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Hydrophobic Hydration of the Hydrocarbon Adamantane in 
Amorphous Ice 

Sukhpreet K. Talewar,a Luis Carlos Pardo,b Thomas F. Headen,c Siriney O. Halukeerthi,a Bharvi 
Chikani,a Alexander Rosu-Finsen,a Christoph G. Salzmann*a 

Hydrophobic molecules are by definition difficult to hydrate. Previous studies in the area of hydrophobic hydration have 

therefore often relied on using amphiphilic molecules where the hydrophilic part of a molecule enabled the solubility in 

liquid water. Here we show that the hydrophobic adamantane (C10H16) molecule can be fully hydrated through vapour 

codeposition with water onto a cryogenic substrate at 80 K resulting in the matrix isolation of adamantane in amorphous 

ice. Using neutron diffraction in combination with the isotopic substitution method and the empirical potential structure 

refinement technique, we find that the first hydration shell of adamantane is well structured consisting of a hydrogen-

bonded cage of 28 water molecules that is also found in cubic structure II clathrate hydrates. The four hexagonal faces of 

the 51264 cage are situated above the four methine (CH) groups of adamantane whereas the methylene (CH2) groups are 

positioned below the edges of two adjoining pentagonal faces. The oxygen atoms of the 28 water molecules can be 

categorised on the basis of symmetry equivalences as twelve A, twelve B and four C oxygens. The water molecules of the 

first hydration shell display orientations consistent with those expected for a clathrate-hydrate-type cage, but also 

unfavourable ones with respect to the hydrogen bonding between the water molecules. Annealing the samples at 140 K, 

which is just below the crystallisation temperature of the matrix, removes the unfavourable orientations and leads to a slight 

increase of the structural order of the first hydration shell. The very closest water molecules display a tendency for their 

dipole moments to point towards the adamantane which is attributed to steric effects. Other than this, no significant 

polarisation effects are observed which is consistent with weak interactions between adamantane and the amorphous ice 

matrix. FT-IR spectroscopy shows that the incorporation of adamantane into amorphous ice leads to a weakening of the 

hydrogen bonds. In summary, the matrix-isolation of the highly symmetric adamantane in amorphous ice provides an 

interesting test case for hydrophobic hydration. Studying the structure and spectroscopic properties of water at the interface 

with hydrophobic hydrocarbons is also relevant for astrophysical environments, such as comets or the interstellar medium, 

where amorphous ice and hydrocarbons have been shown to coexist in large quantities.

Introduction 

The structure and dynamics of water have been studied 

experimentally at a wide range of hydrophobic surfaces and 

interfaces1-4 as well as in the vicinity of small hydrophobic 

molecules.5-7 A cross-over in the hydration behaviour between 

these two regimes has been pointed out.8, 9 Essentially, as the 

radii of the hydrophobic species increases, the water molecules 

are at some point expected to not be able to achieve full 

hydrogen bonding resulting in a reduction of the coordination 

number at the hydrophobic interface and hence dangling O-H 

bonds. 

Yet, the insolubility of larger hydrophobic molecules in water 

makes exploring this cross-over difficult and work in the area 

has mainly relied on larger amphiphilic molecules where the 

solubility is provided through a hydrophilic headgroup.10, 11 

In space, hydrophobic carbon species and amorphous ice 

have been found to coexist in large quantities. The dominant 

carbon species are polycyclic aromatic hydrocarbons (PAHs) 

and fullerenes, yet diamondoids with adamantane (C10H16) as 

the smallest molecular representative have been identified as 

well.12-15 Several studies have explored the spectroscopic and 

photochemical properties of PAH / amorphous ice mixtures.16-

21 The aggregation of pyrene due to the crystallization of the 

amorphous ice matrix has been investigated 22 and matrix-

isolated 2-naphthol was used as a spectroscopic probe for 

investigating the mechanism of the glass transition of 

amorphous ice at around 136 K,23 which is governed by 

reorientation dynamics.24, 25 Recently, we showed that the 

presence of C60 fullerene in amorphous ice influences its 

crystallisation temperature once the percolation threshold is 

reached.26 The thermal desorption properties of water are 

affected above 60 vol% C60. 
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Here we achieve the matrix isolation of adamantane in 

amorphous ice and study the structure of water in its first 

hydration shell with neutron diffraction making use of the 

isotopic substitution method and the empirical structure 

refinement technique.27, 28 The high symmetry of the 

adamantane molecule with its Td point group and almost 

spherical structure offers the advantage of simple structural 

analysis of water in its hydration shell. The possibility of 

hydrogen isotopic substitution for both the adamantane as well 

as water means that orientation correlations can be determined 

with high confidence. In addition to the neutron diffraction 

experiments, FT-IR spectroscopy is used to probe the effects of 

adamantane on the hydrogen bonding within the amorphous 

ice matrix. 

Experimental 

Materials 

Protiated (C10H16) and deuterated (C10D16) adamantane were 

used as received from Sigma Aldrich with purities of ≥99% and 

98 at% D, respectively. Ultrapure water (H2O, Milli-Q, Millipore) 

and heavy water (D2O, 99.9 at% D) were purchased from Sigma 

Aldrich. 

Sample preparation 

The experimental setup for the cryogenic matrix isolation of 

adamantane in amorphous ice was based on a high-vacuum box 

chamber purchased from Kurt Lesker as shown schematically in 

Fig. 1. A similar vacuum chamber was used in previous 

studies.26, 29 The new vacuum chamber30 allowed adding liquid 

nitrogen at the top to cool an 8-inch diameter cryogenic 

deposition plate (1) directly. Furthermore, a more efficient cold 

trap was installed before the diffusion pump which could be 

removed easily for cleaning adamantane residues. The 

temperatures of the deposition plate (1) and liquid-nitrogen 

reservoir (2) were recorded with K-type thermocouples (3) 

using a purpose-made instrument containing an Adafruit 

Feather 32u4 microcontroller and two Adafruit MAX31856 

Universal Thermocouple Amplifiers. 

 
Fig. 1 Schematic illustration of the experimental setup used for the cryogenic co-

deposition of adamantane and water vapour. The components inside the chamber are 

(1) liquid-nitrogen cooled and removable 8-inch diameter copper plate, (2) liquid 

nitrogen reservoir, (3) K-type thermocouples, (4) metal mesh covering the water vapour 

inlet tube, (5) Peltier element with copper sample stage and pellet of either C10H16 or 

C10D16 and (6) quartz crystal microbalance. 

The pressure of the vacuum chamber was monitored with a 

combination Pirani/cold cathode pressure gauge (PenningVac 

PTF 90, Oerlikon Leybold Vacuum) and routinely reached 2×10–

6 mbar. Situated at the bottom of the chamber, a 32 cm long 

and 2.6 cm diameter stainless-steel tubes allowed water vapour 

to be leaked into the chamber towards the deposition plate 

which was 15 cm away from the top of the inlet tube. The water-

inlet system consists of a needle valve (EV 016 DOS AB, Oerlikon 

Leybold Vacuum) that allows for adjustment of the amount of 

water vapor dosed into the chamber and a Pirani pressure 

sensor (Thermovac TTR91, Oerlikon Leybold Vacuum) used to 

measure the water-vapour inlet pressure. A round-bottom flask 

fitted with a Young’s tap held the liquid water and was attached 

to the inlet system. Prior to depositing H2O, D2O or a 50% 

mixture, several freeze-pump-thaw cycles were carried out to 

degas the water. The absence of dissolved gases and correct 

isotopic compositions were confirmed with mass spectrometry 

before each deposition experiment (Hiden HALO 100 with 

Faraday cup). To baffle the flow of water vapour into the 

chamber, an iron mesh (4) with 0.5 mm thick wires spaced 1 mm 

apart was placed directly on top of the water inlet tube. 

For each deposition experiment, pellets of either 1 g C10H16 

or C10D16 were prepared using a 13 mm-diameter piston-

cylinder die and a hydraulic press (Hypress 30 tonne shop press 
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with a powerteam P59B 700 bar hydraulic pump) with 

maximum pressures of 5 or 8 tonne for C10H16 and C10D16, 

respectively. For the deposition of adamantane, the vacuum 

chamber was fitted with a Peltier element (5) from RS 

Components (37.9 W, 3.9 A, 15.7 V, 30 x 30mm) attached to an 

80 W power supply. One side of the Peltier element was 

attached to a water-cooled copper finger whereas a 30 x 30 mm 

copper sample stage was placed on the other side with heat-

conducting paste. The pellets were mounted onto the copper 

stage with heat conducting paste and the temperature of the 

sample stage was recorded with a K-type thermocouple connect 

to an IJ-software-based temperature controller. 

At the beginning of a deposition experiment, a pellet of 

either C10H16 or C10D16 was cooled to 240 K to prevent 

sublimation of the material. The vacuum chamber was then 

evacuated to a base pressure of 2 x 10–6 mbar and the 

deposition plate was cooled to a base temperature of 82 K. 

Water vapour was then leaked into the chamber by adjusting 

the needle valve to achieve an inlet pressure of 1.00 x 10–1 

mbar. At the same time, the voltage of the Peltier element was 

adjusted to obtain the appropriate temperature for a specific 

molar ratio of adamantane to water. The deposition time for a 

typical experiment was 4 hours during which ~3.5 g of water 

entered the vacuum chamber. 

Deposition rates were determined with a quartz-crystal 

microbalance (QCM), consisting of gold-plated AT-cut 6 MHz 

plano-convex quartz crystals (Inficon) which were placed inside 

an Allectra 710-SH sensor firmly attached to the centre of the 

deposition plate (6). This sensor was connected to a reflection 

bridge and a 0.5-60 MHz N2PK vector network analyser through 

coaxial cables. During deposition, the changes in the 

fundamental frequency were recorded using the myVNA and 

QTZ softwares.31 The deposition rates were then calculated 

using a linear fit to the frequency versus time data. 

In the case of H2O deposition, the inlet pressure of 1.00 x 10–

1 mbar gave a deposition rate of 0.655 ± 0.002 μg cm–2 s–1. The 

corresponding molar deposition rate is 0.0363 ± 0.0001 μmol 

cm–2 s–1. The molar deposition rates of D2O and the 50% mixture 

were the same within error implying that ideal gas behaviour 

was valid at the inlet. 

The deposition rates of C10H16 and C10D16 were controlled by 

adjusting the voltage and hence temperature of the Peltier 

element. To achieve 1:100 adamantane to water molar ratios, 

C10H16 and C10D16 were held at 255 K and 245 K, respectively, 

during the depositions. Overall, six 1:100 samples were 

prepared of the following isotopic compositions: C10H16@H2O, 

C10H16@HDO, C10H16@D2O, C10D16@H2O, C10D16@HDO and 

C10D16@D2O. 

Following deposition, the samples were extracted from the 

chamber under liquid nitrogen and filled into flat-plate TiZr 

cans. 

Neutron diffraction experiments 

The internal dimensions of the null-scattering Ti0.68Zr0.32 alloy 

sample cells were 1 x 38 x 38 mm for the H2O and HDO samples, 

and 2 x 38 x 38 mm for the D2O samples. Neutron scattering 

measurements were carried out at 80 K for the as-made 

samples and after annealing at 140 K for 150 μA of proton 

current on the NIMROD diffractometer at the ISIS spallation 

neutron source at the Rutherford Appleton Laboratory, UK.32 

NIMROD detects neutrons scattered by a sample at angles 

between 0.5 and 40° and a wavevector-transfer range of 0.02 - 

50 Å-1 is covered.32 

The GudrunN software package33 was used to correct the 

raw scattering data for absorption and multiple scattering and 

to subtract any perturbation effects to the data caused by 

inelastic collisions. The “Iterate Gudrun” function in GudrunN 

was used to remove inelasticity features to obtain total 

structure factors, F(Q), of the samples.34 Datasets collected for 

the as-made sample at 80 K are shown in Fig. 2(a) and after 

annealing at 140 K in Fig. S1. 

The Empirical Potential Structure Refinement (EPSR) 

software27, 28 was used to fit the experimental data and obtain 

structural models representing the sample. Briefly, EPSR starts 

with a standard classical Monte Carlo simulation using standard 

reference potentials for the inter- and intra-molecular force-

fields. The predicted scattering for each isotopologue is then 

calculated from the simulation, and the difference between the 

simulated and experimental scattering used to iteratively 

develop an additional empirical potential. This is added to the 

reference potentials, driving the simulation towards matching 

the six datasets. For each simulation, a cubic box of with an edge 

length of 64.673 Å was filled with 8000 H2O molecules and 80 

C10H16 molecules corresponding to an atomic number density of 

0.09641 Å-3. The average bond angles, lengths of C10H16, the 12-

6 Lennard-Jones parameters and partial charges were taken 

from OPLS-AA (Optimized Potentials for Liquid Simulations of all 

atoms) force field.35 The SPC/E model was used for water.36 

After convergence of the fits using empirical potentials, 

approximately 20,000 model iterations were accumulated for 

both data sets. 

The ANGULA software37-40 was used to extract the pair-

distribution functions from the centre-of-mass of adamantane 

to the oxygen atoms of water, gCOM-O(r), spatial-density 

functions (SDFs) and orientation-correlation functions (OCFs). 

FTIR spectroscopy 

Circular CaF2 windows with 15 mm diameter and 2 mm 

thickness from UQG Optics were mounted onto the cryogenic 

deposition plate in the vacuum chamber. H2O with 5w% D2O 

and C10H16 were then codeposited at either 100:1 or 34:1 molar 

ratio for 2.5 minutes. The optical windows were transferred into 

a modified Optistat DN-V cryostat from Oxford instruments that 

was precooled with liquid nitrogen. The cryostat was operated 

at a base pressure of 5 x 10–4 mbar. 

FT-IR spectra were recorded in transmission geometry at 80 

K using a Bruker Invenio-R spectrometer with a liquid-nitrogen 

cooled MCT detector and MIR source. A spectral resolution of 1 

cm–1 was used and all spectra were recorded with 512 scans. 

Background spectra were recorded with blank CaF2 windows in 

the cryostat. 

Results and discussion 
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The neutron diffraction data of the six as-made samples is 

shown in Fig. 2(a) together with the converged EPSR fits. The 

corresponding data and fits of the annealed samples are shown 

in Fig. S1. The broad diffraction features illustrate the 

amorphous nature of the deposits and hence the successful 

matrix isolation of adamantane in amorphous ice. The 

diffraction data is well fitted with the EPSR approach which 

means that the corresponding structural models, such as the 

one shown in Fig. 2(b), can be used for the analysis of the 

structure of water in the hydration shell of adamantane. 

 
Fig. 2. Fitting of the neutron-diffraction data of the 1:100 adamantane to water samples 

and the isotropic pair-distribution function of the hydration shells of adamantane. (a) 

Experimental neutron diffraction data and EPSR fits of the as-made samples at 80 K. (b) 

Example snapshot of the EPSR simulation and the molecular structure of adamantane 

(C10H16). (c) Pair-distribution function from the centre-of-mass (COM) of adamantane to 

the oxygen atoms of water for the as-made samples (blue) as well as after annealing at 

140 K (red). The contributions from 28 water molecules in the first hydration shell are 

shown as dashed lines. 

The pair-distribution function from the centre-of-mass (COM) 

of adamantane to the oxygen atoms of the water molecules, 

gCOM-O(r), is shown in Fig. 2(c). A well-defined first hydration 

shell is observed at ~4.7 Å, and second and third hydration shells 

are visible below 10 Å. The annealing of the amorphous samples 

at 140 K leads to increases in the structural order of the 

hydration shells as indicated by sharper features in gCOM-O(r). 

Overall, it can be concluded that the adamantane is well 

hydrated within the amorphous ice matrix despite its 

hydrophobic nature. 

The structure of the first hydration shell was investigated in 

more detail by determining angle-dependent pair-distribution 

functions. For this, the COM of adamantane was placed on the 

origin, the z axis aligned with the C-H bond of a methine (CH) 

group of adamantane and the x axis pointed towards a second 

CH group as shown in Fig. 3(a). Using the ANGULA software, the 

gCOM-O pair-distribution function was determined as a function 

of the polar angle , the azimuthal angle  and the radial 

distance r. Typically, such pair-distributions would be analysed 

by averaging over the distance range of the first hydration shell. 

However, ANGULA offers the possibility to visualise the average 

local structure for increasing numbers of closest molecules. As 

shown in Figs S2 and S3, the oxygen atoms of the closest water 

molecules are found in what we call A and C type locations. 

Upon including the five closest water molecules, oxygen atoms 

are also found in B locations. Overall, the first hydration shell is 

highly structured with 28 distinct oxygen positions emerging for 

the five closest water molecules. Fig. 3(b) shows gCOM-O(, ) of 

the 28 closest water molecules for the as-made samples. 

Overall, there are 12 A, 12 B and 4 C type oxygen positions. 

Consistent with the sharpening of the features in gCOM-O(r) 

shown in Fig. 2(c), the ‘dots’ become more defined after 

annealing as can be seen in Fig. 3(c). 

With respect to the hydrated adamantane, the oxygen 

atoms are located above at the centres of triangles constituted 

by three of the hydrogen atoms of the adamantane. The A type 

oxygens are placed above triangles defined by the hydrogen 

atoms of two different CH2 and one CH group, the B type 

oxygens above the two hydrogen atoms of the same CH2 group 

and one CH group whereas the C type oxygens are located 

above the hydrogen atoms of three CH groups (see Fig. 3(d)). 

The oxygen atoms in the first hydration shell form one type 

of six-membered and one type of five-membered ring. The four 

six-membered rings consist of alternating A and B type oxygens 

and have a CH bond pointing towards their centres. Each six-

membered ring is surrounded by six five-membered rings. The 

twelve five-membered rings are built from B-B-A-C-A oxygen 

atoms where the midpoint of the B-B edge is located above a 

CH2 group of the adamantane. Each five-membered ring is 

surrounded by three other five-membered and two six-

membered rings. Following the nomenclature of the cages of 

clathrate hydrates, this type of cage can be classified as 51264 

and is well-known to be found in cubic structure II clathrate 

hydrates where it coexists with pentagonal dodecahedral cages 

(512).41-43 Like the encapsulated adamantane molecule, the 51264 

cage has Td point-group symmetry. 

In principle, the adamantane molecule with its almost 

spherical shape could be expected to spin within a cage of water 

molecules. However, this is only observed above 208.6 K for 
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bulk adamantane44-46 and is evidently not the case for our 

samples which were characterised at 80 K. 

 
Fig. 3. Structure of the first hydration shell of adamantane. (a) Definition of the spherical 

coordinates from the centre-of-mass of adamantane to the oxygen atom of water. (b, c) 

Angle-dependent pair-distribution function of the 28 closest oxygen atoms of the as-

made samples and after annealing at 140 K. The three symmetry-distinct positions are 

labelled as A, B and C in (b). (d) 3D structures of the 51264 cage and (e) the ‘barrel-shaped’ 

51268 cage.47-49 

The orientation correlations of the water molecules in the first 

hydration shell of adamantane were analysed in a next step. For 

this, it was found to be useful to define two different angles 

with respect to the vector spanning from the COM of 

adamantane to the oxygen atom of a given water molecule as 

shown in Fig. 4(a). The deflection of the dipole moment away 

from the COM→O vector is defined as dp whereas O-H 

describes the angle between the COM→O vector and an O-H 

bond of the water molecule. One of the two O-H bonds of a 

given water molecule is randomly picked in ANGULA. Therefore, 

depending on the orientation of the water molecule, O-H can in 

principle display two values.
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Fig. 4. Orientational ordering of the 28 water molecules in the first hydration shell of adamantane of the as-made samples. (a) Illustration of the angles that define the orientation 

of the dipole moment of a water molecule, dp, and the direction of an O-H bond, O-H, within respect to the vector spanning from the centre-of-mass of adamantane to the oxygen 

atoms of water. (b-d) Orientation-correlation functions of the water molecules with A, B and C type oxygen atoms for the as-made samples. (e) Orientations of the water molecules 

corresponding to the locations labelled 1-4 in (b-d) and (f-h). (f-h) Orientation-correlation functions of the annealed samples. 
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The orientation-correlation functions of the as-made samples 

are shown in Fig. 4(b-d) for the water molecules with A, B and 

C-type oxygen atoms. As expected for hydrogen-bonded water 

molecules in approximately tetrahedral environments, strong 

orientation correlations are observed. The relevant orientations 

are shown schematically in Fig. 4(e) and indicated by circled 

locations in Fig. 4(b-d). Orientations 1 and 2 are those expected 

for hydrogen-bonded water molecules forming a clathrate-

hydrate-type cage around a hydrophobic species. In the case of 

orientation 1, one of the O-H bonds points away from the centre 

of the hydrophobe whereas the second O-H bond takes part in 

the hydrogen-bonded network of the cage. This type of 

orientation is observed in two locations in Fig. 3(b-d) as two 

different values are possible for O-H. Orientation 2 means that 

both O-H bonds are part of the hydrogen-bonded cage. 

Consequently, O-H displays the same value for both O-H bonds 

and only one location is observed in Fig. 4(b-d). 

Orientations 3 and 4 are incompatible with a hydrogen-

bonded cage structure. Here, either the dipole moment of a 

water molecule or an O-H bond point directly towards the COM 

of adamantane. Orientation 3 is observed for all three types of 

water molecules and is particularly pronounced for the water 

molecules with B type oxygens. Orientation 4 on the other hand 

is mostly observed for the water molecules with A type oxygens. 

These two orientations should be regarded as a type of disorder 

that is expected to interfere or at least strain the hydrogen 

bonding within the 51264 cage. 

Interestingly, after annealing at 140 K, orientations 3 and 4 

are greatly reduced if not absent, and orientations 1 and 2 

dominate as can be seen in Fig. 4(f-h). This means that during 

the deposition at 80 K, some of the water molecules end up in 

orientations that make hydrogen bonding difficult and this type 

of disorder can be removed by thermal annealing at 

temperatures above the orientational glass-transition 

temperature of the matrix.25 As observed earlier, the positional 

order of the atoms is increased through the thermal annealing 

(see Fig. 2(c) and Fig. 3(b, c)) which can now be understood from 

the elimination of the unfavourable type 3 and 4 orientations. 

The ability to detect the subtle structural changes upon thermal 

annealing suggests that the EPSR approach for structure 

reconstruction works very well for the adamantane / ice 

mixtures. 

The arithmetic mean of cos dp as a function of distance 

from the COM of adamantane is shown in Fig. 5. This shows that 

the very closest water molecules display a tendency for their 

dipole moments to point towards the adamantane. However, 

starting from distances around the first maximum in gCOM-O(r), 

the mean of cos dp oscillates closely around zero which means 

that no net polarisation effect of the water molecules with 

respect to the adamantane is observed. This is as expected for 

a nonpolar solute and it can be speculated that the slightly 

negative polarisation of the very closest water molecules can be 

attributed to steric effects. 

 
Fig. 5. Net polarisation effects of the hydrophobic hydration. Arithmetic mean of cos dp 

as a function of distance from the COM of adamantane. The maxima in gCOM-O(r) from 

Fig. 2(c) are shown as grey dashed vertical lines. 

The effects of the incorporation of adamantane on the 

hydrogen bonding of the amorphous ice matrix was 

investigated with FT-IR spectroscopy. The O-H stretching mode 

of H2O is well-known to be affected by complicated intra- and 

intermolecular coupling.50 This can be ‘switched off’ by adding 

small amounts of D2O to the initial sample solution which 

results in spatially well-separated O-D oscillators in the 

amorphous ice.24, 51 The resulting so-called decoupled O-D 

modes, O-D, are not affected by coupling phenomena and 

hence provide an accurate probe for the local hydrogen-

bonding environments.52, 53 

Fig. 6 shows the FT-IR spectra of as-made pure amorphous 

ice, adamantane matrix-isolated in amorphous ice with molar 

ratios of 1:100 and 1:34 as well as pure vapour-deposited 

adamantane in the spectral ranges of O-D and C-H.24, 54, 55 The 

incorporation of adamantane into amorphous ice leads to an 

increase in the peak position of O-D as indicated by the arrow 

in Fig. 6(a). This highlights a general weakening of the hydrogen 

bonds. Furthermore, the O-D modes become increasingly 

asymmetric on the high-wavenumber side as more adamantane 

is matrix isolated. Consistent with the structure derived from 

neutron diffraction, this may indicate the presence of water 

molecules with strained or even disrupted hydrogen bonding. 
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Fig. 6. FT-IR spectra of pure amorphous ice, adamantane matrix-isolated in amorphous 

ice at 1:100 and 1:34 molar ratios and pure vapour-deposited adamantane in the spectral 

regions of (a) the decoupled O-D stretching modes24 and (b) the C-H stretching modes of 

adamantane.54 The spectra were shifted vertically for clarity. 

The C-H stretching modes of adamantane54 shown in Fig. 6(b) 

are not significantly affected by the incorporation into 

amorphous ice. This is consistent with weak interactions 

between the adamantane and the surrounding amorphous ice. 

Conclusions 

Adamantane has been matrix-isolated in amorphous ice 

through cryogenic codeposition from the vapour phase. Using 

neutron diffraction in combination with the isotopic 

substitution method and the empirical potential structure 

refinement approach for structure reconstruction we found 

that the first hydration shell of adamantane is well structured 

and consists of a 51264 cage with 28 water molecules. Some of 

the orientations of the water molecules are as expected for a 

clathrate-hydrate-type cage. Yet, the as-made sample also 

displayed unfavourable orientations within the first hydration 

shell with water molecules where either the dipole moment or 

one of the O-H bonds of water pointed towards the 

adamantane. These structural features may indicate the onset 

of the expected structural cross-over from small hydrophobes 

towards hydrophobic surfaces.8, 9 However, even larger 

hydrophobes than adamantane are probably needed to observe 

this more clearly. Also, annealing at 140 K led to a removal of 

the unfavourable orientations. Overall, only the closest water 

molecules display tendencies for the dipole moment of water to 

point towards the adamantane which we attribute to steric 

effects. For hydrated methane, such net polarisation effects 

were entirely absent.5 As observed with FT-IR spectroscopy, the 

incorporation of adamantane into amorphous ice leads to a 

weakening of the hydrogen bonds of the amorphous ice matrix. 

Similar effects were also found for water at the interface with 

liquid CCl4 and hexane.1 

The formation of a well-defined cage structure around 

adamantane suggests that a plethora of other cage types may 

exist upon hydrating larger hydrophobes. In principle, this could 

provide a first step for forming new types of clathrate hydrates 

upon crystallisation of the amorphous matrix. So far, this has 

only been achieved for small gaseous guest species.56 

For adamantane, it has been suggested that it forms a 

structure H clathrate hydrate when methane is used as a help-

gas.57 Yet, no crystallographic information has yet been 

obtained. Fig. 3(e) shows the structure of the ‘barrel-shaped’ 

51268 cage found in hexagonal structure H clathrate hydrates 

which would be occupied by adamantane. The 51268 cage is the 

largest cage observed in clathrates so far.47-49 Our findings raise 

the question if adamantane actually forms a cubic structure II 

clathrate hydrate. Of course, it is also possible that the cage 

type changes from 51264 to 51268 upon the crystallisation of an 

adamantane clathrate hydrate. In any case, a variety of new 

types of clathrate hydrates with large cages have been 

predicted computationally58-62 and these may be accessible by 

crystallising amorphous mixtures of ice and large hydrophobic 

species. Future work will certainly develop towards hydrating 

larger hydrophobic molecules with potentially more complex 

shapes. 

The potential formation of clathrate hydrates by heating 

amorphous mixtures of ice and hydrocarbons, such as 

adamantane, would have an impact on the physical properties 

of such mixtures in space including the desorption rates of 

water.63 As shown in this study, the incorporation of 

adamantane into amorphous ice leads to a weakening of the 

hydrogen bonds which in turn could affect the water desorption 

rates of the amorphous ice in space. The net polarisation effects 

of water in the hydration shell were found to be quite weak. Yet, 

it can be speculated that such polarisation effects64, 65 could 

influence the surfaces charges of ice-coated hydrocarbons 

which in turn may influence the aggregation properties and 

hence formation of larger objects in space. 
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