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Abstract 10 

Clathrate hydrates (CHs) are believed to exist in cold regions of space, such as comets and icy 11 

moons. While spectroscopic studies have explored their formation in similar laboratory 12 

conditions, direct structural characterization using diffraction techniques has remained elusive. 13 

We present the first electron diffraction study of tetrahydrofuran (THF) and 1,3-dioxolane 14 

(DIOX) CHs in the form of nanometer-thin ice films under ultrahigh vacuum at cryogenic 15 

temperatures. By using reflection high-energy electron diffraction, we show that THF CH grows 16 

readily on various substrates during thermal annealing of an amorphous ice mixture of THF and 17 

water, and the formation is independent of the nature of the substrate. The growth of DIOX CHs 18 

on an Au(111) substrate is similar. Comparison of electron diffraction patterns with calculated 19 

XRD patterns indicates that THF and DIOX form structure II CH (5
12

6
4
) with a lattice constant 20 

of ~17.2 Å (cubic, Fd3̅m). Both CHs were also grown on Ru(0001) and were examined by 21 

reflection absorption infrared spectroscopy.  A direct comparison of diffraction data with infrared 22 

spectra as a function of temperature further demonstrates the strength of multiple probes in 23 

examining complex systems possessing diverse molecular interactions. 24 
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Introduction 30 

Existence of Clathrate hydrates (CHs) in the simulated interstellar environment has been 31 

established by infrared spectroscopy.
1
 CHs represent a unique class of compounds where water 32 

molecules form cages to encapsulate guest molecules, creating crystalline solids. This molecular 33 

arrangement of water allows for the inclusion of a variety of molecules, such as CH4, C2H6, 34 

C3H8, CO2, N2, O2, and others within the crystalline structures.
2
 Typically, CHs exhibit three 35 

crystalline structures: structure I (sI, cubic Pm3̅n), structure II (sII, cubic Fd3̅m), and structure H 36 

(sH, hexagonal P6/mmm), and they generally occur under high-pressure conditions.
3–5

 Since the 37 

detection of methane CH in 2019 at 30 K under ultrahigh vacuum (UHV) conditions
6
 principally 38 

using reflection absorption infrared spectroscopy (RAIRS), there have been several reports on 39 

the CHs of molecules. They include those of ethane (C2H6),
7
 formaldehyde (HCHO),

8
 acetone 40 

(CH3COH),
9
 acetaldehyde,

10
 tetrahydrofuran ((CH2)4O),

11,12
 and dimethyl ether (CH3OCH3).

13
 41 

The formation of CHs occurs typically starting from an amorphous ice mixture of the guest and 42 

host water molecules, upon slow thermal annealing. It was noted in the original report that 43 

maintaining methane/water mixture at 30 K for 25 h produces a characteristic methane CH peak 44 

at 3017 cm
-1

, corresponding to the C-H stretch of CH4 encaged in the 5
12

 cage. Deconvolution of 45 

this feature showed that 13% of total methane exists as CH under this condition. Since then, it 46 

has been possible to encage different percentages of guest molecules in CHs under different 47 

temperature conditions in UHV.  CO2,
 
in particular, produces hydrate even at 10 K, for which the 48 

infrared spectrum was known in the literature.
14,15

 Additionally, studies of interactions of low-49 

energy electrons and photons with various caged molecules have been conducted in UHV, 50 

although these have not been explicitly assigned to CHs.
16–18

  51 

 A key question that comes up in such investigations is the independent confirmation of CHs 52 

by structural tools, especially by using scattering techniques. As these experiments are conducted 53 

on thin films with thicknesses in the nanometer (nm) scale, a suitable option for structural 54 

characterization is electron diffraction.
19–21

 Electron diffraction in a transmission electron 55 
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spectroscope (of methanol CH) was reported in 1991, under 10
-6

 torr.
14

 However, no report exists 56 

in UHV on any of the hydrates at temperatures below 160 K, which is typically the desorption 57 

temperature of water in UHV conditions.
22

 Considering the nature of RAIRS conducted on 58 

single-crystal surfaces, a natural choice for structural studies is reflection high energy electron 59 

diffraction (RHEED). It is a well-suited technique for studying the structures and phase 60 

transitions of solid-supported molecular thin films, and our lab has conducted several 61 

experiments in this regard.
23–28

 In the present work, we report the first RHEED experiment of 62 

tetrahydrofuran (THF-C4H8O) and 1,3-dioxolane (DIOX-C3H6O2) CHs under UHV, and the 63 

results were compared with simulated diffraction data.  The emergence of CHs under the same 64 

temperature and pressure conditions was confirmed by RAIRS. Although THF and DIOX have 65 

not yet been detected in the ISM, various similar molecules, such as dimethyl ether, propylene 66 

oxide, and ethylene oxide, have been identified.
29–31

 Given the ongoing advancements in 67 

astronomical observations, the detection of THF and DIOX in the ISM may be possible in near 68 

future. We believe that these investigations further enrich our understanding of the formation of 69 

CHs in UHV and cryogenic conditions and present opportunities for their exploration using other 70 

UHV techniques, such as low-energy ion scattering.
32,33

 It is worth noting that while the RHEED 71 

and RAIRS measurements were performed on separate instruments, both were conducted under 72 

identical temperature and pressure conditions to ensure consistency. For the RHEED 73 

experiments, ice films were grown on three distinct substrates: highly oriented pyrolytic graphite 74 

(HOPG, ZYA grade), single-crystalline Au(111) (Princeton Scientific), and a hydrophobic self-75 

assembled monolayer (SAM) of 1-octadecanethiol on Au(111). Co-deposition methods were 76 

employed to create thin films of ice with an approximate thickness of 25 nm for CH preparation. 77 

This process involved the simultaneous deposition of pre-mixed vapors of THF or DIOX with 78 

water for 10 min. For the RAIRS experiments, the Ru(0001) substrate was used to prepare thin 79 

ice films. A mixed ice film with an approximate thickness of 60 nm, composed of THF/DIOX 80 

and water in a 1:3 ratio, was prepared on the Ru(0001) substrate at 105 K. This was achieved by 81 

backfilling the chamber with THF/DIOX and water vapor for a duration of 10 minutes at a total 82 

pressure of 5×10
-7

 mbar. The experimental procedures and ice thickness calculations for both 83 

RHEED and RAIRS are detailed in the Supporting Information. Calculated X-ray diffraction 84 

(XRD) patterns are shown in Figure 1b, d for cubic ice (ice Ic) (a = 6.35 Å
-1

)
34

 and THF CH (a = 85 

17.21 Å
-1

 )
35

  along with Figure S4 for hexagonal ice (ice Ih) (a/b = 4.49 Å
-1

, c = 7.33 Å
-1

 )
36

 86 
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were calculated using the VESTA software.
37

 These patterns were compared with the 87 

experimental electron diffraction patterns to validate the phase identification.   88 

Figure 1. Evolution of ice Ic and THF CH explored with RHEED. (a) Electron diffraction 

images of as-deposited water on HOPG at 105 K and after annealing to 140 K. (b) Comparison 

of the experimental radially-averaged electron diffractions of annealed water ice at 140 K with 

the calculated diffraction peaks (red lines) of ice Ic. (c) Electron  diffraction images of as-

deposited THF-water ice mixture on HOPG at 105 K and after annealing to 140 K. (d) 

Comparison of the experimental radially-averaged electron diffractions of annealed THF-water 

ice at 140 K with the calculated (red lines) diffraction peaks of sII THF CH. Peaks labeled with # 

are attributed to ice Ic,  while that marked with * corresponds to the collection of low-intensity 

signals of THF CH, shown in the theoretical spectrum. (e) Schematic diagram of the formation 

of ice Ic on HOPG from vapor-deposited ice. (f) Schematic diagram of the formation of sII THF-

CH on HOPG from vapor-deposited ice.  
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 In Figure 1, we present the evolution of ice Ic and CH of THF grown on HOPG in the 89 

temperature window of 105 to 140 K. Under high vacuum (~10
-6

-10
-8

 mbar) conditions, 90 

amorphous ice typically crystallizes into ice Ic, ice Ih, or stacking-disordered ice.
38–41

 The crystal 91 

structure may be significantly influenced by the substrate and the temperature.
20

 Prior to 92 

investigating the formation of CH, we commenced our study with an examination of the 93 

structure of pure ice, as these are well-characterized by RHEED.
21,23

 Figure 1a shows the 94 

RHEED images of as-deposited water ice on HOPG and after its annealing to 140 K. Amorphous 95 

solid water (ASW) of approximately 120 nm thickness was accumulated on the HOPG surface 96 

by vapor deposition of water in UHV conditions as shown in Figure 1e. Diffuse scattering with 97 

broad ring-like features at 105 K (Figure 1a) indicates low-density ASW with only a short-range 98 

order for the as-deposited ice. After annealing to 140 K, sharper Debye–Scherrer rings emerge in 99 

the electron diffraction pattern, which indicates the crystallization of ASW into a randomly 100 

oriented polycrystalline specimen around 140 K (Figure 1a). This ring pattern is unchanged till 101 

the desorption of ice. Figure 1b presents a comparison between the experimental radially-102 

averaged electron diffraction intensity curves as a function of momentum transfer, s = (4π/λ) 103 

sin(θ/2), where θ is the total angle of scattering and the calculated X-ray diffraction spectrum for 104 

ice Ic. The observed positions of the (111), (220), (311), (331), and (442) electron diffraction 105 

peaks of ice Ic match well with the calculated values, indicating the formation of ice Ic with a 106 

lattice constant of a = 6.35 Å.
23,34,42

 The large diffraction width is the result of a finite crystallite 107 

size of a few nm on average, estimated according to the Scherrer formula.
23

  108 

 To create THF CH, THF-water mixed vapor was co-deposited on HOPG substrate at 105 K 109 

and then annealed to higher temperatures (Figure 1, c and f). At 105 K (Figure 1c), the 110 

observation of electron diffraction spots and diffuse ring patterns suggests the formation of 111 

crystalline THF in ASW. This may be understood because vapor deposition of pure THF on 112 

HOPG at 105 K results in a RHEED pattern of clear electron diffraction spots without rings, 113 

which signifies an ordered crystalline phase with respect to the supporting surface (Figure S1). 114 

Additionally, RAIRS study showed that THF undergoes a phase transition from an amorphous 115 

assembly to a crystalline phase near 90 K (Figure S2). Upon thermal annealing the ice mixture to 116 

140 K, the initial electron diffraction spots disappear, and new Debye–Scherrer rings emerge, 117 

which are substantially different from those of ice Ic (Figure 1, b, and d). Concurrently, during 118 

the thermal annealing process, an increase in the chamber pressure was noted, indicating the 119 
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partial desorption of THF from the water ice matrix as evidenced by the gradual disappearance of 120 

the electron diffraction spots (Figure S3). The loss of THF from the ice matrix during annealing 121 

was again confirmed by the RAIRS study (Figure 4). This desorption as a result of increased 122 

mobility, likely facilitates intermolecular motions of THF, leading to the formation of THF CH.  123 

 124 

a
HOPG

Bare T = 105 K

As-deposited T = 105 K

Annealed T = 140 K

Au(111)

b Bare

As-deposited

Annealed

T = 105 K

T = 105 K

T = 140 K

c

Hydrophobic surface

Bare

As-deposited

Annealed

T = 105 K

T = 105 K

T = 140 K

Figure 2. Evolution of THF-CH on HOPG, Au(111), and hydrophobic surface (SAM of 1-

octadecanethiol on Au(111)). The RHEED images, displayed vertically, show bare HOPG (a), 

Au(111) (b), and a hydrophobic surface (c) at 105 K (top row), as-deposited THF-water ice 

mixture on the respective substrate at 105 K (middle row), and the same ice mixture on the 

respective substrate after annealing at 140 K (bottom row). 
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 Radially averaged electron diffraction intensities were calculated from the RHEED image of 125 

Figure 1b at 140 K and were compared with the calculated diffraction peaks for sII THF CH.
31

 126 

Agreement of the positions of high-intensity peaks is satisfactory, which signifies the presence of 127 

sII THF CH with a cubic lattice of a = 17.2 Å.
35,43

 The relatively smaller peaks corresponding to 128 

the (220) and (331) diffractions of ice Ic were noted (marked by # in Figure 1d), suggesting a 129 

minor fraction of ice Ic within the thin film. For clarity, a comparison of the observed and 130 

Table 1. Electron diffraction results for ice Ic, sII THF, and DIOX CH. Calculated and observed 

hkl (crystallographic indices), and d (Bragg distance). 

Calculated d-values (in Å-1) are obtained using a = 6.35 Å-1 for ice Ic and 17.21 Å-1 for THF CH. The symbols & and $ 

represent the composite broad peak having a peak center at the d value shown and the peak that combines with a broad 

peak, s represents strong peak intensity, and w represents weak peak intensity. 
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calculated interplanar distances of ice Ic and THF CH is provided in Table 1. The possible 131 

presence of ice Ih contributing to stacking disorder was also considered, and a comparison of the 132 

calculated diffraction patterns of ice Ic, ice Ih, and THF CH against the experimental electron 133 

diffraction of THF CH is provided in Figure S4. Although stacking faults are present, their 134 

occurrence is expected to be very minimal in polycrystalline ice. 135 

 The formation of ice Ic and ice Ih significantly depends on the substrate structure, as shown 136 

in the literature 
19,20

, but the emergence of clathrate hydrate is independent of the substrates used 137 

for deposition. This was established by conducting the same experiments on two other substrates: 138 

Au(111) and self-assembled monolayer (SAM) of 1-octadecanethiol on Au(111), a hydrophobic 139 

surface. The electron diffraction streaks seen in the top row of Figure 2 correspond to the ordered 140 

structures of the bare surfaces.
44

 Evidently, the same ring pattern was obtained at 140 K (Figure 141 

2, bottom row), indicating CH formation on these substrates even though the initial thin-film 142 

structures may exhibit differences (Figure 2, middle row). This confirmed that regardless of the 143 

interface, THF and water formed CH around 140 K. 144 

 To examine the preference of CH formation in UHV conditions, we conducted experiments 145 

with 1,3-dioxolane (DIOX), another guest for stable CHs. To create DIOX CH, mixed vapor of 146 

DIOX-water was deposited on Au(111) substrate at 105 K and annealed to 140 K. At 105 K, the 147 

diffused RHEED pattern seen from the as-deposited mixture of DIOX and water molecules 148 

indicates the largely amorphous nature of the ice mixture. The electron diffraction spots suggest 149 

the formation of DIOX crystallites, as noted in Figure 1c. After annealing to 140 K, the same 150 

Debye–Scherrer rings appeared as in the case of THF CH (Figure 3a). The experimental and 151 

calculated Bragg diffractions and their corresponding interplanar distances are compared in Table 152 

1. Here, it is worth noting that the experimentally obtained electron diffraction pattern of DIOX 153 

CH is compared with the calculated XRD pattern of THF CH due to the unavailability of the 154 

crystallographic information file (CIF) for DIOX CH. DIOX is known to form sII CH under 155 

high-pressure conditions and has a lattice constant similar to that of THF,
43

 with comparable van 156 

der Waals radii (THF: 2.95 Å; DIOX: 2.8 Å).
45

 XRD patterns of CHs formed by different 157 

molecules are comparable if they adopt the same hydrate structure.
3
 This comparability has been 158 

utilized in selected area electron diffraction studies of methanol CH, with ethanol and THF, as 159 

they all form sII CH.
14

 In our study, we note that the positions of the (331), (333)/(511), (531), 160 
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and (822) electron diffractions match well with the calculated peaks of sII THF CH. Additionally, 161 

the formation of a minor fraction of ice Ic was confirmed by the presence of the (220) and (331) 162 

intensities (Figure 3b). These electron diffraction results confirm the successful formation of sII 163 

CH of DIOX at 140 K in UHV.  164 

Figure 3. CH formation of  DIOX studied using RHEED. (a) Diffraction images of as-deposited 

water on DIOX substrate at 105 K and after annealing to 140 K. (b) The experimental radially 

averaged diffraction pattern of annealed DIOX-water ice and that of the annealed THF-water ice, 

both at 140 K, compared with  the calculated diffraction pattern of sII THF-CH. Peaks labeled 

with # are attributed to ice Ic, while that marked with * corresponds to the collection of low-

intensity signals of DIOX CH, shown in theoretical THF CH.  
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 The formation of CHs of THF and DIOX was further investigated using RAIRS. To form the 165 

CH, vapors of THF and water were co-deposited on a Ru(0001) substrate at 105 K and annealed 166 

to 140 K with a ramping rate of 2 K/min. Figure 4a shows the RAIR spectra of THF-water ice 167 

mixture at 105 K and 140 K in the C-O antisymmetric stretching region of THF. RAIR spectrum 168 

Figure 4. CH formation of THF and DIOX studied by RAIR spectroscopy. (a) RAIR spectra 

of THF-water ice mixture in the C-O antisymmetric stretching region of THF at 105 K and 

140 K, respectively. At 140 K, RAIR spectrum is deconvoluted into three components, 

highlighted in red (1074 cm
-1

), green (1053 cm
-1

), and violet (1032 cm
-1

) colors (b) RAIR 

spectra of DIOX-water ice mixture in C-O ring stretching region of DIOX at 105 K and 140 

K, respectively. At 140 K RAIR spectrum is deconvoluted into two components, highlighted 

in red (1036 cm
-1

) and green (1027 cm
-1

) colors. Temperature-dependent evolution of different 

peaks in the C-O antisymmetric stretching region of THF (c) in THF-water ice mixture and C-

O ring stretch stretching region of DIOX (d) in DIOX-water ice mixture. 
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at 105 K shows three peaks at 1053, 1032, and 1013 cm
-1

 and a weak broad peak around 1069 169 

cm
-1

, which are attributed to different fractions of THF trapped in ASW, with different hydrogen 170 

bonding structures of the ice matrix. After annealing to 140 K, a new peak emerges at 1074 cm
-1

, 171 

which is attributed to THF trapped in the large cage (5
12

6
4
) of sII CH. From the RAIR spectrum, 172 

it is evident that there are some uncaged THF remaining in the matrix at 140 K. The decrease in 173 

the band area of RAIR spectra after annealing indicates the loss of THF due to its desorption. 174 

Analysis of the band areas revealed that only 17.4% of the total deposited THF forms CH, while 175 

16.5% remains uncaged in the ice matrix, and 66.1% desorbs.  In Figure 4c, the temperature-176 

dependent evolution of THF CH is shown. THF CH formation started around 130 K, and the 177 

fraction kept on increasing till 150 K.  178 

 For the formation of DIOX CH, DIOX and water vapors were co-deposited on Ru(0001) 179 

substrate at 105 K and annealed to 140 K. Figure 4b shows the RAIR spectra of DIOX-water ice 180 

mixture at 105 K and 140 K in the C-O ring stretching region. At 105 K, the peak at 1027 cm
-1

 181 

indicates amorphous DIOX, trapped in ASW; the same peak was compared with pure amorphous 182 

DIOX (Figure S5). Upon annealing to 140 K, a new peak emerged at 1036 cm
-1

 (Figure 4b), 183 

indicating the formation of DIOX CH, where DIOX molecules were trapped in the 5
12

6
4
 cages of 184 

the sII hydrate structure. Simultaneously, there was a notable decrease in the peak intensity at 185 

1027 cm
-1

, corresponding to the trapped DIOX in the ice matrix. The observed blue shift in the 186 

peak position is attributed to the interaction between DIOX molecules and the host hydrate 187 

cages, reflecting a change in the molecular environment. Deconvolution of the RAIR spectrum at 188 

140 K revealed that 35% of DIOX forms CH, while 28% remains uncaged within the ice matrix 189 

from the total deposited DIOX molecules. In Figure 4d, the temperature-dependent evolution of 190 

DIOX CH is shown, where DIOX CH started growing at 130 K. The electron diffraction data 191 

(Figure 1 and Figure 3) showed the formation of sII CH of THF and DIOX. The IR results 192 

provide evidence for the formation of 5
12

6
4
 cages of sII. We note that while RHEED provides 193 

structural details of the topmost monolayers, RAIRS offers information about the entire thin film 194 

of ice. From the above results, it is evident that CH formation is facile in a nm-thin amorphous 195 

ice mixture in UHV conditions at a suitable temperature where the intermolecular mobility is 196 

high. Formation of CHs on different substrates proved that the structure of the interface does not 197 

significantly affect the nucleation of CHs. 198 
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 The nucleation of CHs in amorphous solids can be classified as homogeneous nucleation due 199 

to the absence of any observable surface effects.
5
 Under high-pressure conditions, two 200 

intermediate pathways are predicted for CH nucleation, theoretically.
46

 One pathway follows the 201 

crystalline critical nucleus, while the other involves an amorphous critical nucleus as an 202 

intermediate step before transitioning into crystalline CH. Specifically, in the case of amorphous 203 

critical nucleation, a metastable amorphous CH is initially formed, which requires an additional 204 

activation barrier to convert into its crystalline form.
5,46–48

 In our system, starting with an 205 

amorphous mixture of water and guest molecules, the formation of a critical amorphous nucleus 206 

may be favored, which, upon increasing the temperature, results in the crystallization of CHs. 207 

Our previous study demonstrated that at 120 K, the majority of THF forms CHs after a 110 h 208 

incubation period, which is significantly reduced to 6 h at 135 K; however, the current RHEED 209 

results indicate that at 140 K, CH formation occurs rapidly, with minimal time required for 210 

nucleation. The activation energy for this process was found to be 23.12 kJ mol
-1

, lower than that 211 

required for the crystallization of ASW.
8
 Based on these findings, we propose that CH formation 212 

under ultra-high vacuum conditions likely follows the amorphous critical nucleation pathway. In 213 

this scenario, some molecules forming metastable amorphous CHs may fail to crystallize and 214 

will subsequently decompose into either ice Ic or  ice Ih.
9,10,13

 To validate this suggestion, 215 

nucleation at the molecular level may be examined using cryo-electron microscopy and we will 216 

be pursuing this in future. 217 

 The data presented in this study confirmed the formation of CHs in ultrahigh vacuum 218 

conditions under cryogenic temperatures, as evidenced by RAIRS and RHEED data. Both THF 219 

and DIOX demonstrated the formation of CHs upon gradual thermal annealing around 140 K, 220 

where intermolecular motion of water becomes possible. The RHEED data were compared with 221 

the available XRD data. This CH formation was shown to be substrate-independent, as similar 222 

results were obtained on HOPG, Au(111), and a hydrophobic self-assembled monolayer 223 

substrate. While this study specifically focuses on two guest molecules, a direct comparison of 224 

electron diffraction data with infrared spectra of several CHs would expand the scope of this 225 

research, facilitating the study of diverse molecular interactions in cryogenic conditions. The 226 

confirmation of CH formation by electron diffraction and spectroscopy on different substrates 227 

may offer additional support for their existence in space. 228 
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