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A temperature programmed desorption study of
interactions between water and hydrophobes at
cryogenic temperatures

Ryutaro Souda *a and Tadaaki Nagao b

It is considered that hydrophobic solutes dissolve in water via the formation of icelike cages in the first

hydration shell. However, this conventional picture is currently under debate. We have investigated how

hydrophobic species, such as D2, Ne, Ar, Xe, CH4, and C3H8, interact with water in composite films of

amorphous solid water (ASW) based on temperature programmed desorption (TPD). The D2 and Ne

species tend to be incorporated in ASW without being caged, whereas two distinct peaks assignable to

the caged species are identifiable for the other solutes examined here. The low-temperature peak is

observed preferentially for Ar and CH4 prior to crystallization. The hydrophobes are thought to be

encapsulated in porous ASW films via reorganization of the hydrogen bond network up to 100 K; most

of them are released in a liquidlike phase that occurs immediately before crystallization at ca. 160 K. The

nature of hydrophobic hydration at cryogenic temperature appears to differ from that in normal water at

room temperature because the former resembles crystalline ices in the local hydrogen-bond structure

rather than the latter. No ordered structures assignable to clathrate hydrates were identified before and

after crystallization.

1. Introduction

Hydrophobic hydration is of great importance in many biolo-
gical phenomena, such as membrane dynamics, drug adsorp-
tion, and conformation of proteins and DNA in liquid water.1,2

On the other hand, frozen water can form several crystalline
compounds under the presence of other molecular substances,
known as clathrate hydrates (CHs).3 In addition to fundamental
chemistry and physics, interests of CHs arise from their impor-
tance in earth and planetary sciences,4–7 as well as energy
resources and environmental concerns.8–10 In order for hydro-
phobic hydration to occur in both liquid and crystalline water,
guest species are encapsulated by water molecules to minimize
interactions between water and hydrophobic entities while
retaining the water–water hydrogen-bond network. As regards
bulk liquid water, the solubility of small nonpolar species is
poor because the stable tetrahedral network of hydrogen bonds
must be modified to solvate them. Consequently, dissolution of
nonpolar species in water is accompanied by a large increase in
the heat capacity. Frank and Evans explained this behavior as
those water molecules form rigid, icelike structures around

hydrophobic groups.11 According to this ‘‘iceberg model’’,
locally ordered structures resembling those of CHs are expected
to be formed. However, experimental determination of the
amount of water structuring in the first hydration shell is
elusive.12 Recent experiments and molecular dynamics (MD)
simulations reveal that translational and reorientational
dynamics of liquid water are slow in the first hydration shell,
although the structure of water remains nearly unperturbed
relative to that of bulk water.13–27

The formation of CHs from ice also requires breakage and
restructuring of the hydrogen-bond network because the
arrangement of water molecules in ice is entirely different from
that of CHs. The nucleation of crystalline CHs, which is
initiated at the gas–ice interface, is expected to be facilitated
if the interfacial water species are mobile. Probably, these are
the reasons why CHs are formed even in the solid state at a
specific temperature and pressure. Consequently, the develop-
ment of a CH layer on crystalline ice takes a very long time
ranging from hours to days. Both water-soluble and water-
insoluble species play a role as guest species of CHs, but the
structure of CHs collapses into that of liquid water without the
support of the solute species. There are three known CH
structures, types I, II, and H;3 they are controlled basically by
the size of guest species. For example, methane and carbon
dioxide form type I CH that consists of a small cage of a
pentagonal dodecahedron (512) and a large cage of a
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tetradecahedron (51262). The type II CH is composed of a small
cage of 512 and a large one of hexadecahedron (51264). Typical
guests of type II CH are N2, O2, and Ar. Larger guests of type II
CHs, such as propane and tetrahydrofuran (THF), generally
occupy the large cages. Much smaller solutes like hydrogen are
known to be confined in type II CH as well at extremely high
pressures typically 220 MPa at 249 K.28 The H2 molecule can be
stored in the CH lattice at lower pressures with the aid of the
second guest component like THF.29–33 The experimentally-
determined hydrogen-to-water molecular ratio reveals that the
multiple occupations of H2 occur in both small and large cages.

The bottleneck of investigating both hydrophobic hydration
and CH formation generally arises from the poor miscibility of
nonpolar solute species in the liquid water and crystalline ice.
This difficulty can be overcome by using co-deposits of water
and solutes at low temperatures.34–41 Amorphous solid water
(ASW) is formed by deposition of pure water molecules at a
temperature well below the glass transition temperature
(Tg = 136 K),42 which is followed by crystallization at around
Tc = 160 K. Therefore, how hydrophobic solutes interact with
the liquid and crystalline water can be explored during the
heating process of composite ASW films.

In this article, we investigate interactions of water with
simple hydrophobes, such as Ne, Ar, Xe, CH4, C3H8, and D2,
together with the role of THF in entrapment of D2, based on the
experiment of temperature programmed desorption (TPD). It is
known that nonpolar species embedded underneath thick ASW
films are released explosively during crystallization because
they pass through cracks of ice grains (the so-called molecular
volcano mechanism).43 The alternative explanation of this
phenomenon is that nonpolar species are caged individually
by water molecules and then released during the phase transi-
tion of water.44,45 In any case, TPD experiments provide infor-
mation about interactions of solute species with water in glassy,
liquid, and crystalline phases. Here, attention is focused on
how the entrapment and detachment of the additives in water
are associated with their sizes or masses to gain more insight
into the mechanism of hydrophobic hydration at the
molecular level.

2. Experiment

A mirror-finished Pt(111) disc (10 mm +) was used as a
substrate for ASW. It was fixed tightly to a sample holder made
of Ta and was inserted into an ultrahigh vacuum (UHV)
chamber (a base pressure of 2 � 10�10 torr) through a load-
lock system. The surface was cleaned via several cycles of Ar+

sputtering and annealing (B1500 K) by electron bombardment
from behind. The sample holder was mounted on a Cu rod
extended from a closed cycle helium refrigerator. The tempera-
ture of the Cu rod close to the sample position was monitored
using Au(Fe) chromel thermocouples and was controlled using
a digital temperature controller and a cartridge heater. Liquid
samples of water and THF were degassed via several freeze–
pump–thaw cycles; nonpolar gases in Pyrex glass bottles, such

as D2, Ne, Ar, Xe, CH4, and C3H8, were used without further
purification. The gaseous species were placed into the UHV
chamber through independent variable leak valves. The surface
cleanliness, as well as purity of the deposited films, was
monitored in situ using time-of-flight secondary ion mass
spectrometry (TOF-SIMS) and TPD; formation of the well-
ordered Pt(111) surface, as well as the phase transition of
ASW into crystalline ices or CHs, was confirmed based on
reflection high energy electron diffraction (RHEED).46 TPD
spectra were obtained using a differentially pumped quadru-
pole mass analyzer up to the evaporation temperature of multi-
layered water films (B190 K); its housing inlet was movable
and approached the sample surface (2–3 mm) during the
measurement to minimize the background signal. The sample
temperature was ramped at a rate of 5 K min�1 for each
measurement using a cartridge heater and a digital tempera-
ture controller. A monolayer (ML) of the ASW film is formed by
exposure of 2 L of H2O molecules at the substrate temperature
of 100 K.4 The composite ASW films were characterized here
based on the exposure of gaseous species rather than their
exact thickness because of the ambiguity arising from the
sticking probability of lighter species.

3. Experimental results
3.1 Rare gases

Fig. 1 shows TPD spectra of H2O (m/z = 18) and Ne (22)
desorbed from the ASW film, each co-deposited at 1 � 10�6

torr for 100 seconds (100 Langmuir (L)) at the substrate
temperature of 30 K. The detachment of water commences at
around 140 K and a characteristic shoulder appears at ca. 160 K
because of crystallization. The desorption rate of water mole-
cules is peaked at ca. 180 K. These results are fundamentally

Fig. 1 TPD spectra of H2O (m/z = 18) and Ne (22) from the composite film
prepared via co-deposition (100 L each) at 30 K onto the Pt(111) substrate.
Temperature was ramped at a rate of 5 K min�1.
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identical to those obtained using pure ASW films.46 The co-
deposited Ne species are incorporated in the ASW film interior,
as evidenced by a broad TPD spectrum of Ne, but they are
released almost completely up to 90 K.

TPD spectra of Ar are displayed in Fig. 2(a), together with a
typical water TPD spectrum. The film was formed by exposing
the Pt(111) substrate to H2O and Ar gas mixtures at 30 K with
different proportions; red for 100 L (1 � 10�6 torr for 100 s)
each and green for 100 L H2O and 1 L (1 � 10�7 torr for 100 s)
Ar. Also shown in Fig. 2(b) are TPD spectra of Ar from
co-deposited ASW films (100 L each) at different substrate
temperatures (60–80 K). In this temperature range, the H2O
molecule sticks to the surface with a probability of unity. The
film is characterized by a microporous structure when depos-
ited at temperatures below 70 K.47,48 For the co-deposited film
at 30 K, a broad Ar peak with an extended tail is followed by
sharp peaks at 150 and 157 K before the water desorption rate
changes at ca. 160 K because of crystallization. It should be
noted that no such doublet TPD peak was observed when Ar
was pre-adsorbed onto graphene-covered Pt(111) and then
buried underneath the ASW film.49 A huge peak of Ar at 40 K
results from weakly physisorbed species trapped in interstices
of ASW or adsorbed onto the pore wall surface. In this respect,
the monolayer TPD peak from the nonporous ASW film is
known to occur at considerably low temperature,50 indicating
that the interaction of Ar with ASW is noticeably weaker than

the interaction with graphene. In the present study, however,
the TPD peak of 1 L Ar (60 K) occurs at a temperature rather
higher than that of the monolayer Ar on graphene (45 K). The
broad peak is followed by an extended tail, but no such
behaviors are observed for Ar on graphene and nonporous
ASW film surfaces.50 These results strongly suggest that the
broad peak and tail arise from Ar at higher coordination sites of
water characteristic of the porous ASW film.

The TPD spectra of Ar, designated as peaks A, B, and C,
originate from trapped species that are released before (A and
B) and after (C) crystallization of water. The origin of the high
temperature peak B might be explained in terms of the mole-
cular volcano mechanism.43 However, it should be noted that
most of the Ar in peak B is released before crystallization occurs
at Tc = 160 K, where not only the desorption rate of water but
also the electron diffraction pattern changes because of the
formation of ice grains. Moreover, it is apparent that peak A at
150 K has nothing to do with ice nucleation. These behaviors
clearly show that Ar is released from liquidlike water that is
formed prior to crystallization. Therefore, we consider that
these peaks originate from dehydration of caged species rather
than the molecular volcano via crack propagation induced by
crystallization. Indeed, the fact that the intensity of peak A
relative to peak B is independent of the initial Ar content
strongly suggests that they have the same origin, resulting from
individually trapped species in water cages rather than con-
densed Ar species embedded underneath thick water layers.
Consequently, the doublet TPD peaks of Ar imply that two
distinct hydration states exist in ASW or liquidlike water
formed at Tg. Only a very small amount of Ar survives the
phase transition. Probably, the Ar species trapped in grain
boundaries lead to peak C. With increasing substrate tempera-
ture during deposition, the amount of Ar trapped in the ASW
film is reduced as shown in Fig. 2(b). The intensity of peak B
decreases relative to that of peak A at higher deposition
temperature while keeping their peak positions constant.

In Fig. 3 are compared TPD spectra of Xe (1 and 100 L) that is
co-deposited with H2O (100 L) at 30 K. The intensity of peak B is
much higher than that of peak A in contrast to Ar TPD,
although their relative intensities are almost independent of
the initial Xe content. When the amount of initially trapped Xe
becomes much smaller than that of the matrix H2O molecules,
the broad peak from condensed Xe atoms at B80 K is extin-
guished, together with the extended tail. It might be presumed
that the hydrates are formed such that the rare-gas species are
included in the ASW film interior during pore collapse. How-
ever, the pore collapse occurs at a higher temperature (120–140
K)48 than the thermal desorption temperature of weakly-
physisorbed Xe species (80–90 K). Consequently, the Xe atoms
caged individually by water molecules at the porous ASW film
surface result in peaks A and B, whereas the 2D or 3D Xe species
condensed on the pore wall surface or in the interstice are
thought to be responsible for the broader components.

To summarize the results for rare gas atoms, the structure of
TPD spectra is found to be strongly dependent on the size or
mass of the trapped species. For Ar and Xe, two distinct

Fig. 2 (a) TPD spectra of H2O and Ar (m/z = 40) from the composite films
prepared by co-deposition of H2O (100 L) and Ar (1 and 100 L) onto the
Pt(111) substrate at 30 K. Also shown in (b) are the TPD spectra of Ar from
the composites of H2O and Ar (100 L each) at different substrate
temperatures.
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hydration states are recognizable as separated peaks A and B.
The low-temperature peak A, which is more abundant for Ar
than Xe, is ascribable to smaller cages of water molecules that
confine smaller species preferentially. In the case of Ne, how-
ever, the extended tail occurs without any peaks because no
hydrates or caged species are formed in ASW and the
liquidlike water.

3.2 Hydrocarbons

The interactions of hydrocarbons with ASW are also investi-
gated in terms of the solute size. In Fig. 4 are compared TPD

spectra of CH4 (1 and 100 L) co-deposited with H2O (100 L) at
the substrate temperature of 30 K. The doublet peaks of the
hydrated CH4 species are recognizable before water crystallizes
at 160 K. The relative intensity of peak A to B is almost
independent of its initial content although each peak is broa-
dened to some extent at higher CH4 content. The huge peak at
ca. 45 K originates from 2D or 3D islands of the condensed CH4

molecules, whereas the corresponding peak is sharpened and
shifted to a higher temperature (65 K) at a smaller CH4 content.
The latter is ascribable to more scattered species in direct
contact with the surface, as inferred from a much smaller
amount of the CH4 species relative to water. It is known that
TPD spectra of CH4 adsorbed on graphene and nonporous ASW
films peak at temperatures well below 60 K.50 Therefore, the
occurrence of the peak at 65 K, as well as the extended tail,
suggests that the CH4 molecules tend to be trapped transiently
in the ASW film interior or on pore wall surfaces. They are
expected to develop into caged (hydrated) species at higher
temperatures. Consequently, the evolutions of the low-
temperature peak (65 K), extended tail, and high-temperature
doublet peaks indicate that the local environments of the CH4

molecule change during the heating process.
Fig. 5 displays TPD spectra of propane (1 and 100 L) co-

deposited with H2O (100 L) at 30 K. Peak A becomes much
smaller than peak B in intensity irrespective of the initial
propane content. The propane is condensed in 3D islands at
higher exposure to form a TPD peak at 95 K, but this species is
absent when the propane content is low (1 L), indicating that all
propane additives evolve into hydrated species. These beha-
viors contrast with those of CH4 but are fundamentally iden-
tical to those of Xe. Thus, a larger (or heavier) solute species
that can withstand higher temperatures evolve into hydrated
species more efficiently.

Fig. 3 TPD spectra from the composite films of water and Xe (m/z = 132)
prepared by co-deposition of H2O (100 L) and Xe (1 and 100 L) onto the
Pt(111) substrate at 30 K.

Fig. 4 TPD spectra of CH4 (m/z = 15) from the composite films prepared
by co-deposition of H2O (100 L) and CH4 (1 and 100 L) onto the Pt(111)
substrate at 30 K.

Fig. 5 TPD spectra of C3H8 (m/z = 29) from the composite films prepared
by co-deposition of H2O (100 L) and C3H8 (1 and 100 L) onto the Pt(111)
substrate at 30 K.
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3.3 Deuterium

Smaller (or lighter) solute species are of interest in terms of
hydration, as inferred from the apparently distinct behaviors of
Ne relative to Ar and Xe. The same is expected to occur for
hydrogen or deuterium interacting with water. Fig. 6 shows
typical TPD spectra of H2O and D2 molecules. The ASW film is
formed by deposition of 100 L H2O at 30 K and then exposed to
a different amount of the D2 molecule (100 L: 1 � 10�6 torr for
100 s; 1000 L: 1 � 10�5 torr for 100 s) at the same temperature.
The physisorbed species in the near surface region are expected
to be released in the lower temperature range. In fact, a high-
temperature component evolves at higher exposure because the
D2 molecules can penetrate the interior of the porous ASW film.
In any case, hydrated D2 species are not formed, as evidenced
by the absence of the sharp peaks. We consider that the broad
components of the D2 and Ne TPD spectra are fundamentally
identical to the extended tails observed using Ar and CH4. The
presence of the tail at higher D2 exposure indicates that higher
coordination sites formed in the interior of the porous ASW
film play a role in the transient entrapment of the D2 molecule.
In this respect, it is known that the heavier species, such as
n-hexane, formaldehyde, and acetone,51 adsorbed onto porous
ASW films evolve into well-defined hydrates in the interior,
providing a significant contrast to the D2 adspecies.

In Fig. 7(a) are displayed TPD spectra of D2 and H2O (100 L
each) co-deposited at 30 K. Results are fundamentally identical
to those observed in Fig. 6 at higher D2 exposure because the
molecules incorporated in the ASW film interior are released
gradually over a wide temperature range. In this respect, how
D2 interacts with THF and the water–THF mixture is of interest
because THF is known to facilitate the H2 confinement in type
II CHs.29–33 As shown in Fig. 7(b), the amount of D2 molecules
incorporated in the THF film (prepared by co-deposition of

each molecule at 100 L) is small relative to that in the ASW film,
suggesting that THF alone has no appreciable effects on the
uptake of the D2 molecule relative to the pure ASW film.
However, the D2 entrapment is improved considerably in the
ternary mixture of D2, THF, and H2O (100 L each), as shown in
Fig. 7(c). The D2 molecule tends to stay in the mixed film
interior at a higher temperature (140 K) than in the binary
composite film (110 K). It is thus suggested that THF additives
improve the entrapment of D2 although no sharp hydrate peaks
occur at 150–160 K. Consequently, well-defined hydrates of D2

molecules are formed neither in the pure ASW film nor in the
mixed water–THF film prepared via co-deposition of the mole-
cules at cryogenic temperatures.

4. Discussion

Based on the experimental facts described above, we can
deduce how the hydrophobic solute species interact with ASW
to form hydrates. The additives at smaller content (1 L) are
expected to interact individually with water molecules in the
interstice or on the pore-wall surface of ASW, although they are
not caged immediately after deposition at 30 K because water
molecules are arranged in random orientations. In fact, a large
number of hydrogen bond imperfections (i.e., unpaired hydro-
gen bonds) are known to exist between water molecules on the

Fig. 6 TPD spectra of H2O and D2 (m/z = 4) from the ASW film (formed by
deposition of 100 L H2O at 30 K) after exposure to 100 and 1000 L D2

molecules at 30 K.

Fig. 7 TPD spectra from binary composite films of (a) D2 and H2O and
(b) D2 and THF are compared with those from a ternary composite film of
(c) D2, THF, and H2O. The molecules (100 L each) were co-deposited onto
the Pt(111) substrate at 30 K.
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porous ASW film surface, as revealed from the TOF-SIMS
experiment.52 The water cluster ions, D+(D2O)n, are sputtered
efficiently from a porous D2O film deposited at 15 K; intensities
of the cluster ions decrease gradually in the temperature range
of 50–100 K. This behavior is ascribable to the reorientation of
water molecules to recover the hydrogen bond network. On the
other hand, surface diffusion of water commences at a higher
temperature (110–120 K), as revealed from the uptake of the
water monolayer into porous media.53 From these facts, we
consider that the pore collapse at ca. 120 K is induced by the
surface diffusion of water molecules. Therefore, the absence of
the physisorbed species in the TPD spectra of the diluted
mixture of Xe or propane with water at T o 100 K is not simply
ascribable to the entrapment of solutes via the collapse of the
inner pores. Probably, the hydrophobic species are encapsu-
lated during the reorientation of surrounding water molecules
to recover the hydrogen bond network. The encapsulation of
lighter species, such as Ar and CH4, is less efficient than the
heavier species because the formers are released at lower
temperatures before caging is completed even at a small
exposure (1 L). In contrast to such weakly physisorbed species
(i.e., precursors to hydrates), the gas-phase Ar atoms do not
evolve into hydrates during co-deposition with water at 80 K, as
shown in Fig. 2(b). Consequently, the physisorbed solute spe-
cies are encapsulated preferentially by coadsorbed water mole-
cules in the temperature range of 50–100 K, which is followed
by their uptake in the ASW film interior not only via surface
diffusion (i.e., pore collapse) at T 4 110–120 K but also via
translational diffusion in the bulk above Tg = 136 K. In fact, no
hydrates are formed on the surface of ASW films prepared by
deposition of water molecules at higher temperatures (B100 K)
because hydrogen bond imperfections to develop into micro-
scopic cages are absent. The entrapment difference appears to
exist between the atomic and molecular species with compar-
able masses. In contrast to D2, no He atoms are incorporated in
the ASW film (not shown) because gas phase species without
physisorption are not trapped by water molecules. This situa-
tion resembles that for Ar deposited at 80 K. The CH4 molecules
form well-defined hydrates, but the heavier Ne atoms are not
encapsulated by water. This behavior might be explained by the
presence of a weak CH� � �O hydrogen bond between methane
and water.

It might be presumed that the sharp peaks A and B are
indicative of the formation of crystalline CHs. However, no
long-range ordering is identified in electron diffraction pat-
terns during the heating process of the composite films till ice
Ic is formed at Tc = 160 K.54 The results for crystallization
kinetics are fundamentally identical to those using pure ASW
films. This is reasonable because most of the nonpolar addi-
tives are released in the liquidlike phase prior to crystallization
as demonstrated here. A small amount of the trapped solute
species might evolve into crystalline CHs at grain boundaries,
though they are not clearly distinguishable from ice Ic based on
the diffraction pattern. As demonstrated here, the hydrated
species in the grain boundaries are recognizable as peak C in
TPD. However, the long-range ordering of molecules, or a

particular structure type of CHs, must be determined from
diffraction studies.37–39 The spectroscopic data are useful in
some cases for the recognition of local structure evolutions in
amorphous phases and dynamics around individual guest
species. In this respect, the development of CHs from the co-
deposits of water and various solute species has been reported
based on Raman, infrared, and NMR studies at cryogenic
temperatures.34–41 Hallbrucker suggested that CHs resulting
from vapor-deposited ASW necessitate the coexistence of a large
amount of crystalline ice to stabilize them.39 This is fundamen-
tally consistent with the present result using much thinner
films. Using NMR spectroscopy combined with X-ray powder
diffraction, Ripmeester and coworkers found that hyper-
quenched glasses of aqueous THF solutions undergo phase
separation into domains of crystalline THF and ice Ic before
crystallization into CH is initiated;35 a large-scale growth of
crystalline CH is associated with a reduction of crystalline THF
and ice Ic domains above 150–160 K. The ordering of Xe and
water co-deposits into CHs commences at 140 K, although the
process is not complete until a temperature of 180 K is
reached.37,38 On the other hand, Devlin and coworkers claimed
that amorphous composites of polar aprotic species with water
form CHs at temperatures as low as 130 K.34 Consequently, the
local ordering of water molecules around hydrophobic solute
species is evidenced by the vibrational and NMR spectrosco-
pies, although long-range ordering of CHs is not identified in
both X-ray powder diffraction and RHEED before water crystal-
lization occurs at ca. 160 K.

The fact that the hydrophobic solutes enhance the local
ordering of liquidlike water reminds us of the iceberg model.11

For liquid water at room temperature, however, the effect of
hydrophobes on the structural dynamics of water molecules
seems to be controversial.12–27 The neutron diffraction study of
water in methane–water solution at 18 1C and 180 bar rather
concluded that the structure is marginally less tetrahedral than
that in pure water at the same temperature and pressure.12

Although the exact structure of water in the first solvation shell
is hardly determined experimentally, computer simulations
reveal that ordered aggregates of water molecules can be
formed.13,22 On the other hand, there are many reports showing
that the dynamics of the solvating water around hydrophobic
species is slower than the dynamics of bulk water, which is not
necessarily attributed to the structural change in water.19–21 Cur-
rently, the iceberg picture is rather supported from the dynamical
point of view for normal liquid water: the water molecules around
hydrophobic groups retain a liquidlike structure although their
dynamics would be icelike, thereby explaining why hydrophobic
icebergs have not been observed using structural methods.

The conflicting results of hydrophobic hydration of water
between room temperature and cryogenic temperature are
likely to be elucidated in terms of polyamorphism;55 the liquid-
like water formed at Tg is known as a distinct liquid, termed as
low density liquid (LDL). It is a tetrahedrally-structured liquid
with a local structural resemblance to crystalline ice rather than
normal liquid water.56 Therefore, icelike cages are expected to
be formed locally to incorporate nonpolar solute species in
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LDL. However, it should be noted that such caged species do
not evolve directly into crystalline CHs, as evidenced by the fact
that hydrated species are released from the liquidlike water
formed before crystallization. This result implies the occur-
rence of the liquid–liquid (L–L) phase transition: LDL trans-
forms into the other liquid phase, probably normal water,
immediately before crystallization.57 The icelike cages of water
molecules are likely to collapse during the L–L transition so that
most of the hydrated nonpolar species are released. The normal
liquid water, if any, undergoes immediate crystallization because of
its instability at cryogenic temperatures. This L–L transition hypoth-
esis has been inferred from the interactions of water with alkali
halides at cryogenic temperatures.57,58 For example, LiCl adspecies
are incorporated in the film interior at around Tc rather than Tg

because aqueous solutions of alkali halides result from normal
water formed via the L–L transition rather than LDL having a
crystal-like local structure.

The large-scale growth of CHs generally proceeds at T 4 Tc

on the crystalline ice surface during interactions with hydro-
phobes. This behavior is likely to be associated with premelting
of ice. It is known that the surface of ice Ic grains behaves like a
liquid at T 4 150 K in terms of the uptake of LiCl58 so that the
hydrophobic species can also be incorporated at the interface to
create CH films. Similarly, premelting of ice Ih is likely to occur
at temperatures below its melting point (273 K).59 This behavior
is likely to be associated with the gradual growth of crystalline
CHs at the ice surface under high pressures.

The peaks A and B of solute species observed in the TPD spectra
might imply the formation of clathrate-like cages, although no long-
range ordering of crystalline CHs is identifiable below Tc = 160 K.
The fact that peak B is commonly observed irrespective of the solute
size strongly suggests that any sized cages (probably disordered) can
be formed to encapsulate the solute species in LDL. In contrast,
peak A is likely to result from a specifically structured cage because
it is observed preferentially for small solute species. Despite this
tendency, however, no well-defined hydrate peaks of Ne are recog-
nizable, suggesting that Ne is too small to be caged. It is likely that
Ne passes through the hydrogen-bond network of water molecules
to form solutions with ASW. This behavior might be associated with
the thermodynamic instability of Ne CHs.60 The same is expected to
occur for the interaction of water with deuterium. It is revealed that
type II CHs of hydrogen can be formed under extremely high
pressure28 to accommodate multiple hydrogen molecules in the
cages, although hydrogen is diffusive in the interstice of crystalline
ice Ih.61 As suggested here, no local cages of water molecules are
expected to be formed during interactions with D2. However, the
second solutes like THF create local cages of water molecules so that
a larger amount of hydrogen can be incorporated into the openings.
Most of the D2 molecule is released up to 140 K because liquidlike
water (LDL) evolves in bulk as a result of the glass–liquid transition.

5. Conclusion

Interactions of hydrophobes with water were investigated
through their hydration and dehydration behaviors as a

function of temperature. Three distinct states of nonpolar
species are identified in the TPD spectra during the heating
process of composite films formed at 30 K, i.e., condensed
species forming 2D or 3D islands, scattered species in direct
contact with the water molecules, and hydrated species con-
fined individually in cages of water molecules. They are distin-
guishable based on the TPD spectra because the desorption
temperature of the solute species is a good experimental
measure of the binding site energies that are controlled by
the local environments of water molecules. The caged species
form well-defined TPD peaks at 150–160 K. The larger the size
of the solutes, the easier the formation of hydrated species.
Specifically, solid solutions are formed for D2 without being
caged in ASW and water–THF composites; mobile molecules in
the film interior can be released continuously from the surface.
The same occurs for Ne in ASW. On the other hand, two distinct
hydrates are recognizable for Ar, Xe, CH4, and C3H8 in ASW, as
revealed from the occurrence of the doublet TPD peaks. The
low-temperature peak might be associated with smaller cages
because it is more abundant for the smaller Ar and CH4 species.
From a comparison between TPD and previous TOF-SIMS
results, it is suggested that the solute species are caged during
the reorientation of water molecules to recover hydrogen bond
networks on the pore wall surface at a temperature below 100 K.
Then, hydrates are finally formed in the interior of ASW and
LDL. However, no long-range ordering of crystalline CHs is
identifiable from the diffraction patterns before and after
crystallization into ice Ic, indicating that the caged species
are formed in the amorphous phase. Most of the hydrated
species are released during the L–L transition immediately
before crystallization. The hydrophobic hydration at cryogenic
temperature appears to be distinct from that in normal water in
terms of the icelike cage formation because LDL is the
tetrahedrally-structured liquid having a local structural resem-
blance to crystalline ices.
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