed-
cycle helium cryostat. The substrate is also equipped with a 25
Ω resistive heater, allowing precise temperature control in the
range of 8 to 1000 K. Temperature measurement was achieved
using a platinum sensor and a K-type thermocouple, providing
a temperature accuracy of 0.5 K. Before each experiment, the
Ru(0001) was heated to 400 K repeatedly to ensure
cleanliness. It is worth noting that the substrate has no effect
in this study due to multilayer deposition.

Milli-Q water (H2O of 18.2 MΩ resistivity) and TMO
(99.9%, Sigma-Aldrich) were taken in two separate vacuum-
sealed test tubes (with a glass-to-metal seal) and were further
purified by several freeze−pump−thaw cycles. TMO and H2O
were connected to the UHV chamber through separate sample
inlet lines. Precise control over the deposition of these two
samples was achieved by utilizing all-metal leak valves. For
quantification purposes, we considered that 1.33 × 10−6 mbar
exposure for one second, equated to 1 monolayer (ML), was
estimated to contain approximately 1.1 × 1015 molecules cm−2,
assuming an ion gauge sensitivity factor of unity.26 The ion
gauge sensitivity factor of H2O is ∼1.0, and for TMO, it is
considered as ∼3.0 based on the known sensitivity factor for
tetrahydrofuran (THF), chemically similar cyclic ether.27 To
deposit 300 ML of ice consisting of a 1:3 ratio of TMO and
H2O mixture, the chamber was backfilled to a total pressure of
5 × 10−7 mbar for 10 min with TMO reaching 2.5 × 10−7

mbar and the H2O pressure maintained at 2.5 × 10−7 mbar.
The other two ratios of TMO and H2O (1:15 and 1:30) were
prepared at 10 K by keeping the total pressure constant and
changing the inlet pressure of TMO and H2O accordingly.
During codeposition, the total chamber pressure typically
varies between 4.90 × 10−7 and 5.10 × 10−7 mbar, resulting in
a variation of approximately 10−15 ML in total thickness for a
300 ML ice film. For instance, a 1:3 TMO:H2O mixture is
achieved by maintaining the partial pressure of each
component at ∼2.50 × 10−7 mbar (due to the difference in
gauge sensitivity factors). The maximum fluctuation in
individual partial pressure is around 0.10 × 10−7 mbar,
which translates to ∼5−8 ML variation per component in a
300 ML film. As a result, the composition of 1:3 mixed ice can
be varied from 1.11:3 to 0.89:3 and from 1:3.11 to 1:2.89. This
gives an uncertainty of ±0.11 in the mixing ratio for the 1:3 ice.
Throughout the vapor deposition process, mass spectra were
continuously obtained to verify both the purity and the ratio of
the deposited molecules.

The formation and dissociation of TMO CH were
investigated using RAIR spectroscopy. RAIR spectra were
recorded in the 4000−550 cm−1 range with a spectral
resolution of 2 cm−1, using a Bruker Vertex 70 FT-IR
spectrometer equipped with a liquid-nitrogen-cooled mercury
cadmium telluride (MCT) detector. The IR beam path outside
the UHV chamber was continuously purged with dry nitrogen
to avoid absorption from atmospheric gases.
Computational Details. All of the electronic structure

calculations were performed using the Gaussian 09 software
package. At first, the ground-state geometries of the TMO and

Figure 1. Schematic diagram of the experimental setup. As shown in
this representation, the Ru(0001) substrate is oriented to perform the
RAIR experiment.
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the CH cages (namely, the 512, 51262, and 51264 cages) were
optimized using DFT at the B3LYP/6-311++g(d,p) level of
theory. Next, the optimized TMO molecule was placed inside
the optimized CH cages, and the geometries were reoptimized
at the same level of theory. Furthermore, frequency
calculations are performed to justify that these geometries
are at the minimum of the potential energy surface, and these
calculations generate nonimaginary frequencies, confirming
that these geometries are in the ground state. The binding
energies of sI and sII CHs were obtained by subtracting the
ground state energy of optimized TMO and empty CH cages
from the optimized TMO CH structures. The dihedral angle of
TMO inside 51262 and 51264 cages was calculated, and host−

guest hydrogen bonding was identified from DFT-optimized
CHs.

■ RESULTS AND DISCUSSION
TMO CHs were prepared by thermally annealing codeposited
ice mixtures of TMO and H2O at two varying compositions
(Figure 2). After TMO and H2O were deposited at 10 K for
300 ML of thickness, the samples were slowly heated to 135 K
at a heating rate of 5 K min−1, followed by isothermal
processing of ice for an extended period. The experiments were
carried out at different compositions of the TMO and H2O ice.
In one experiment, TMO and H2O mixed ice were created at a
1:3 composition, and in another mixed ice, TMO and H2O
were taken at a 1:15 composition.

Figure 2. Schematic illustration of TMO CH formation in water ice at 135 K. The vapors of TMO and H2O were deposited at 1:3 and 1:15 ratios,
respectively, and thermally annealed to 135 K. The blue three-dimensional film represents hexagonal water ice.

Figure 3. RAIRS study of sI and sII CH of TMO in two spectral regions. (a, b) Time-dependent RAIR spectra of 300 ML of TMO-H2O of 1:3
composition at 135 K in the ring puckering mode region. (a) Normalized and (b) deconvoluted spectra. (c, d) Time-dependent RAIR spectra of
300 ML of TMO-H2O of 1:15 composition at 120 K in the C−O−C stretching region. (c) Normalized and (d) deconvoluted spectra. In parts b
and d, the intensity loss at 2 and 18 h, respectively, is due to desorption in UHV.
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The RAIR spectrum of 150 ML pure TMO in the ring
puckering region is plotted in Figure S1b, showing the 1026
cm−1 peak attributed to this mode of crystalline TMO. The
TMO-H2O ice mixture at 135 K for 1:3 composition presents
this peak at 0 h in Figure 3a,b. However, upon annealing for 2
h at 135 K, a new peak emerges at 1035 cm−1, indicating a
structural change. This peak is attributed to TMO in the large
51262 cage of sI CH, consistent with the findings by Buch et al.
and others.19−21 The RAIR spectrum was further deconvoluted
to assign the crystalline and CH phases of TMO in Figure 3b,
and the relative percentages of CH and crystalline fractions of
TMO were estimated as 20.72 and 79.28%, respectively.

In a similar manner, the 1:15 ice composite was thermally
annealed at 120 K. The RAIR spectra in the C−O−C
stretching shown in Figure 3c,d exhibit a peak at 975 cm−1. A
comparison with the spectrum of 150 ML TMO in the C−O−
C stretching region (Figure S1a) confirms that the peak at 975
cm−1 is characteristic of crystalline TMO. After 18 h at 120 K,
a new peak appears at 986 cm−1 alongside the crystalline TMO
feature. This new peak is assigned to TMO in the large 51264

cage of sII CH.19−21 Also, a small quantity of TMO forms
hydrogen bonds between the hydrogen of H2O and the
ethereal oxygen of TMO, resulting in a red-shifted peak at 969
cm−1, in the C−O−C stretching region.28 Deconvolution of
the RAIR spectrum is shown in Figure 3d, and the relative
percentages of CH, crystalline TMO, and hydrogen-bonded
TMO are 27.77, 66.98, and 5.25%, respectively.

The C−O−C stretching region of 1:3 composition is plotted
in Figure S2a. Here, the sI CH feature is assigned. The
deconvoluted spectrum of 1:3 composition in C−O−C
stretching reveals peaks at 975, 981, and 989 cm−1. As
attributed above, the peak at 975 cm−1 corresponds to the
crystalline TMO (shown in Figure 3d), whereas the other two
blue-shifted peaks indicate the confined state of the TMO in
water ice. Ethers are known to form clusters. As Fleyfel et al.
suggested, TMO may form clusters in water ice at higher
concentrations.20 The peak at 981 cm−1 corresponds to the
TMO cluster, while the peak at 989 cm−1 is attributed to the
51262 cage of sI, as its position is 3 cm−1 higher than the 986
cm−1 peak, associated with sII CH. This is expected for the
smaller 51262 cage of sI, where TMO experiences more
confinement than the larger 51264 cage of sII. The 969 cm−1

peak is not observed in the C−O−C stretching of sI CH
(Figure S2a). This is because, in a 1:3 ratio, crystalline TMO
resides as isolated TMO clusters in ASW. This structural
change prevents further interaction between TMO and free
water molecules, as evidenced by the absence of the hydrogen-
bonded feature (969 cm−1).

Additionally, the ring puckering region of the 1:15
composition plotted in Figure S2b also confirms the presence
of sII CH. The 1030 cm−1 feature of larger sII CH is 5 cm−1

red-shifted than the 1035 cm−1 peak of smaller sI CH. The
peak at 1026 cm−1 is due to crystalline TMO.

We further investigated whether codeposition is a
prerequisite for composition-dependent CH formation or if
sequential deposition at the same composition would also lead
to sI and sII CH. Figures S3 and S4 illustrate this with the
formation of CH in sequentially deposited TMO and H2O ice
in 1:3 and 1:15 ratios, respectively, followed by thermal
annealing from 10 to 140 K. The temperature-dependent
spectra in Figure S3 show that the 1035 cm−1 peak emerges at
130 K in 1:3 TMO-H2O layered ice, confirming the formation
of sI CH, whereas the 986 cm−1 peak appears in 1:15 TMO-

H2O layered ice, confirming the formation of sII CH (Figure
S4).

To understand the effect of composition, the TMO-H2O
mixed ices were prepared at various compositions and
isothermally processed at elevated temperatures (Figure S5).
Figure S5a,b show that sI CHs are formed at ratios of 2:3 and
5:3 at 135 K, featuring the 1035 cm−1 peak. Similarly, the 986
cm−1 peak emerges in 1:6 and 1:30 compositions of mixed ices,
due to sII CH. Combining the results of Figures 3 and S5, the
trend in these compositions is stated as follows. The sI CH is
formed at 5:3, 2:3, and 1:3 ratios, whereas the sII CH is
formed at 1:6, 1:15, and 1:30 ratios. Here, 1:3 is the limiting
composition, as equal or more concentration of TMO than
H2O in mixed ice leads to sI. If the concentration of TMO is
slightly less than H2O in mixed ice, it always leads to sII for all
the compositions, ranging from 1:6 to 1:30.

To support our IR results of the formation of large 51262 and
51264 cages of sI and sII, we conducted quantum chemical
calculations of TMO within these CH cages. The calculations
allowed us to compute the infrared frequencies of their
vibrational modes. Our calculations reveal a significant shift in
the vibrational frequencies between the optimized structures of
free TMO and TMO encaged in CH. Figure 4 illustrates the

optimized structures of TMO within 512,51262, and 51264 cages.
The optimized structure of TMO (Figure 4a) was unstable
within the smaller 512 cage (Figure 4b).29 Higher molecular
size with respect to the small cage size leads to instability and
cage rapturing. However, in the case of 51262 and 51264 cages
(Figure 4c,e), the TMO was stable. These results are justifiable
as the molecular diameter of TMO across the C−O axis is 6.1
Å, and therefore, it could not be accommodated in a smaller
512 cage, which has a cavity diameter of 5.09 Å. The cavity
diameter of the sI 51262 cage is 5.86 Å, slightly smaller than the
size of TMO. The 51264 cage of sII with 6.6 Å as the cavity
diameter, is much larger in size than TMO.22,30 As a result,

Figure 4. DFT-optimized structures of TMO trapped within various
CH cages. (a) Free TMO compared with (b) 512, (c) 51262, (d) 51262

zoomed in, (e) 51264, and (f) 51264 zoomed in structures. Color codes
used: white, H; red, O; and gray, C.
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TMO is constricted in the 51262 cage and forces the cage to
expand slightly.

The binding energies of TMO CHs are calculated by
subtracting the energy of the optimized empty cage + the
optimized free TMO from the energy of the optimized TMO
CHs. It shows that the binding energy of sI (−2.18 eV) is more
negative than that of sII (−2.07 eV), implying the greater
stability of sI than sII (Table S2). The DFT-optimized
structure depicts the host−guest hydrogen bonding between
TMO and H2O in sI CH, reaffirming the proximity of TMO
and H2O in the 51262 cages (Figure 4c). Possibly due to
hydrogen bonding as well as the steric hindrance in a tightly
fitted 51262 cage, this planar cyclic ether molecule gets
distorted and becomes nonplanar (Figure 4d). The dihedral
angle of trapped TMO is calculated from the optimized CH
structures. The result shows that the dihedral angle of TMO is
9.2° and 1.3° in the 51262 and 51264 cages, respectively (Table
S2). This implies a distorted nonplanar structure of TMO in
the 51262 cage, which can be attributed to the distortion caused
by TMO-H2O hydrogen bonding. This hydrogen bonding is
absent in sII, and TMO remains almost planar (Figure 4f),
with a limited deviation from its original structure.

These DFT-optimized structures suggest the reason for
identifying the two CHs in two different vibrational modes.
The C−O−C stretching mode manifests CH formation in sII,
as observed for cyclic ether CHs.31,32 This is not observed in
sI, where the ring puckering mode manifests CH formation.
The ring puckering mode is less active for the planar structure
and more active for the distorted planar structure. Therefore,
in sI, the distorted TMO activates the ring puckering mode
strongly, and CH formation is evident in it. In sII, the ring
puckering mode is less active, and as a result, the C−O−C
stretching mode prominently manifests the CH formation.

Results of theoretical calculations of vibrational frequencies
of free TMO and TMO trapped in the ring puckering mode of
51262 and the C−O−C stretching mode of 51264 cages are
presented in Table S1. The experimental blue-shift for TMO
CH is compared theoretical blue-shift. As it is encaged, the
steric hindrance hardens the frequencies. A blueshift of 12
cm−1 was observed for TMO within the 51262 cage (ring
puckering mode), while a blueshift of 10 cm−1 occurred in the
51264 cage (C−O−C stretching mode). Experimentally, we
observed that the crystalline TMO shows peaks at 1026 and
975 cm−1 due to ring mode and C−O−C stretching mode,
respectively, which shift to 1035 and 986 cm−1 with an increase
of 9 and 11 cm−1, respectively. It has been reported that the

51262 cage expands slightly to accommodate the TMO, which
may cause this difference in theoretical and experimental
observations. Overall, the theoretically calculated positions
match well with the experimental data for both 51262 and 51264

cages and, thereby, ascertain the formation of sI and sII
structures.

The dissociation of metastable CHs leading to the
crystallization of ASW is observed in UHV for several CHs
as a generic physical phenomenon at cryogenic temper-
atures.33,34 During the formation of CH, the amorphous water
ice becomes more structurally ordered. As CH dissociates at a
higher temperature, the desorption of the enclathrated guest
molecule mobilizes the water molecules in the vicinity of the
cage, promoting rapid reorientation. This facilitates the
conversion of amorphous ice into either hexagonal or cubic
ice.33−35 This phenomenon was particularly evident in the
dissociation of sII CH of TMO. It dissociates completely at
135 K within 2 h, and simultaneously, amorphous water was
converted to hexagonal ice, as shown in Figure 5b. As
dissociation progresses, the broad peak in the O−H stretching
region becomes narrower and sharper with time. This
continuous transformation in the IR spectra reflects the
gradual conversion of amorphous water ice to crystalline ice.
Despite this crystallization, water does not desorb from the
matrix at 135 K, maintaining a constant concentration. As
shown in the inset, the IR peaks at 986, 975, and 969 cm−1

decrease rapidly, as shown in the C−O−C stretching region
(Figure 5b). This indicates that TMO, previously confined
within the CH cages, is desorbed from the ice matrix along
with crystalline TMO and hydrogen-bonded TMO in the
mixed ice.

The behavior of sI CH at 135 K differs significantly from
that of sII CH under the same conditions (Figure 5a). At 135
K, the IR peak at 1035 cm−1, corresponding to sI CH, initially
increased for the first 4 h, indicating CH formation.
Subsequently, the peak gradually diminishes, reflecting slow
dissociation, although a significant amount of CH still persists
even after 17 h. Notably, the crystalline TMO peak at 1026
cm−1 decreases steadily over time. However, complete
desorption is not observed here, even after 17 h, as shown in
the ring puckering mode region. The O−H stretching region
reveals that with time, water ice becomes increasingly ordered
and compact, yet it does not crystallize. After 17 h, the
intensity of the O−H band increases slightly, and desorption
from the matrix begins, but water does not crystallize. This
result contrasts with an isothermal RAIR study of pure

Figure 5. (a) Time-dependent RAIR spectra of 300 ML of a TMO-H2O ice mixture (1:3) at 135 K in the O−H stretching region. The
corresponding RAIR spectra in the ring mode region are shown in the inset. (b) Time-dependent RAIR spectra of 300 ML of a TMO-H2O ice
mixture (1:15) at 135 K in the O−H stretching region. The corresponding RAIR spectra in the C−O−C stretching region are shown in the inset.
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amorphous water ice at 135 K, where it crystallizes to
hexagonal ice in 12 h at 135 K (Figure S8). However, in the
presence of sI CH, even after 17 h, water remains in a more
ordered state but retains its amorphous nature. Despite the
dissociation of sI CH, the anticipated crystallization of water
does not occur within the experimental time scale, indicating a
significant suppression of crystallization kinetics following the
dissociation of sI CH compared to that of pure amorphous
water ice. This might be attributed to the TMO-H2O hydrogen
bonding interaction from residual TMO in ASW for sI CH
inhibiting crystallization. In sII CH, TMO completely desorbs,
and ASW crystallizes in the absence of TMO-H2O hydrogen
bonding. Although this TMO-H2O hydrogen bonding
continuously diminishes as 80% of TMO desorbs within 2 h
at 135 K, for sI CH. As a result, while concentration effects are
certainly relevant, they do not fully explain the qualitative
difference in the behavior of ASW crystallization following sI vs
sII CH dissociation observed in our study, highlighting the
impact of the sI CH structure in impeding phase transition.

These contrasting effects of the two CH structures of the
same TMO guest molecules, namely, sI and sII, in determining
the crystallization kinetics of water ice have never been
observed hitherto. These differences can be attributed to
structural variations between sI and sII CHs, as well as the
orientation of TMO and its hydrogen bonding interactions
inside the cages. While the crystallization of amorphous water
ice following CH dissociation has been well-documented for
both sI and sII CHs, in the case of TMO-CH, it is structure-
dependent with only sII TMO-CH dissociating to form
crystalline ice. Previous reports show that water transforms
from amorphous ice to crystalline ice via the dissociation of
CO2 CH (sI) and DME CH (sII), suggesting that dissociation-
induced crystallization is generally independent of CH
structure.3,36 This crystallization process occurs through the
rapid reorientation of water molecules as they transition from
the disordered amorphous phase to the more ordered
crystalline phase. When dissociation is initiated at a higher
temperature, a significant amount of cages break, releasing the
guest molecules within a very short time window. As the

hydrogen bonding network of caged water is disrupted, other
water molecules in their proximity get reoriented. This
combined effect of caged water and the guest molecule
mobilizes water, leading to crystallization. Since sI CH is more
stable, it dissociates slowly at 135 K, as observed in our study.
This gradual dissociation leads to the formation of compact ice
but is insufficient to induce crystallization. Additionally, TMO
weakly interacts with caged water via hydrogen bonding in sI
CH, a feature absent in sII CH. This hydrogen-bonded TMO
may restrict caged water from interacting with amorphous ice,
further hindering crystallization. As a result, crystallization at
135 K becomes even slower than that of pure water ice,
possibly attributed to the stability and host−guest hydrogen
bonding interaction in sI CH.

The crystallization kinetics study on the transition from CH
to hexagonal ice possesses significant relevance in various
scientific fields, including CH chemistry, physical chemistry,
astrochemistry, atmospheric chemistry, and planetary sci-
ence.37−40 To evaluate the kinetic parameters governing this
phase transition, we conducted isothermal time-dependent
RAIRS experiments using a 300 ML TMO-H2O (1:30) film
within the temperature range of 128−135 K.

Figure S6 represents time-dependent RAIR spectra in the
O−H stretching region at 128, 130, 133, and 135 K. In Figure
S6a, the initial spectrum (0 min) displays contributions from
water molecules involved in the CH phase, along with
remaining ASW. After 80 min, the spectrum reveals the
characteristic features of hexagonal crystalline ice, consistent
with previous literature (Figure S6a).33,35,41,42 It is well-known
that pure amorphous ice converts to hexagonal ice at elevated
temperatures in UHV. To validate this, we formed hexagonal
ice from pure amorphous water at 135 K and compared the
results to our data (Figure S8). The crystallization fraction at
different temperatures versus time is shown in Figure S7
(derived from the RAIR spectra shown in Figure S6). The
absorbance intensity at 3260 cm−1 was used to obtain the
crystallization fraction, x(t), by using eq 1.

Figure 6. (a) Linear plot of the Avrami equation for ASW crystallization. Plots of ln(−ln − [1 − x]) versus ln(t) at 128, 130, 133, and 135 K were
evaluated using the O−H stretching modes. The obtained data points were fitted using the Avrami equation. (b) Arrhenius plot of ln k versus 1/T,
obtained from the analysis of the slope and intercept of the linearly fitted lines of plot (a) for different temperatures. The activation energy (Ea) of
ice crystallization was calculated from the slope of the linearly fitted straight line of plot (b).
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=x t
A
A

( )
(1)
(2) (1)

ΔA(1) represents the difference between absorbance at a
specific time t and one at time 0, and ΔA(2) is the
corresponding difference in absorbance of a completely
crystallized film and that at time 0. The thermodynamics of
the dissociation of CH and its impact on the crystallization of
water ice can be understood from the crystallization fraction.
The transition of the shape of the curve from sigmoidal
(occurring at a lower temperature, 128 K) to exponential
(evident at a higher temperature, 135 K) (shown in Figure S6)
implies a notable increase in the crystallization kinetics with
temperature.

The kinetics parameters and activation energy for the CH to
hexagonal ice transition were calculated using the Avrami
equation.43,44

=x t k t( ) 1 exp( . )n (2)

where k is the rate constant, t is the time, and n is a parameter
related to the crystallization mechanism.44 The variable “n” can
take values in the range of 1−4, and these values are used to
predict the nature of the crystallization process.45,46 Eq 2 can
be rearranged in a linear form.

[ ] = +x t n t n kln( ln 1 ( ) ) ln( ) ln (3)

Figure 6a shows the plots of ln(−ln[1 − x(t)]) versus ln(t)
at different temperatures. The values of n and k at different
temperatures were obtained using the slope and intercept of
linearly fitted lines as shown in Table 1. The value calculated
for n is found to be between 1.7 and 2.4, indicating that the
nucleation originates from CH and ASW interfaces and
progresses in a polyhedral growth pattern within the ice
matrix.4,43 The slope of the linearly fitted line of the Arrhenius
plot (Figure 6b) was used to determine the activation energy
(Ea) of ice crystallization. The calculated value of Ea for the
phase transition from ASW to hexagonal ice is 52.70 kJ mol−1.
This aligns with our previous studies, which reported an
activation energy of ∼52−58 kJ mol−1 for desorption-induced
ASW-to-hexagonal ice transition. This suggests that the
dissociation of TMO sII CH leads to the facile crystallization
of amorphous water ice to hexagonal ice.

■ CONCLUSIONS
In this work, we succeeded in forming TMO CHs from TMO-
H2O mixed ice under UHV, analogous to interstellar
conditions. We have shown that two types of CH structures
were formed at different compositions in cryogenic ices within
UHV under the same temperature and pressure conditions.
The 1:3 ratio of the TMO-H2O ice mixture leads to sI CH,
whereas the 1:15 ratio leads to sII CH. DFT analysis shows the
presence of host−guest hydrogen bonding and structurally
distorted planar TMO in sI CH, which does not occur in sII
CH. While sI CH dissociation does not induce crystallization
of ASW, dissociation of sII CH leads to the crystallization of
ASW to hexagonal ice. The results suggest that by dissociating

a specific structure of CH, the transformation of amorphous
water ice to crystalline hexagonal ice can be controlled. The
crystallization process accelerates as sII CH dissociates, while,
on the contrary, the dissociation of sI CH retards
crystallization, slower than that of pure water ice at the same
temperature. Our results provide evidence that the same guest
molecule creates two different CH and consequently affects ice
crystallization differently at two distinct compositions. These
observations describe the importance of structural conformers
of enclathrated molecules in deciding the phase transition of
water ice. This study also suggests the possibility of isolation of
structurally hindered conformers in interstellar ices and CHs,
contributing to the phase evolution of mixed molecular solids.
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