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In fact, Equation (5) captures the well-used semi-empirical model for estimating the thickness of QLL
onice, t & (T, — T)_l/3 [31].

2.3. Discussion on QLL Data and Models

The continually-developed experimental and simulative techniques have greatly accumulated our
knowledge of the molecular structures of QLL and its thickness. Figure 2 illustrates the QLL thickness
data acquired from the literature [6-12,19,29,31-36]. When dealing with those data, we ranked the
data by author and neglected the thickness differences in different crystal faces, despite that surface
melting takes place anisotropically on ice crystal surfaces [1,11].

Figure 2. QLL thickness data from the literature [6-12,19,29,31-36]. The QLL thickness data reported
in Furukawa and Nada (1997) [11], Conde et al. (2008) [10], and Limmer and Chandler (2014) [7] were
obtained by molecular dynamic simulations; those in Elbaum et al. (1993) by interference microscopy;
those in Dosch et al. (1995) [12] by glancing-angle X-ray scattering; those in Gilpin (1980) [36] by
theoretical calculation; those in Doppenschmidt and Butt (2000) [6] by atomic force microscopy; those
in Bluhm et al. (2002) [8] by photoelectron spectroscopy; those in Sadtchenko and Ewing (2002) [34] by
infrared spectroscopy; those in Petrov and Furo (2009) [19] by thermodynamic estimations; and those
in Liljeblad et al. (2017) [9] by total internal reflection Raman, vibrational sum frequency, and NMR
spectroscopies. The t — T line reported in Goertz et al. (2009) [33] was regressed from the experimental
data measured by interfacial force microscopy and that in Brun et al. (1973) [32] by differential scanning
calorimetry. The t — T curves of d-1, d-2, d-3, and d-4 are representatively selected for unraveling the
influences of QLL on freezing of porous materials; see Table 1.

At first glance, from Figure 2, the QLL thickness varied by up to three orders of magnitude for a
set temperature, depending on the measurements. A primary factor that dominates the QLL thickness
may be the different methods used to detect the QLL phase on ice and to measure its thickness.
For instance, Golecki and Jaccard [29] employed a channeling technique of nuclear backscattering that
is sensitive to crystalline imperfection to detect the thickness of QLL on pure ice and found rather large
values of the QLL thickness (e.g., =100 nm at —1 °C); while Doppenschmidt and Butt [6] measured
the QLL thickness on ice surfaces by atomic force microscopy (AFM) and obtained much thinner data
(e.g., =32 nm at —1 °C). Another dominative factor may be the surfaces with which ice crystals are in
contact. Indeed, experimental studies have demonstrated that the thickness of the QLL between ice
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and amorphous SiO; is always less than 10 nm [9,37]. Last but not least, the impurities of ice will also
impact the surface melting and its thickness [18]. An AFM measurement on ice containing 10 mM KCl
indicated that the QLL on the contaminated ice is much higher than that on pure ice [6]. For more data
and discussions about QLL, the readers may refer to the comprehensive reviews [3,14,18] and a book
chapter [1].

Since the thickness of QLL on ice is dominated by the actions on the intermediate phase,
different physical interactions can induce different models (see for instance the models shown in
Section 2.2). Indeed, those physical interactions depend on the surfaces to which ice crystals are
exposed. For example, a theoretical study by Wettlaufer et al. [30] revealed that the premelting
behavior of the ice confined in soils is beyond the classic van der Waals interactions, rather in the
regime of the long-rang electrostatic interactions. This means that the potential-distance function
can be represented by F = 1 — ¢?/#2, so the thickness of the QLL on the soil-confined ice roughly
conforms to Equation (5). Moreover, it was implied that the exponential decaying regime may be
suitable to estimate the QLL thickness for freely-exposed ice crystals (Equation (3)), whereas the power
decaying regime for those in contact with solid surfaces (Equation (4)) [14]. However, experimental
data (e.g., [37]) suggested that the QLL between ice and SiO, substrate also conforms to the logarithmic
law, t & In(T,, — T). The data recalled in Figure 2 also imply that both the exponential and power
decaying regimes may capture the same t — T data to some extent.

One may also integrally consider both the short-and long-range potentials of the QLL on ice [4],
which, however, will bring two inevitable troubles in assessing its thickness. The primary one is that the
explicit and simple expressions like Equations (3) and (5) cannot be obtained, and complex numerical
calculations are required. The other one is that the parameters of both the short-and long-range
potentials are rather difficult to obtain, because how they work in establishing the QLL phase on a
surface remains an open question [13]. Here, therefore, the simply uncoupled short-and long-range
potentials are discussed to unravel the physical regimes of the QLL on ice.

Table 1. Selected t — T curves.

Item Value (nm) Method Ref.
d-1 (lower bound) t=0.3 Monolayer water molecule [3]
d-2 t =197|AT|(-1/3)  Estimated from sorption data [31]
d-3 t=32—211g(AT) Measured by AFM [6]

d-4 (upper bound) t=95—541g(AT) Estimated by proton channeling  [29]

To elucidate the influences of QLL on the freezing behaviors of porous materials, we here
representatively selected four f — T curves, i.e., d-1 (monolayer water molecule), d-2 (power decay
of the QLL potential, long-rang interaction), d-3, and d-4 (exponential decay of the QLL potential,
short-range interaction) marked in Figure 2 and listed in Table 1. Specifically, the size of the monolayer
water molecule (d-1) was set as the lower bound of the QLL thickness, even though it is not necessary
to limit the QLL thickness [9]. The d-4 curve was set as the upper bound of the QLL thickness. We shall
understand that the selected t — T curves may not strictly conform to the freezing regimes we will
discuss (i.e., freezing in pores); however, the interpretations on confined freezing with the QLL in
different thickness models will shed much light on the engineering consequences of freezing where
this intermediate phase is often ignored.

3. Ice Content in Porous Media

3.1. QLL-Modified GT Equation

One of the core issues concerning freezing in porous media is the ice content in the pores at
a subzero temperature, which is vitally important due to the significant engineering consequences
(e.g., weathering of stones and damage of buildings and infrastructures). Following the GT equation
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and assuming that the freezing of water occurs in a cylindrical pore with radius rp, we can rewrite
Equation (1) as,
2Toye

AH; (To—Tw) " ©)

rp=rtct+t=

Here, the possible water-QLL-ice contact-line effect was not considered (if it exists). This
expression suggests that the presence of QLL in thickness ¢ can further depress the equilibrium
temperature for ice formation in a confined space, as the curvature of the confined ice is altered by the
QLL (k =1/ (ry — t)).

Figure 3a shows in what pore sizes the confined water can freeze under a certain temperature
depression when different datasets of QLL thickness (Table 1) are employed. When plotting Figure 3,
a constant value of 2Ty /AHy ~ 30 nm - K was employed [19]. At a subzero temperature, thickening
the QLL tends to enlarge the pore radius to accommodate the ice that should always match the pore
curvature in equilibrium. This effect is more significant for the freezing in nanopores [15,38]. If we
considered a pore with a radius of 100 nm, which is rigid (no frame deformation) and pre-saturated
with water, then the ice content (= (r — £)? /72 for cylindrical pores) would vary with the QLL thickness.
As displayed in Figure 3b, ice occupies the whole pore in the cases of non-QLL and the QLL thickness
of d-1 once the temperature drops to around —0.302 °C. For the QLL thickness of d-2, which remains
insignificant, the ice content instantaneously rises to around 96% at —0.305 °C and then increases
slightly due to the continual decrease in the QLL thickness. When the d-3 model of QLL thickness
is used, the freezing temperature is depressed to around —0.53 °C because the QLL-corrected size
for ice is sharply narrowed to around 62 nm at this temperature; and the instantaneous ice content is
depressed as well (¢, = 0.62% = 0.38). When the t — T curve is governed by the d-4 model, the freezing
temperature and the instantaneous ice content become —1.72 °C and 0.03, respectively (Figure 3b).
Due to the continually-thinning process of the QLL with the depressed temperature, the ice content
continually increases.
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Figure 3. (a) The plots of pore radius against depressed temperature predicted by the Gibbs-Thompson

(GT) equation with different datasets of QLL thickness; (b) the variation of ice content with depressed
temperature in the pore of 100 nm.

Note that the real pore structure of porous materials would be much more complex than the
simply mono-sized and cylindrical pores; therefore, the ice content would be also beyond the results
displayed in Figure 3b. For macroporous and mesoporous materials, the contribution of the QLL to the
ice (or liquid) fraction would be small relative to that of the GT effect [3,39]. For nano-porous materials,
like porous silica [38], the QLL contribution cannot be neglected. Furthermore, for porous building
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materials, e.g., cement-based materials that show very broad pore ranges from nano- to macro-sizes,
the QLL effect may play its part at different pore scales to different extents. Furthermore, the value of
2Tyya/ AHf may change with different surface and curvature conditions (21-53 nm-K [19]), but the
specific value will not change the main observations displayed in Figure 3.

3.2. Pore Structure Associated Ice Content

We here took a real concrete sample as an example to demonstrate the QLL effect on the ice
content in porous materials under freezing. The pore structure of the concrete was determined by
mercury intrusion porosimetry (MIP). The MIP porosity and total porosity (in reference to the status of
the sample dried at 105 °C) were 0.138 and 0.181, respectively. With the maximum mercury intrusion
pressure of 414 MPa, the contact angle between the pore wall and mercury front of 130 © and the
surface tension between vapor and liquid mercury of 485 N/m, the pore size distribution (PSD) of
the concrete sample can be obtained by the Washburn equation [40]; see the insert panel of Figure 4.
Clearly, multiple peaks in the PSD curve can be observed due to the fact that different pores at different
scales integrally dominate the pore spatial distribution. The pore peak around 10 um (marked A in
the insert panel in Figure 4) may denote the coarse capillary pores between the cement clinkers and
the coarse pores in the interfacial transition zone (ITZ) between the aggregates and the cement matrix.
The pore peak at 200 nm (marked B) may represent the capillary pores between the cement hydrates
(or termed as the inter-particle space [41]). The peak at the thinner size (marked C) may reflect the
thin capillary pores and coarse gel pores: the space between the layered C-S-H gel clusters. One shall
understand that the very fine interlayer pores (<1 nm) cannot be detected by MIP [42]. Last but not the
least, the pore structure measured by MIP may be biased by the oversimplified assumptions of the
pore geometries and the physical principles (the Washburn equation) applied for the test.
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Figure 4. Ice fractions of a concrete sample (water to cement ratio of 0.6) under freezing estimated by the
GT equation with the selected QLL models and the experimental ice content reported in [43]. The insert
panel is the pore size distribution of the concrete determined by mercury intrusion porosimetry (MIP)
with the marks A, B, and C, respectively, representing the coarse pores, capillary pores, and gels pores
in the concrete sample. The shadowed areas with the same marks denotes the consequences of ice
formation in those pores.
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The ice content of the concrete sample can be estimated by the GT equation (Equation (6)) with
the PSD data. Again, assuming that the penetration of ice in any pore is strictly under thermodynamic
equilibrium and neglecting the possible effect of the ions in the pore fluid [44], the accumulative ice
content ¢, at a temperature T can be given by:

ST gy (1 _ HT)\?
p Ta(PC Ta { © ary (l p ) dr
c = =
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= —dT 7
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where VST denotes the minimum pores in which ice can penetrate under the GT equation.
In Equation (7), all parameters are known except for d¢,/dr,, which can be read from the MIP
PSD data. The expression in the square brackets represents the changes in ice content induced by both
the filling of new pores and the thinning of QLLs. The readers may find some alternative methods to
Equation (7) for estimating the ice content of porous materials under freezing by different porosimetries
(e.g., [24,45,46]). In this study, because the minimum accessible pore radius of the MIP test was 1.5 nm,
which yielded the required lowest temperature by the GT equation of —20 °C, the analyses thus
stopped at this temperature.

Figure 4 shows the ice contents of the concrete sample with the selected QLL models. At first
glance, the existence of QLL will always decrease the ice fraction at any subzero temperature, and the
thicker is the QLL, the lower is the ice fraction. These can be reasonably understood as the supposed ice
phase that is adjacent to the pore walls is replaced by the interfacial QLL phase. Due to the significant
sensitivity of the ice front size to the depressed temperature in equilibrium, a very slight deviation of
the temperature from the freezing point will cause a heavy filling of ice in the pores that are larger than
the equilibrium GT size. For instance, a temperature shift down to —0.01 °C would cause the freezing
of the pores larger than 3 um, so the freezing of the pores at Mark A will not be shown in Figure 4.
These ice-filled pores occupied around 13% of the total pore volume, and the QLL effect, as expected,
was minor. This temperature drop is negligible in engineering, but shows remarkable impact on ice
formation in macro pores, e.g., the pores in Mark A of the concrete sample. As temperature dropped
further, the QLL effect rose. The ice fillings in the capillary pores (Mark B) and the gel pores (Mark C)
can be reflected by the steeper plots of ice fraction against depressed temperature (Figure 4). For the
cases of relatively small values of QLL thickness (e.g., d-1 and d-2), the similarly-shaped curves with
the steep characteristic slopes at the same temperature intervals can be figured out. When the d-3 and
d-4 models were used, the freezing of the water confined in the thin pores was significantly delayed
or depressed. Obvious evidence was that the steep Stage B that initially began at around —0.4 °C
was delayed to around —10 °C for the freezing of the water confined in the same pores with the very
thick QLLs (Figure 4). Although those freezing delays were physically exaggerated because of the
overestimated thickness values of the QLLs between the pore walls and the ice crystals by the d-3 and
d-4 models, the results displayed in Figure 4 were mathematically reasonable. For instance, according
to Equation (1), the pores with a width of 100 nm (radius of 50 nm) will freeze at —0.6 °C without the
QLL effect, but the freezing temperature will be shifted to —8 °C with the QLL effect following the
thickness model of d-4.

For comparison purposes, the experimental ice fractions of a concrete sample with the same
water to cement ratio evaluated by the freezing and thawing phases of DSC measurement [43] are
plotted in Figure 4. Due to the significant supercooling of water, ice crystals nucleated at —5 °C,
then explosively grew in the pores that are larger than the GT size. After that, the ice growth that
should be governed by the available pore water became much slower. At —20 °C, only 38% of the
total pore water was frozen to ice, and it increased to 50% at —50 °C [43]. The ice fraction data from
the thawing phase were slightly higher than those from the freezing phase after the nucleation stage
(i.e., <—10 °C, Figure 4). The hysteresis of the ice fraction between freezing and thawing may come
from the pore curvature-induced metastability of the confined phase, which is an intrinsic property of
the pore system defined by the pore structure and the interfacial interactions [19]. Since the confined
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thawing can avoid the supercooling effect, it generally approaches more closely the equilibrium case
if the thawing speed is not very fast and thus is often adopted for pore structure measurement by
cryoporometry [19,21]. The results plotted in Figure 4 show that the ice fraction curve with the QLL
thickness of d-3 was close to that from the DSC thawing data [43]. However, this does not imply that
the QLL thickness of d-3 dominated the intermediate QLL phase between the ice crystals and the pore
walls of the concrete sample. As a matter of fact, two reasons may account for this observation. Firstly,
the pore structure of the concrete sample may deviate from the real one since MIP only detects open
pores in limited pore ranges (e.g., 3 nm in this study), and secondly, our estimation strictly relied on
thermodynamic equilibrium, which cannot be achieved in either practice or rigorous experimental
tests. Overall, the results displayed in Figure 4 indeed evidence the significant role QLL plays, and the
integral understandings of this interfacial phase between ice crystals and substrates are wanted in
the future.

4. Mechanical Consequences of Confined Freezing

4.1. Freezing Pressures

Once confined freezing takes place, the significant volume difference between ice and water will
induce large hydraulic pressures on pore walls, which may mainly account for the frost damage in
cement-based materials [23] and rocks [47], the frost heave in soils, and other relevant issues [3,48].
Here, we employed a simplified poroelastic model that involves the interactions among the ice,
unfrozen water, and the material skeleton in the elastic regimes [24] to evaluate the hydraulic pressures.
The effective hydraulic pressure over the pore-fluid domain in a porous material, < P;¢ >, can be
given by [24]:
0.09K, (1 — ¢)° .

2 —2¢2 + ¢
where K; is the bulk modulus of the material skeleton, and the constant 0.09 denotes the volume
fraction change when water crystallizes to ice during freezing. When deducing Equation (8), the small
density variations of ice and water were neglected, and the relation of K = K5(1 — ¢) with K being the
bulk modulus of the empty porous sample [49] was employed for exploring the porosity variation due
to the deformation of the skeleton under pressure. Equation (8) indicates that the hydraulic pressure
induced by the confined freezing was proportional to the ice content. Furthermore, softening the
material skeleton will decrease the hydraulic pressure due to the fact that the deformations by the
material itself can provide more space for pressure relaxation.

In addition to the hydraulic pressure, the crystallization process itself will also generate a pressure
(termed as the crystallization pressure) on local pore walls even without volume change [50]. Unlike
the hydraulic pressure that should be evenly and isotropically exerted on the entire pore system,
the crystallization pressures acted on pore walls locally depending on the pore geometries and the
depressed temperature. Therefore, the effective crystallization pressure over the ice-filled domain,
< Pe¢pe >, can be given by,

< Pyp >~ 8)

9T AHy
<Pge>= [ P L (1= 1) S (T~ T ©)
where ¢ST is the maximum equilibrium ice content according to the GT equation and A is the
shape factor, with A = 0.5 and 1, respectively, representing the cylindrical and spherical pores [45].
An unsaturated freezing-thawing test suggested that the shape factor of concrete varied from 0.3-0.6
depending on the pore sizes [51]. In this study, A = 0.5 was used, because the ice contents were
calculated based on the pores of the cylinder.

Figure 5 displays the hydraulic and crystallization pressures estimated by Equations (8) and (9),
respectively, based on the ice content data shown in Figure 4. During calculating, K; = 25 GPa [52]
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was used. As shown in Figure 5a, the significant hydraulic pressure shifts up to 14 MPa can be found
immediately after the freezing begins (—0.01 °C). This can be due to the instantaneous ice filling in
the macro-pores (Figure 4). For the cases of non-QLL and low QLL thickness values (d-1 and d-2),
the hydraulic pressures accumulated continually, heavily, and rapidly as the temperature decreased
down to —1 °C due to the large amount of ice forming in the capillary pores (Mark B in Figure 4).
The further decreases in temperature to —6 °C remained promoting the hydraulic pressures, but at
slower rates, owning to the delayed ice formation in the gel pores at nano-scales. After that, decreasing
temperature only generated limited ice crystals due to the limited pore water for freezing, which
consequentially accumulates only slight hydraulic pressures. For the thick QLL cases (d-3 and d-4),
the hydraulic pressures augmented continually and consistently at relatively slow rates after the
rapid rises at the beginning stage of freezing (Figure 5a). Those, again, were the consequences of ice
formations in confined freezing that were sensitive to the QLL thickness (Figure 4). For example, due
to the very depressed ice formation in the pores with the thick QLL of d-4, the final hydraulic pressure
at —20 °C arrived at 36 MPa, only 40% of that without the QLL (88.5 MPa).
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Figure 5. (a) Hydraulic pressures of confined freezing induced by the density change and (b)
crystallization pressures induced by the curvature effect during freezing with different models of
QLL thickness.

The crystallization pressures, unlike the hydraulic pressures that were primarily determined by
the ice contents, showed different characteristics. Firstly, the crystallization pressures were far lower
than the hydraulic pressures (less than 2 MPa; see Figure 5b). One shall understand that Equation (9)
calculates the crystallization pressures that only work on locally-limited domains around ice crystals,
which is different from the general expression without the working domains (e.g., P ~ 1.2(Ty — Tp)
MPa [22,50]). Due to the very limited amount of the formed ice at each temperature decreasing step,
the effective crystallization pressures were relatively small. Secondly, the crystallization pressures
almost accumulated linearly with the temperature deceasing. This was intrinsically due to the
algorithm of Equation (9), in which the weight factor (Ty — T;;) before A¢. always increased as
the temperature deceased. However, the effect of QLL on the crystallization pressures remained similar
to the hydraulic pressures, that is the thicker was the QLL, the lower were the pressures (Figure 5b).

Overall, the existence of QLL between ice crystals and pore walls tended to lower the effective
hydraulic and crystallization pressures, and the former one was more sensitive to the amount and rate
of ice accumulation in the confined freezing.
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4.2. Links to Frost Deformations of Porous Materials

In order to bridge over the pressures that are generally exerted on local phases and the
macro-deformations of porous materials that are integrally over the whole tested specimens,
a poro-elastic approach [22,23,53,54] was employed. For a freely-deformable porous material without
external restrictions, the linear deformation, ¢, of the material under a subzero temperature can be
given by,

o SPefe>+ <Pyp>
3K
where « is the thermal expansion coefficient of the material. Here, x = 15.7 x 1070 (1/K) was estimated
from the experimental data reported in [43].

Figure 6a shows the calculated freezing deformations of the concrete under freezing with the
selected QLL thickness models. The material deformations were the direct consequences of the
effective pore pressures (Figure 5). Clearly, the first freezing at the temperature shift down to —0.1 °C
will cause the instantaneous expansions up to 3.3 x 10~# mm/mm for all cases, which was indeed
due to the rapidly raised hydraulic pressures up to 15 MPa (Figure 5). Those significant expansions
continued as the ice accumulated in big pores (Segment A in Figure 6a). Later, the deformations with
different QLL models diverged and grew according to the combined actions of the effective pore
pressures and the thermal shrinkages. For the cases of non-QLL and low-thickness QLLs (d-1 and
d-2), the deformation rising extents and rates decreased progressively as the temperature decreased
(Segment B in Figure 6a), which was indeed due to the delayed ice formation in the capillary and gel
pores. At the same time, the material always shrank with the temperature decreasing (see the solid
line in Figure 6a). When the rises in pore pressure induced by the ice crystallization in fine pores could
not compensate for the thermal shrinkages, the material began to shrink. In this study, shrinkages
started (although insignificantly; see Segment C in Figure 6a and the acquired shrinkages in Figure 6b)
when the temperature was lowered to —8 °C for the cases of non-QLL, d-1 and d-2. For the cases of
d-3 and d-4, however, the material did not show shrinkages due to the fact that the freezing of the
water confined in the capillary and gel pores was significantly delayed by the thick QLLs.

Figure 6a also displays the deformations of concrete upon freezing and thawing obtained from
experimental measurements [43]. Four deformation segments can be singled out from the freezing
deformation-temperature curve. A slight shrinkage occurred at T > —1 °C (Segment S in Figure 6)
owning to the supercooling of the confined water that may be attributed to either the actions of
the dissolved ions [44] or the natural kinetic-associated freezing process that requires a meta-stable
status beyond the thermodynamic equilibria [25]. Later, in the temperature range between —1 °C and
—2.6 °C, freezing deformation rose rapidly and significantly (Segment A") due to the ice formation in
the coarse pores. Then, the deformation rise became less and slower between —2.6 °C and —7.5 °C
(Segment B’), followed by a constantly increased, but rather minor deforming stage (Segment C”) below
—7.5 °C due to the continually-depressed ice formations. Roughly, the freezing deformations were
close to the results of the non-QLL, d-1 and d-2 cases, predicted by the poroelastic analyses (Figure 6b),
while the thawing data to those of d-3 and d-4 cases. This may inform that the poroelastic analysis
can, to some extent, capture the physical regimes of confined freezing. Similar results were reported
elsewhere [22,24]. However, large deviations between the experimental and predicted data can be
observed at the early freezing stages. Specifically, the very first supercooling stage (Segment S) cannot
be captured by the model because our predictions were strictly under thermodynamic equilibria and
the pore water was only physically regulated by the curvature effect. The deviations from equilibrium
cannot be avoided for a real freezing test, so the ice formation in any pore scale would always be
delayed, which would cause biases between the predicted and measured deformations, as displayed
in Figure 6. Indeed, the crystallization of the massive supercooled water in confined pores can cause
a so-called thermal-shock effect that may bring additional damage to the porous material under
freezing [55]. Another important reason accounting for the deformation deviations between the

+a(T - Tp) (10)
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experimental and modeled results may be the pore pressure relaxation that always occurs in the real
freezing process of porous media [23,56], but was not considered here.
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Figure 6. (a) Deformations of the concrete sample estimated by the poroelastic model with the different
models of QLL thickness and the experimental results reported in [43]. In this figure, the experimental
thawing data were corrected according to the set of € = 0 at T = Tj. Three segments of the modeled
freezing deformations with different rising extents are marked as A, B, and C to represent the significant,
moderate, and slight deformation rises by the delayed ice formation in different pores. The same
freezing stages for the experiment data are marked as A’, B’, and C’, respectively. The process of
supercooling monitored by the experiments is marked as S. (b) The comparison of the deformations at
each segment between the experimental data and the predicted results in the non- and low-thickness
QLL cases (d-1 and d-2).

Despite the acceptable agreements between the experimental and predicted deformations, some
important issues that are intimately related to the complex confined freezing, but have not been
fully addressed in the present study deserve further discussion. Firstly, the thermodynamic and
structurally-configurational properties of the water and ice confined in nanopores were assumed to be
the same as those of the bulk phases. This assumption may be challenged by the disordered structure
of ice and water by the actions of pore walls [18]. For instance, it was reported that water in nanopores
freezes to cubic ice instead of hexagonal ice with lower free energy [15,16]. Secondly, the possible
influences of high pressure on the structure and physical properties of the confined water, ice, and
QLLs were not considered here, while the increasingly-reported evidence has supported that high
pressures can substantially change the crystal structures of ice and its growth mechanisms [17,57].
Thirdly, the pore structure of cement-based materials is far more complex than the grade cylinders
as assessed by the MIP method. Our previous studies indicated that the pores (and their surfaces)
in cement-based materials are constructed in “chaos” (or fractal) patterns [26]. Theoretical analyses
showed that fractal substrates can substantially impact the nucleation rate and crystal size [58-60].
For a material with such complex pores, the local curvature effect may further influence local ice
structures and, consequentially, freezing kinetics and the stresses generated [61,62]. Last but not least,
our predictions were carried out under the elastic regime, in which all phases deformed elastically
and linearly with the pressures generated by different sources. Local pressures (e.g., crystallization
pressures) were homogenized into some pattern (Equation (9)) to get the integral body stresses, which
may be too simple to represent the real stress field in the material. Deepened understandings of the
influences of those issues on the ice-QLL-substrate system and the engineering consequences deserve
further rigorous investigations in the future.
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5. Conclusions

e The intermediate phase, QLL, with a structure different from ice and water, exists to stabilize
the ice exposed to different media or in contact with different substrates under freezing.
The thickness of QLL generally decays with the temperature decreasing, which can be captured
by the thermodynamic models with the long-and short-range interactions between the ice and
the substrate.

e Four different models of QLL thickness were representatively employed to correct the GT equation
and to address its effect on the ice content of a concrete sample, whose pore structure was
determined by MIP. Under thermodynamic equilibria, the concrete with broad PSD at multiple
scales showed the unevenly rising extents and rates of ice against the depressed temperature.
The thickened QLL can delay the freezing temperature and depress the ice content of the water
confined in the pores.

e  When confined freezing occurs in a porous material, the hydraulic pressures due to the volume
difference between ice and water build up depending on the pore structure and material properties.
The crystallization pressures that are generated by the penetration of ice into thin pores almost
increase linearly with the depressed temperature. Both pressures decrease with thickening of
the QLL.

o The freezing deformations of porous materials depend on the effective pore pressures built by the
confined freezing and the thermal shrinkages during freezing. The QLL corrections seem to mitigate
the deviations between the predicted and measured freezing deformations. The underlined
physical regimes are indeed associated with the QLL-associated ice content in freezing pores,
and some related issues remain to be advanced in the future.
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Appendix A

The free energy changes AG(T, t) of the representative water-filled pore before and after freezing,
which depend on the temperature T and QLL thickness ¢, can be given by,

AG(T,t) = r ; To

AHVe+ ycAc + AyApF(t) (A1)
0 S~ ~———

S————~——"  New surface

Disturbance in surface ener;
Freezing heat 8y

Note that Equation (A1) is different from the generally used expression that only involves the local
surface-energy changes by the intermediate phase (AG(T, t) = 7. + AyF(t)) [3]. More discussions
about Equation (A1) can be found elsewhere [3,4,27].

Since the intermediate QLL is generated to stabilize the ice-solid system, the total free energy is
required to be minimal in equilibrium. The partial derivative of AG(T, t) with respect to t was then
conducted in Equation (A1), which yields,

AAG(T, t)
o

T-T,
To

E(t)
SOt

=0=—-4, AHj (1 —2xt) + 2Ky — Ay (A2)

When deducing Equation (A2), the relations, dV. /0t = —Ap (1 —2«t) and dA./dt = —2xA,
from Equation (2), were used. Considering further the limited contribution of the QLL (i.e., 2xt < 1)
and the GT equation (Equation (1)), Equation (A2) reduces to 0F /0t = AHf (T — Ty)/AYTy. This
relation reveals that the differential interfacial potential against thickness is primarily determined by
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the changes in temperature (T — T),). Estimating the thickness of QLL relies on how the interfacial
potential F(t) is chosen, although the required parameters may vary conditionally (e.g., A7y).
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Abstract: We calculate the thermal expansivity of ice I for the monatomic mW model using the
quasi-harmonic approximation. It is found that the original mW model is unable to reproduce the
negative thermal expansivity experimentally observed at low temperatures. A simple prescription
is proposed to recover the negative thermal expansion by re-adjusting the so-called tetrahedrality
parameter, A. We investigate the relation between the A value and the Griineisen parameter to explain
the origin of negative thermal expansion in the mW model and compare it with an all-atom water
model that allows the examination of the effect of the rotational motions on the volume of ice.

Keywords: Negative thermal expansivity; mW model; Griineisen parameter

1. Introduction

Liquid water freezes into ice I under ambient pressure. One of interesting characteristics of ice I
is its negative thermal expansivity at low temperatures [1-5]. This was also recovered by theoretical
study [6]. The thermal expansivity of a crystal can be related to the so-called Griineisen parameter.
For a mode with frequency v, this parameter is defined as y = —(d In v/d In V) [7]. The quantity is
positive for stretching modes. This is evident from the sharp increase in the potential energy with
a decrease in the bond length caused by the Pauli exclusion principle. By contrast, the Griineisen
parameter can be negative for bending modes. The negative thermal expansivity is realized when
the Griineisen parameter of the bending modes is negative and the positive contribution from the
stretching modes is small enough.

The Gibbs energy calculation with the quasi-harmonic approximation is a useful computational
approach to examine the thermal properties of crystals [8]. This method allows for the calculation
of the temperature dependence of the equilibrium volume of a crystal, from which one can obtain
the thermal expansivity. It also enables one to calculate the components of the thermal expansivity,
that is, the heat capacity and the Griineisen parameters of individual intermolecular vibrational
modes. The quality of the results depends strongly on the employed force field. Excellent results
can be obtained from ab initio methods considering a high level electron correlation with a large
basis set, but such calculations are quite time-consuming and may therefore not be suitable for the
treatment of ice I, for which the system size and the number of examined configurations should be
large enough to take the hydrogen-disorder into account [9]. In addition, properties of molecular
solids, including ice, are sensitive to van der Waals interactions while empirical models to correct
the van der Waals interactions for density functional theory (DFT) methods are not specialized for
ice [10]. At this point, classical force fields modelled to reproduce properties of ice I work better than
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ab initio force fields, except for the cleavage of chemical bonds. Of course, the ab initio calculation and
the path integral method are useful for examining the isotope effects and for taking into account the
anharmonic contributions [11-13]. Some discussions on the most effective method among these types
of calculations has been conducted [14].

Here, we take advantage of the excellent reproducibility of classical force fields parameterized
for liquid water and ice polymorphs. In passing, this kind of approach costs rather little, so that
we can handle not only a larger number of molecules (say 1000) in the simulation cell but also
many hydrogen-disordered structures, such as 100 different structures. The TIP4P/2005 model is one
such classical force field [15]. A water molecule consists of one oxygen atom without charge, two
positively charged hydrogen atoms, and one negatively charged site without mass. The oxygen atom
interacts with oxygen atoms of other molecules via the Lennard-Jones (L]) potential. This model
reproduces the phase diagram of ice for a wide range of pressure except for the very high pressure
region [16-19]. TIP4P/2005 is a re-parameterized TIP4P model [20]. It has been demonstrated that the
thermal expansivity of ice I is negative at temperatures that are under 60 K when the original TIP4P
model is employed [6]. A similar method was applied to ice Il and III [21].

The monatomic water (mW) model is a different type of empirical model for water [22]. This is
a single site water model, and the intermolecular interactions are described by the sum of the
short-ranged pair and three-body interactions. The computational cost of the mW model is quite low
because the number of interaction sites is reduced and because the long-range interactions are omitted.
Nevertheless, this model reproduces various properties of ice I well, such as the melting point. It has
been used frequently in molecular dynamics (MD) studies of nucleation and growth of not only ice I
but also clathrate hydrates [23,24]. The mW model was developed on the basis of the Stillinger-Weber
silicon model [25]. Although crystalline Si exhibits negative thermal expansivity, the Stillinger-Weber
Si potential does not reproduce this anomaly [26].

The negative thermal expansivity of ice Ih has recently been measured in a and c lattice directions.
Both measurements show an anisotropy in the thermal expansion between the g-axis and c-axis [3-5].
The temperature of the minimum thermal expansivity in those experiments shifts toward a low
temperature, around 30 K. The negative thermal expansivity is observed for some crystals with open
network structures, such as silicon, quartz, and silica zeolites. This fact suggests that the preference
of a molecule for a regular tetrahedral arrangement, which is the origin of the low density of ice,
is an important factor for the negative thermal expansivity [27]. In the mW model, the preference
is implemented by a parameter in the three body interaction term. In this study, we calculate the
thermal expansivity of ice I using the quasi-harmonic approximation and examine the effect of this
tetrahedrality parameter on the thermal expansivity. We also calculate the thermal expansivity for
the TIP4P/2005 model. The vibrational modes can be classified into the translation-dominant and
rotation-dominant modes because it is an all-atom model. We demonstrate that the coupling between
the two types of modes plays a vital role for the negative thermal expansivity of ice.

Our aim in this work is to explore how the mW model works in low temperatures by examining
the thermal expansivity of ice. The original potential for the Si atom has been made, and the negative
thermal expansion is recovered for amorphous Si only [28]. Therefore, it is of interest to examine if
the mW model can reproduce the negative thermal expansivity and how to revise it to lead to its
better reproducibility.

2. Method

2.1. Force Field Models and Structure of Ice

The potential energy of the mW model is the sum of the pairwise and three-body interactions [22]:

E= 622432(1’,‘]') +ZZZ¢3(H;‘/ Tits Oijk), @

ioj>i i g k>j
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with

A W)

_ ~ 2 yo yo
¢3(r,s,0) = Alcos 0 — cos 6] exp(r — ag)exp(s — ) 3)

The parameters are given in Table 1. The interaction is short-ranged: a molecule interacts
with a different molecule only when the distance between them is shorter than ao = 0.43065 nm.
The three-body term is zero when the O-O-O angle is the tetrahedral angle of 0y = 109.47°, and otherwise
it is positive. Therefore, the preference for tetrahedral arrangements increases with the increase of the
coefficient of the three body term, A. In the mW model, this tetrahedrality parameter is set to 23.15 to
reproduce various properties of ice I and liquid water [22,24,29].

and

Table 1. Parameters of the mW model [22].

A 7.049556277
B 0.6022245584
y 1.2

a 1.8

A 23.15

6o 109.47°

a 0.23925 nm

e 25.895 kJ mol~!

The TIP4P/2005 model is an all-atom rigid model for water [15]. The intermolecular interactions
are described by pairwise additive Coulomb and L] interactions. A negatively charged site without
mass, M, is located on the bisector of the H-O-H angle with an O-M distance of 0.01546 nm. The O-H
distance and the H-O-H angle are 0.09572 nm and 104.52°, respectively. The partial charge on
each hydrogen atom is 0.5564 e. The L] parameters of the oxygen atom are op = 0.31589 nm and
eo = 0.774912 k] mol 1.

The structure of ice in this study is ice Ic, consisting of 1000 water molecules. A hundred
hydrogen-disordered ice structures without net polarization are generated for the TIP4P/2005 model by
the Genlce tool [30]. For ices with the mW model, oxygen atoms are simply placed on the corresponding
lattice sites. The calculations are performed for numerous densities. The shape of the cell is kept cubic
throughout the expansion or compression. Periodic boundary conditions are applied to ensure that the
molecules are in the bulk phase without any surface effect.

2.2. Quasi-Harmonic Approximation

The Helmholtz energy of ice can be expressed as:

where U, (V) is the potential energy at 0 K, F(T, V) is the vibrational free energy, and S is the
configurational entropy. The vibrational free energy consists of the harmonic and anharmonic
contributions. The anharmonic part can be ignored at low temperatures at which the potential energy
surface is regarded to be parabolic in any direction. The harmonic vibrational free energy is given by:

Fp(T, V) = kBTZ ln[Zsin h(zhk;i]_)], ®)
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where /1 is the Planck constant, kg is the Boltzmann constant, and v; is the frequency of the i-th normal
mode. The steepest descent method is employed to obtain the crystalline configuration at T = 0 K and
its potential energy, U;(V). Then, we calculate the mass-weighted Hessian matrix and diagonalize it
to obtain the normal mode frequencies. The equilibrium volume, (V), at a given pressure, p, and at
a temperature, T, is the volume that minimizes the following thermodynamic potential:

W(V;T,p) = A(T, V) +pV. (6)
The pressure is set to 0.1 MPa in all of the calculations. The Gibbs free energy is given by:

G(T, p) =VY(V); T, p). @)
3. Results

As will be shown below, the thermal expansivity is connected with the frequencies of the
intermolecular vibrations via the Griineisen parameter and the heat capacity. Therefore, some
vibrational modes play a significant role in the appearance of its anomaly under cryogenic conditions.
The distribution, known as the density of states (DOS), reveals the vibrational characteristics of ice.
The calculated DOS resembles that of neutron scattering experiments, as shown in Figure 1 [9,31].
The DOS of the TIP4P/2005 model has two peaks. The modes in the lower frequency region of up to
400 cm™! originate mostly from the translational motions, while the modes between 500 and 1000 cm™!
are associated mostly with the rotational (librational) motions. The frequency range of mW ice is limited
to 250 cm™! because all of the modes arise from the translational motions. The calculated DOS for
TIP4P/2005 ice reproduces the overall feature of the experimental DOS. There are two distinct peaks in
the low frequency region in both experimental and TIP4P/2005 ice. The DOSs in the rotation-dominant
region agree roughly with each other. The mW model also has two distinct peaks in the low frequency
region. The peak position of the higher one is fairly different from either of the other two. However,
the position of the lower peak agrees with that of the TIP4P/2005 ice model and of the experimental
one. Since the modes in this low frequency region, which corresponds to the O-O-O bending, play
a central role in giving rise to a negative thermal expansivity [6], the mW model or its variants could
reproduce the negative thermal expansivity.

0.01
Experimental result ——
0.008 mW model —
all-atom model —
:% 0.006
8
o 0.004
0.002
0

0 200 400 600 800 1000
Wavenumber / cm”™'
Figure 1. Densities of state of ice Ic calculated with the mW model (A = 23.15) and that of the all-atom
model. The experimental neutron scattering data for ice Ih is also shown [31].

Although the mW model was developed for ice I, we attempt to use this model for other ice
phases. The thermodynamic potential, A + pV, is plotted against the molar volume for several ice
phases in Figure 2. The equilibrium molar volume, (V), is the volume at which the thermodynamic
potential is minimized. The equilibrium molar volume is reasonably obtained for ice Ic, Ih, II, and IIL
The curves of ices Il and III reside totally inside the parabola of ice I, meaning that they cannot be the
most stable phase at atmospheric pressure. When we elevate the pressure to 300 MPa, ice II and III can
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be stable relative to ice Ih with the mW model. We fail to obtain a smooth curve of the thermodynamic
potential for ice VI. Probably, the deviation from the perfect tetrahedral coordination is too large to
describe this ice structure through the mW model. The octahedral coordination of ice VIl is also out of
the applicable range of the force field model. The octahedral coordination does not mean that there are
eight strong bonds for a molecule. It is impossible to distinguish four hydrogen bonding molecules
out of the eight neighbors in the mW model because of the absence of the hydrogen atoms. Another
limitation is that the mW model cannot describe the difference between hydrogen-disordered ice and
its hydrogen-ordered counterpart. Thus, there is no way to distinguish, for example, ice Ih from ice XI.

-41
42 /

-43 /" lcelc

lcelh ——
-44 — lcell — |
-45 Ice NI

Thermodynamic potential / kJ mol”!
A
(<]

15 16 17 18 19 20 21
Molar volume /cm®

Figure 2. Thermodynamics potential, A + pV, for several ice structures at T = 20 K, obtained with the
mW model. The curve for ice Ic overlaps completely with that of ice Ih.

The thermodynamic potential of Ic is the same as that of Ih for the mW model in the framework
of the harmonic approximation, although Ih is slightly more stable than Ic experimentally. Because
the interaction range is limited to the nearest four neighbors and they form an ideal tetrahedral
arrangement both in ice Th and Ic, no difference between them is expected for Uy at a fixed density.
No practical difference in the vibrational free energy is found. The free energy from the anharmonic
vibrations may give rise to the difference at high temperatures. Hereafter, we will not concern ourselves
with the stability difference and will examine only ice Ic.

The equilibrium molar volume for ice Ic is plotted in Figure 3 as a function of temperature. It is
evident that the thermal expansivity at low temperatures cannot be reproduced using the original
mW model (A = 23.15). In addition, the molar volume of 18.19 cm?® mol~! is much smaller than the
experimental value [3]. Figure 3 shows the volumes calculated with different A values. We find that
the negative thermal expansivity is successfully reproduced when the A value is small enough, though
only qualitatively.

18.4 T T 19.5
- 2=23.15 ——
5 =18 ——
g h=15
™ A=13
£ 18.3 Exp. — 19.4
®
£
=]
S 182 | 1193
8
S I
=
18.1 19.2

0 50 100 150 200
Temperature / K

Figure 3. Molar volume of ice Ic as a function of temperature for the mW model, calculated with several
A values. The molar volume of ice ITh from the experimental data is also shown (red, right axis) [3].
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The equilibrium volume depends substantially on the tetrahedrality parameter, A. A smaller A
makes the hydrogen bond network more flexible and leads to a more compact packing, while the
tetrahedral coordination remains. As shown in Figure 4, the peaks in the DOS shift to a lower frequency
as a result of the increase in flexibility due to the decrease in A from 23.15 to 13. Figure 5 plots the
thermal expansivity against the temperature. The critical A value to recover the negative thermal
expansivity lies around 18.

0.014 + A =23.15 (original) —
0.012 A=13 (modified) —

DOS/a.u.

0 50 100 150 1200 250
Wavenumber / cm’

Figure 4. DOSs for ice Ic of the mW model with the original and modified A values.
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Figure 5. Thermal expansivities of ice Ic calculated using the mW model with A = 23.15 (purple line),
18.00 (green line), 15.00 (cyan line), and 13.00 (yellow line).

4. Discussion

We calculate the temperature dependence of the molar volume for both the TIP4P/2005 model
and the mW model. The purple curve in Figure 6 is the molar volume of ice Ic plotted against the
temperature calculated with the all-atom TIP4P/2005 model. The value of 20.05 cm® mol~! is close
to the experimental value for ice Th, 19.3 cm® mol~! [3]. Figure 7 shows the thermal expansivity.
The thermal expansivity of the TIP4P/2005 model is negative below 60 K, which is in agreement with
the experimental result. We examine the effect of the coupling between the rotational and translational
modes on the volume and its temperature dependence. The Hessian matrix, K, can be expressed as:

Ky Ky
K= , 8
( Ky Ky ) ®)

where t and r denote the translational and rotational components, respectively. We obtain a matrix K,
by removing the rotational-translational coupling elements, K and K.

Ky O
K, —
b ( 0 K, ) ©)
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The thermodynamic properties without the rotational-translational coupling are calculated from the
mode frequencies obtained by the diagonalization of the matrix Kj. Figure 6 shows that the volume
of ice only slightly increases due to the removal of the coupling. However, the negative thermal
expansivity disappears completely, as shown in Figure 7. Itis also possible to eliminate the contributions
from the rotational modes, as well as those from the rotational-translational coupling, by removing K,,
in Equation (9). The volume calculated only from the translational motion is 19.38 3 cm?® mol~!, much
smaller than the original value of the TIP4P/2005 model, 20.05 cm3 mol~!. Notwithstanding this, both
the mW model and the TIP4P family reproduce the volume of liquid water fairly well [16], although
there is a large discrepancy in the volume of ice I. The underestimation of the volume for the mW
model may originate from the absence of the rotational modes. The shift to a higher frequency side
upon compression in the TIP4P/2005 model is observed for the modes associated with the rotational
motions, which is not shown but is a normal behavior against pressurization. This causes a decrease in
the volume.
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1 {72
0 20 40 60 80 100120140
Temperature / K
Figure 6. Molar volume of ice Ic plotted against the temperature for the TIP4P/2005 model (purple),
that calculated without the rotational-translational coupling (cyan), and that calculated only with
the translational modes (green). The red curve is the volume of ice Ih from the experimental data.
The volume of the mW model with A = 13 is also shown (yellow, right axis).
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Figure 7. Thermal expansivity of ice Ic plotted against the temperature for the TIP4P/2005 model
(purple), that calculated without the rotational-translational coupling (cyan), and that calculated only
with the translational modes (green). The red curve is the thermal expansivity from the experimental
data [3]. The thermal expansivity of the mW model with A = 13 is also shown (yellow).

The thermal expansivity, «, can be expressed as:

. yCoKT

3v (10)
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where y is the Griineisen parameter, Cy is the heat capacity, and «r is the isothermal compressibility.
The Griineisen parameter is expressed as:

Y= Z%Cf/ZCi, (11)

where y; and C; are the Griineisen parameter and heat capacity for the i-th mode, respectively. The mode
Griineisen parameter of the i-th mode is defined as:

dlnv;
Yi= —( 8an)' (12)

The heat capacity of a mode is given by:

Ci= kg(ﬂ)z[exp(ﬁ) - 1]72. (13)
kgT kgT
Figure 8 shows the frequency dependence of the heat capacities of the vibrational modes defined as:
v+Av , ,
clv) = j; Z‘ S(v =v)Cidv/, (14)

for the mW model with A = 13 at three different temperatures. The heat capacity is almost zero for
modes with frequencies higher than 80 cm™! at T = 20 K, reflecting the fact that only very low-frequency
modes can be thermally excited at such a low temperature.
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Figure 8. Frequency dependence of the heat capacity of modes at temperatures 20 K (blue circle), 100 K
(green diamond), and 400 K (red open square) for the mW model with A = 13.

The mode Griineisen parameter is calculated as follows. First, the mass-weighted Hessian matrix
at the equilibrium volume, K, is diagonalized as:

Ao = UKoUj, (15)

where A is the diagonalized matrix and Uy is the unitary matrix that diagonalizes Ky. Next, the volume
of the system is scaled isotropically by a factor of 1.0015, and the mass-weighted Hessian for the
expanded system, K., is calculated. Similarly, the original system is scaled by 0.9985, and the
mass-weighted Hessian for the shrunken system, K, is calculated. The mode frequencies of the
expanded and the shrunken systems are calculated with the unitary matrix for the original volume:

A. = UK. Uy, (16)
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and
As = USK,Up. 17)

The differential value, y;, is numerically calculated from A, and A,. Figure 9 shows the frequency
dependence of the product y;C; for the mW model with A = 13. The y; value is negative for the O-O-O
bending modes around 50 cm™~!. When the temperature is low enough, only this part contributes to the
y defined in Equation (11). At higher temperatures, the positive contributions from the high frequency
0O-O stretching modes become dominant because of the increase in C;. Therefore, the negative thermal
expansivity is observed only at low temperatures. A similar result was reported for the TIP4P model [6].
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Figure 9. Frequency dependence of y;C; at temperatures 20 K (blue circle), 100 K (green diamond),
and 400 K (red open square) for the mW model with A = 13.

As shown in Figure 5, the negative thermal expansivity is found for the mW model when the A
parameter is small enough. Figure 10 presents the frequency dependence of y;. The mode Griineisen
parameters are positive even in the region around 50 cm ™! for the original A value of 23.15. This is
probably because the modes around 50 cm~! with the original A value have a lower O-O-O bending
character. However, a decrease in the A value can loosen the geometrical restriction of the arrangement
on the three neighboring molecules and give rise to rather lower frequency modes, which may have
the bending character.
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Figure 10. Frequency dependence of the mode Griineisen parameter for the original A (blue circle),
A =15 (green diamond), and A = 13 (red open square).

5. Conclusions

We have calculated the chemical potential and volumetric properties of ice polymorphs with
the original mW potential, applying the quasi-harmonic approximation. It is found that only several
low-pressure ices (Ih, Ic, II, and III) are stable or metastable with the original mW model. The original
mW model does not reproduce the negative thermal expansivity at low temperatures for ice I. A revision
is proposed so as to recover the negative thermal expansivity. It is achieved by reducing one of the
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parameters of the force field model, A, which was introduced for three molecules to favor the angle of
the ideal tetrahedral arrangement, 109.47°. The origin of the negative thermal expansivity is examined
for the revised mW model in terms of the anomalous mode Griineisen parameters. In particular,
the dependence of the mode Griineisen parameters on the A value is closely scrutinized. The magnitude
of the negative mode Griineisen parameters generally increases with decreasing A value.

The calculated thermodynamic properties for mW ice are compared with those of a more realistic
model, TIP4P/2005. The origin of the difference in the thermal expansivity is investigated by the
chemical potential, whose vibrational free energy part is calculated from the block diagonal matrix
in which all off-diagonal elements associated with translational-rotational degrees of freedom are
removed. This decoupling of the translational and rotational motions eliminates the anomaly in the
thermal expansivity and seems to be related to the observation that the negative thermal expansivity is
not recovered with the original mW potential. The rotational degree of freedom may help to absorb the
bare collisional motion between two adjacent oxygens through tight hydrogen bonding. The decrease
in the A value in mW, which loosens the geometrical restriction of the arrangement on the three
neighboring molecules, seems to have a similar effect.
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Abstract: The formation and decomposition of gas hydrates in nanoscale sediments can simulate the
accumulation and mining process of hydrates. This paper investigates the Raman spectra of water
confined inside the nanoscale pores of silica gel, the decomposition characterizations of methane
hydrate that formed from the pore water, and the intrinsic relationship between them. The results
show that pore water has stronger hydrogen bonds between the pore water molecules at both 293 K
and 223 K. The structure of pore water is conducive to the nucleation of gas hydrate. Below 273.15 K,
the decomposition of methane hydrate formed from pore water was investigated at atmospheric
pressure and at a constant volume vessel. We show that the decomposition of methane hydrate is
accompanied by a reformation of the hydrate phase: The lower the decomposition temperature, the
more times the reformation behavior occurs. The higher pre-decomposition pressure that the silica
gel is under before decomposition is more favorable to reformation. Thus, reformation is the main
factor in methane hydrate decomposition in nanoscale pores below 273.15 K and is attributed to the
structure of pore water. Our results provide experimental data for exploring the control mechanism
of hydrate accumulation and mining.

Keywords: gas hydrate; decomposition; reformation; pre-decomposition pressure; nanoscale pores

1. Introduction

Gas hydrates are naturally occurring ice-like crystalline compounds in which the
hydrogen-bonded water molecules forming the hydrate lattice interact with the guest molecules
with van der Waals forces. The occurrence of gas hydrates is controlled by forming temperature,
forming pressure and the availability of appropriate gases and water. Gas hydrates are present
in sedimentary deposits in permafrost regions and beneath the sea in outer continental margins.
They were first discovered in the permafrost regions of Russia [1] and Canada’s Mackenzie Delta [2]
and subsequently in sediments of the Caspian Sea and Black Sea [3]. China has an abundance of gas
hydrate resources in the South China Sea, the Pearl River Delta, and the Qinghai permafrost regions [4].
Natural gas hydrate is a kind of clean energy, and energy concentrated in natural gas hydrates may be
an energy source for much of the 21st century [5].

Natural sediments bearing gas hydrates including coarse-grained and fine-grained sediments such
as sands, silts, and clays have a wide distribution of pore size and particle size. Pore size and particle
size affect the formation and dissociation behavior of gas hydrates in such sediments. Much work
has been carried out on hydrate formation and dissociation with powerful numerical tools and
experimental simulation [6-16]. The formation and decomposition of gas hydrates can also cause the
pore structure and flow properties to change [14]. X-ray radiography and 3D computed tomography
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(CT) have been used to measure xenon hydrate dissociation kinetics in a porous medium (sand)
through depressurization at the quasi-isothermal condition. It was found that hydrate surface area
controls gas hydrate dissociation kinetics in porous media [15]. The characteristics of methane hydrate
formation and dissociation in porous medium with different particle sizes using depressurization have
been discussed [16]. Meso-level simulation of gas hydrate dissociation in low-permeability marine
sediments was reported [17]. The interactions between gas, water, and hydrates by defining the pores
and the fluid flow in the pores using the discrete element model have been described. The microscale
effects on methane hydrate dissociation in the micro porous media channels including the microscale
effects on the multiphase flow behavior as well as the mass and heat transfer between phases have been
discussed [18-21]. Researchers have long tried to ascertain the equilibrium behavior of gas hydrate
formation in porous media with different pore size distributions from the macro scale to the micro
scale [22-30]. In addition, marine sediments hosting gas hydrates play an important role in controlling
the hydrate stability zone (HSZ) thickness on the seafloor [31-35].

The formation and decomposition of gas hydrates in nanoscale argillaceous silt, nanoscale calcium
carbonate, and clay can simulate the accumulation and mining process of hydrates. By studying the
mass transfer of these processes, we can explore the control mechanism of hydrate accumulation
and mining. Experimental results have shown the relationship between nanoscale pores bearing
gas hydrates and dissociation behavior [36-38]. The dissociation conditions of methane hydrates in
confined small pores were measured. Significant downward shifts of the dissociation temperature were
observed in porous glass [36]. The melting temperature depression and the shifted phase boundaries
were monitored [37]. The methane hydrate heat of dissociation into pore water and gas in 7-nm-radius
silica gel pores, obtained calorimetrically, was 45.92 k] /mol [38]. Studies [36-38] have discussed the
effect of pore size distributions of fine-grained sediments on the dissociation temperature, phase
boundaries of gas hydrates, and the heat of dissociation.

Since the thermodynamics and kinetics of hydrate decomposition in nanoscale pores are very
complex, much further investigation is needed. The main purpose of this paper is to investigate the
effect of the decomposition temperature and the pre-decomposition pressure on the micro and macro
decomposition characterizations of methane hydrate below 273.15 K, which formed from the water
confined inside nanoscale pores of the silica gel.

The properties of water inside the nanoscale pores clearly have a significant impact on the
formation and dissociation of gas hydrate below 273.15 K. Temperature and the characteristics of the
porous media play important roles in the behavior of the water. In fact, in porous media, sometimes
some water does not freeze when cooled below 273.15 K [39,40]. The amount of unfrozen water
decreases with the lowering of the temperature. The relationship between the reduction in temperature
and the amount of unfrozen water was obtained by using the nuclear magnetic resonance (NMR)
technique [39]. In addition, liquid water also exists in equilibrium with bulk ice and bulk gas hydrate in
hydrophilic porous media [40]. X-ray diffraction measurements were performed to study the freezing
and melting behavior of water confined within SBA-15 with a pore radius of 3.9 nm [41]. It was found
that the freezing temperature increased continuously with increasing pore filling, and the melting of
the frozen pore water took place at 256 K, independent of the level of pore filling. The influence of
pore wall hydrophobicity on freezing and melting behavior of the confined water is very small [42].

These results show that nanopores inhibit the formation of ice. However, the influence of the
microstructure of nanoporous water on the formation and decomposition of hydrate is still unclear.
In addition, the content of unfrozen water has significant impact on physico-chemical and mechanical
properties of sediments [43]. Thus, it is necessary to investigate the effect of micro properties of the
water confined inside nanoscale pores on the dissociation of methane hydrate. The Raman structure
of nanoporous water remains unclear. This paper investigates the Raman spectral structure of water
confined inside the nanoscale pores of silica gel, the decomposition characterizations of methane
hydrate that formed from the pore water, and their intrinsic relationship.
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2. Experimental

2.1. Materials and Experimental Apparatus

Methane hydrate was synthesized from water confined inside silica gel pores. The silica gel used
was a synthetic silica gel with a pore diameter range of 15-20 nm, supplied by Qingdao Shuoyuan
Co., Ltd., Qingdao, China. The pore size, pore volume, and specific surface area of the silica gel were
determined using the ASAP2010 surface and pore size analyzer (Micromeritics, Atlanta, GA, USA).
The average pore volume was 1.19 mL/g. The specific surface area was 300-500 m?/g. Methane
gas was purchased from Foushan Nanhai Gas Co., Ltd., Foushan, China with a purity of 99.99%.
The system diagram of the methane hydrate sample synthesis and decomposition device is shown in
Figure 1. The experimental apparatus mainly consisted of a reactor, a thermostatically controlled air
bath, a gas injection system, some measurement units, and a data acquisition system. The principal
component of the apparatus was a reactor—a pressure vessel immersed in an air bath. The vessel
was made of stainless steel (1Cr18Ni9Ti), it had an internal volume of 25 mL and could be operated
up to 20 MPa. One resistance thermometer and one pressure transducer were inserted in the vessel
(Figure 1) to measure the temperature and pressure profile inside the vessel. A Pt100 thermometer
with a range of 223-373 4 0.1 K was used, and the pressure transducer was model S52 (Boxborough,
MA, USA) with a range of 0-20 MPa =+ 0.25%. This hydrate forming system was used to prepare the
hydrate samples for microscopic measurements as well as decomposition measurements.
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Figure 1. Experimental apparatus. 1, vacuum pressure gauge; 2, vacuum pump; 3, air bath; 4, buffer
tank; 5, pressure sensor; 6, platinum resistance temperature sensor; 7, stainless steel reactor; 8, pipeline;
9, pressure gauge; 10, data acquisition instrument; 11, computer.

To obtain microstructural features of water confined inside the pores of silica gel, a micro-laser
Raman spectrometer (Horiba, LabRam HR, Paris, France) was used to measure the Raman spectra
of water confined inside the pores of silica gel. The spectrometer was equipped with a single
monochromator of 600 grooves/mm grating and a multichannel air-cooled charge-coupled device
(CCD) detector. An Ar+ laser operating at 532 nm with a maximum power of 50 mW was used.
Before the sample was measured, the Raman spectrometer was calibrated with single crystal silicon
(520 cm™1). A cooling stage (Linkam BCS) was used to provide a temperature control system for
samples. The working parameters of the micro-laser Raman spectrometer are shown in Table 1.
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Table 1. Working parameters of the laser Raman spectrometer.

Working Parameters Setting Conditions
Laser source 532 nm
Laser power 80 mW
Objective lens magnification x1-100
Grating scale 600 Grooves/mm
Raman shift range 500-4000 cm ™!
Integration time 1-10s

2.2. Experimental Procedures

2.2.1. Pore Water Confined Inside the Silica Gel Pores

In the experiment, to obtain pore water confined inside the pores of silica gel, the silica gel was
first dried at 377.15 K for 24 h, then cooled to room temperature. In the laboratory room, the relative
humidity of the air was about 30%. The amount of distilled water equal to the pore volume of the silica
gel was thoroughly mixed with the silica gel sample. Then, the sample was placed in a centrifuge at
3500 rpm for 30 min. The sample was sealed and allowed to stand for 5 days to ensure that the distilled
water was absorbed in the pores of the silica gel. Samples of pore water with different moisture
contents (33%, 67%, and 100%) were prepared.

2.2.2. Raman Spectra of Pore Water

The micro-laser Raman spectrometer was used to obtain the Raman spectra of pore water confined
inside the pores of silica gel. Samples of pore water were placed in the sample stages. They were
controlled at 293 K and 223 K by the cooling stage for 8 h, and then the Raman structure scanning
began. Samples with different moisture contents (33%, 67%, and 100%) were tested.

2.2.3. Hydrate Formation

A 6 g sample of silica gel with 100% water content was added into the reaction vessel, and a
vacuum was applied. The reaction vessel was washed by methane gas several times to ensure that
there was no air in the reaction vessel. The air bath was set to a temperature of 273.15 K. After the
temperature in the vessel and the temperature of the buffer tank were stabilized, the inside of the
reaction vessel was pressurized to 11.9 MPa. The pore water confined inside the pores of silica gel was
synthesized methane hydrate with methane gas. After about 3 days, the pressure in the reaction vessel
was stabilized at about 9.5 MPa, and the synthesis of methane hydrate was complete.

2.2.4. Micro Decomposition of Hydrate

The decomposition of methane hydrate sample confined inside silica gel pores at different
temperatures and under atmospheric pressure was tested by Raman spectrometry. Hydrate samples
were removed from the reactor and finely ground in liquid nitrogen; finally, they were stored in
liquid nitrogen. During the Raman measurement, hydrate samples were shifted to the sample stages
precooled at about 193 K. The Raman structure test of the methane hydrate sample was performed at
193 K before the decomposition of the sample started. During the decomposition, the methane hydrate
sample was controlled at 263 K, 253 K, and 245 K by the cooling stage. Scanning Raman spectroscopy
for one pass took about 4 min. During the decomposition, the Raman spectrometer scanned the
sample Raman spectroscopy, and then the next Raman structure scanning began. When the hydrate
characteristic Raman peak disappeared, the Raman spectroscopy scanning experiment was complete.

2.2.5. Macro Decomposition of Hydrate

We conducted experiments of decomposition of methane hydrate at a constant volume vessel
after dropping the pre-decomposition pressures (9.11 MPa, 2.41 MPa) to atmospheric pressure before
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decomposition to investigate the effect of the pre-decomposition pressure of methane hydrate on its
decomposition characteristics.

After the methane hydrate sample was synthesized, the pressure of the methane hydrate in the
reaction vessel was adjusted by releasing part of the gas, and the pressure was brought to a desired
pressure value. Finally, the methane hydrate sample was in a metastable or steady region. After 5 h,
the temperature and pre-decomposition pressure in the reaction vessel were stabilized. The gas in
the reaction vessel was released so that the instantaneous pressure in the vessel was atmospheric
pressure, and the gas valve was immediately closed. Consequently, the methane hydrate sample began
to decompose in the reaction vessel.

3. Results and Discussion

3.1. Raman Spectra of Pore Water

In general, the Raman spectra of O-H vibrations in liquid water under ambient condition have
been assigned as a bending vibration peak located at ~1640 cm ™! and a stretching vibration peak at
2800-3800 cm 1. The Raman O-H stretching bands can be classified as four or five Gaussian peaks with
different donor (D) and acceptor (A) hydrogen bonds. The corresponding structures (local hydrogen
bond network structure of water molecules) are DAA (single donor-double acceptor), DDAA (double
donor-double acceptor), DA (single donor-single acceptor), DDA (double donor-single acceptor), and
free O-H structure [44,45]. Of these, DDAA and DA are sensitive to temperature change [44]; within a
certain temperature range, as the temperature decreases, DA is partially converted into DDAA [44].

Raman O-H stretching bands of pore water samples and free water are shown in Figure 2.
The Raman shifts corresponding to the stretching vibration peaks of the pore water with a water content
of 100% are shown in Table 2. For convenience of comparison, the values from the literature [44,45]
are also listed in Table 2. In the Raman spectrum of pore water confined inside silica gel pores with a
water content of 100% at 293 K, the DDAA and DA are 3087 cm~! and 3288 cm !, shifting towards
lower wave numbers compared with the DDAA and DA structures of free water at 293 K. The bending
vibration peak of free water at 293 K appears near 1640 cm~!. The O-H bending vibration peak of
pore water is located at 1587 cm ™!, shifting to a lower wave number compared with free water at
293 K. Accordingly, it can be seen that the attraction between the pore water molecules confined inside
the nanoscale pores increases, which weakens the effect of the O-H chemical bond. Strong hydrogen
bonds between water molecules change the physico-chemical properties of the water confined inside
the pores of silica gel.
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Figure 2. Raman spectra of pore water.
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Table 2. Raman shift of DDAA (double donor—-double acceptor) and DA (single donor-single acceptor)
in pore water with 100% pore filling.

Temperature (K) DDAA DA Reference
293 3220 3430 Water [44]
276 3223 3434 Water [45]
293 3231 3441 Water [45]
298 3227 3430 Water [This work]
293 3087 3288 Pore water [This work]
223 3063 3267 Pore water [This work]

At 293 K, DDAA and DA of pore water account for more than 90% of the Raman stretching
spectrum. Compared with free water at 293 K, the Gaussian peak of DDAA in the pore water is
clearly enhanced, while that of DA in the pore water is weakened; from this relationship, we see
that DA is partially converted into DDAA in the pore water. Compared with DA, the formation of
DDAA hydrogen bonding results in lower density, lower entropy, and higher enthalpy [44]. Therefore,
pore water has a lower density, lower entropy, and higher enthalpy than free water under ambient
conditions. With water contents of 33% and 67%, the Raman spectra of pore water exhibit Raman
spectral characteristics similar to those with water content of 100%. At 293 K, the Raman spectral
characteristics of pore water are independent of the levels of pore filling.

In pore water with water content of 100% at 223 K, DDAA and DA account for more than 90% of
the Raman stretching spectrum. The Raman spectra of pore water maintain a structure similar to those
of pore water at 293 K, but the Gaussian peaks shift to lower wave numbers. This result indicates that
the pore water at 223 K is still liquid water, and the attraction between the pore water molecules is
increased. Solid ice is not found. With water contents of 33% and 67%, the Raman spectra of pore water
exhibit Raman spectral characteristics similar to those in the pores with water content of 100% at 223 K.
It is thus shown that pore water exists in a unique structure independent of the levels of pore filling.

The Raman spectra of pore water are somewhat similar to those of super-cooled water, albeit with
Gaussian peaks shifted to lower wave numbers compared with super-cooled water. Consequently,
pore water has stronger hydrogen bonds between the pore water molecules and longer O-H chemical
bonds than that of the pore water molecules. In the absence of impurities, the homogeneous nucleation
of small ice nuclei requires the surmounting of a free-energy barrier. However, stronger hydrogen
bonds between the pore water molecules enlarge the energy barrier. In fact, the pore water at 223 K
may still be liquid. Therefore, nanopores can be potentially used as an inhibitor of ice formation.
Both neutron diffraction and NMR relaxation measurements have shown similar depressed freezing
and melting points of water/ice in mesoporous SBA-15 silica with ordered structures of cylindrical
mesopores with a pore diameter 8.6 nm [46].

In liquid water, a water molecule interacts with neighbouring water molecules through various
local hydrogen bonds. In pore water, DDAA and DA are the predominant hydrogen bonding networks
and the hydrogen bonding networks of DDAA of the pore water are enlarged. In the structure I of
gas hydrate, each water molecule is tetrahedrally surrounded by four neighbours through hydrogen
bonds. This raises the probability that the water molecule will be trapped in a tetrahedral hydrogen
bond network structure composed of water molecules. Therefore, the unique structure of pore water is
very conducive to the nucleation of gas hydrate. Nanopores can also be potentially used as a promoter
of gas hydrate formation.

3.2. Micro Decomposition of Hydrate

Figure 3 shows the Raman spectrum of methane hydrate during the decomposition process at
263 K and under atmospheric pressure. We can see the characteristic peak of the C-H Raman vibration
spectrum of a methane molecule at 2905 cm~! and 2915 cm ™!, respectively [47,48], which reflects
the different vibration of C-H of the methane molecule in cage 5'262 and cage 5'2. It shows that
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the structure of the CHy hydrates formed in porous silica gels is the same as that of the bulk CHy
hydrate (structure I) without structure transition. From 13C NMR results in the literature, it can also be
concluded that the structure of CHy hydrates formed in porous silica gels (6.0, 15.0, and 30.0 nm) is the
same as that of the bulk CHj4 hydrate (structure I) without structure transition [26].
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Figure 3. Methane hydrate decomposition at 263 K and atmospheric pressure.

The characteristic Raman peak of the O-H bond of the large-sized methane hydrate appears at
about 3076 cm ™! [48]. The characteristic Raman peak of the O-H bond of the methane hydrate formed
inside the silica nanoscale pores appears at 3121 cm— 1, shifting to a higher wave number in contrast
to the large-sized methane hydrate. This reflects the change in the lattice parameters of the methane
hydrate formed inside the nanoscale pores. From this, it can be judged that the synthesized sample is a
structure I methane hydrate crystal.

After 4 min of decomposition, in contrast to the initial moment (0 min), the Raman intensities of
the C-H bond at 2905 cm ! and 2915 cm ! decrease and the Raman peak of the O-H bond of the water
molecule is synchronously weakened. This indicates that the methane hydrate sample is decomposing.
After 8 min, the intensities of the C-H spectrum increase at both 2905 cm~! and 2915 cm ™!, and the
Raman peak of the O-H bond of the water molecule increases synchronously, indicating that methane
hydrate is reforming. At 8 min, the peak intensity is higher than that at 0 min. At the same time,
the peak intensity of the O-H bond is higher than that at 0 min, illustrating that the total amount of
methane hydrate is higher than the initial amount. It is inferred that the new methane hydrate phase is
derived not only from the reformation reaction of the water originating from the decomposition but
also from the reformation of the water residual from the sample synthesis reaction. It is assumed that
the residual water is completely converted into hydrate during the reformation, and the conversion
rate of pore water in the synthesis of the sample is estimated to be about 53.9%. After 12 min, the
peak intensities of the C—H spectrum at 2905 cm~! and 2915 cm ™! decrease and the Raman peak
of the O-H bond of the water molecule decreases synchronously, compared with the results after
8 min. This indicates that the methane hydrate is continuing to decompose. Then, the Raman peaks of
the C-H and O-H bonds continue to decrease until they disappear, demonstrating that the methane
hydrate decomposes until the methane hydrate crystal disappears. Throughout the process, methane
hydrate undergoes decomposition-reformation—-continuing decomposition until the crystal disappears
without ice peaks without self-preservation [49-51].

Figure 4 shows the Raman spectra of methane hydrate during decomposition at 253 K and
atmospheric pressure. After 4 min, the Raman peak intensities of the O-H and C-H bonds
are simultaneously weakened relative to 0 min, indicating that the methane hydrate sample is
decomposing. After 8 min, the Raman peaks of the O-H and C-H bonds increase synchronously,
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indicating that methane hydrate is reforming, and the peak intensity is higher than the 0 min peak
intensity. The newly formed methane hydrate is derived not only from the reformation reaction of the
water formed by the decomposition but also from the reformation of the water that is residual from the
sample formation. Then, the Raman peaks of the C-H and O-H bonds are weakened synchronously
until the Raman peaks disappear after 32 min, indicating the decomposition process of the methane
hydrate at this stage. After 36 min, the Raman peaks of the C-H and O-H bonds are enhanced,
indicating that the hydrate is reforming. Only a very small amount of methane hydrate forms, possibly
due to insufficient pressure in the pores of the silica gel. Thereafter, the methane hydrate decomposes
until the methane hydrate crystal disappears. Throughout, methane hydrate undergoes a process of
decomposition-reformation—continuing decomposition-reformation-decomposition. Until the Raman
peak of the C-H bond disappears, the O-H bond Raman peak remains strong, indicating that even
if the methane hydrate crystal disappears, a large amount of hydrate cage structure remains [52,53].
There is no ice peak in the whole process and there is no self-preservation effect.
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Figure 4. Methane hydrate decomposition at 253 K and atmospheric pressure.

Figure 5 shows the Raman spectra of the decomposition of methane hydrate at 245 K and under
atmospheric pressure. During the whole decomposition process, multiple reformation processes occur.
This decomposition takes longer than at 253 K or 263 K under atmospheric pressure. It can be seen
that the lower is the temperature, the more favourable it is for reformation. There is no ice peak in
the whole process. At the end of the entire decomposition process, a large amount of hydrated cage
structure remains.

Temperature has an important influence on the hydrogen bond structure of the local network of
water molecules after the decomposition. Figure 6 shows the Raman peak of the O-H bond of water
molecules at the end of the decomposition. Methane hydrate decomposes into methane gas and a
broken cage structure. The methane gas slowly resolves from the nanoscale pores. The lower is the
decomposition temperature, the more intact is the cage structure that remains.

There is insufficient time for methane gas to overflow from the pores of silica gel during
the decomposition of methane hydrate (see Section 3.3). Thereby, methane gas generated from
decomposition enhances the pressure in the pores of silica gel. The structure of pore water is very
conducive to the nucleation of gas hydrate and is not conducive to the nucleation of ice (see Section 3.1).
When the pressure exceeds the equilibrium pressure of the phase, the formation reaction begins,
resulting in the phenomenon of reformation of the hydrate phase. The lower is the temperature, the
lower will be the phase equilibrium pressure, and the more times the reformation phenomenon occurs,
the longer the process of decomposition will take. The final product during the decomposition of
methane hydrate is a broken hydrated cage structure. The low temperature is favourable for the
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existence of the hydrated cage structure below 273.15 K. Thus, reformation is the main factor in
methane hydrate decomposition in the nanoscale pores of silica gel below 273.15 K at atmospheric
pressure, and the controlling factor causing reformation is the temperature.
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Figure 5. Methane hydrate decomposition at 245 K and atmospheric pressure.
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Figure 6. Raman peak of the O-H bond of water molecules after the end of decomposition.

Figure 7 shows the favourable cavity occupancy curve of methane hydrate during the
decomposition process at 263 K, 253 K, and 245 K, and under atmospheric pressure. The calculation
method is based on [54-56]. Figure 7 indicates that there is a weaker sensitivity on the large cavity
occupancy, and a relatively stronger sensitivity on the small cavity occupancy and total cavity
occupancy. The results are in reasonable agreement with calculations and experimental data [56,57].
The hydrate total cavity occupancy and small cavity occupancy increase after multiple decompositions
and reformation.
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Figure 7. Methane hydrate occupancy curve.

3.3. Macro Decomposition of Hydrate

We investigated the effect of the pre-decomposition pressure on decomposition characteristics of
methane hydrate at a constant volume vessel. The decomposition conditions and results are shown in
Table 3 and Figures 8 and 9.

3.3.1. Decomposition from High Rre-Decomposition Pressure

After methane hydrate was synthesized, the temperature of the vessel was ~265.64 K and the
pre-decomposition pressure in the vessel was ~9.11 MPa. The pre-decomposition pressure in the vessel
was instantly reduced to atmospheric pressure. The methane hydrate sample in the pores of silica gel
decomposed in the vessel. The decomposition temperature and the pre-decomposition pressure in
the vessel during the process are shown in Figure 8. We see that the methane hydrate decomposition
process can be roughly divided into the three stages of rapid desorption of gas from the surface of
silica gel (stage A), hydrate decomposition (stage B), and internal slow desorption of adsorbed gas
from the pores (stage C). When the pressure is released to atmospheric pressure, it is the beginning
of stage A. The temperature inside the vessel is greatly reduced due to the throttling effect [58].
The desorption effect of methane gas from the surface of the nanoscale pores causes the pressure inside
the vessel to increase rapidly and is accompanied by a rapid rise in temperature caused by the rapid
desorption from the surface of the silica gel (stage A). This stage is the process of expansion of free gas.
When the temperature curve starts to rise slowly, it is the end of stage A and the beginning of stage B.
The decomposition reaction is usually endothermic, as heat is required to break the chemical bonds in
the methane hydrate undergoing decomposition. Therefore, at the decomposition stage of methane
hydrate, the temperature in the vessel is lower than the initial temperature before decomposition,
and the decomposed methane gas is released from the pores of silica gel so that the pressure in the
vessel increases. When the temperature curve shows an inflection point, it is the end of stage B and
the beginning of stage C. It takes ~56 min from start to finish of hydrate decomposition (stage B).
Because the water in the pores of silica gel cannot form ice (see Section 3.1), in stage B, methane
hydrate in the decomposition process has no self-preservation phenomenon. After the decomposition
of methane hydrate is complete, methane gas in the pores of silica gel is released. When the pressure
almost no longer increases and the pressure curve shows an inflection point, it is the end of stage C.
This desorption process of methane gas from the pores of silica gel takes ~149 min. Free methane gas
is produced more rapidly in stage A. Adsorbed methane gas is produced considerably more slowly
but lasts for a longer period in the final stage. Similar results have been reported for desorption of gas
from shale [59].
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Table 3. Description of decompositions.

Decomposition  Pre-Decomposition Stage B Time  Stage C Time Total Time
Items Temperature Pressure Consumption Consumption Consumption
K MPa min min min
Run1 265.64 9.11 56 149 205
Run 2 265.76 2.41 5 210 215
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Figure 8. Decomposition from high pre-decomposition pressure.

It can be seen that the desorption process of methane gas (stage C) takes a longer time relative to
the decomposition stage (stage B). Figure 8 indicates that there is high pressure in the pores of silica
gel over a relatively long period of time. After the desorption (stage C) is complete, the pressure in
the vessel is ~2.0 MPa and the pressure in the pores of silica gel is ~2.0 MPa. From Figure 8, we can
assume that in the initial stage of desorption (early stage C), the gas pressure in the pores of silica
gel exceeds 2.6 MPa; at the initial stage of decomposition (early stage B), the pressure in the pores
of silica gel exceeds 3.6 MPa. Therefore, in the initial stage B, the pressure and temperature in the
vessel are conducive to the formation of methane hydrate; thus, the decomposition of methane hydrate
is accompanied by the reformation of methane hydrate in this initial stage. After reformation, the
pressure in the pores decreases, and the methane hydrate in the pores begins to decompose again.
The methane gas formed by the decomposition is slowly released so that the methane hydrate in the
pores decomposes again after a period of time. The methane gas formed by the decomposition is
slowly released. After a period of decomposition, the pressure in the pores rises again, satisfying the
condition of formation, and the methane hydrate reforms. Stage B takes ~56 min, and it can be seen
that the decomposition of methane hydrate is accompanied by multiple reformations in this stage.

3.3.2. Decomposition from Low Pre-Decomposition Pressure

After the temperature and the pressure were stabilized, part of the gas was released and the
pressure in the vessel was lowered to ~2.75 MPa. The temperature of the air bath was adjusted so that
the temperature in the vessel was ~265.76 K. After 5 h, the pre-decomposition pressure in the vessel
was ~2.41 MPa. All the gas in the vessel was instantly released, and the pre-decomposition pressure in
the vessel was instantly reduced to atmospheric pressure. The methane hydrate in the pores of silica
gel decomposed in the vessel.

The decomposition temperature and pressure in the decomposition process are shown in Figure 9.
Similarly, the methane hydrate decomposition process can be roughly divided into the three stages of
rapid desorption of gas from the surface of the silica gel (stage A), hydrate decomposition (stage B),
and internal slow desorption of gas from the pores of silica gel (stage C).
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Figure 9. Decomposition from low pre-decomposition pressure.

Since the initial pre-decomposition pressure in the vessel is only 2.41 MPa, the desorption effect
from the surface is not strong compared with the desorption effect of stage A in which the methane
hydrate drops pressure from 9.11 MPa to atmospheric pressure. Hydrate decomposition takes ~5 min
from the beginning to the end of the process (stage B). Thus, in stage B, methane hydrate decomposes
very rapidly. After the decomposition of methane hydrate, the desorption process of methane gas
from the pores of silica gel (stage C) takes ~210 min, which is quite a long time compared with stage B.
After desorption (stage C) is complete, the pressure in the vessel is ~1.0 MPa, and it can be inferred
from Figure 8 that the pressure in the pores of silica gel is ~1.0 MPa. It is preliminarily estimated that
in the initial stage C, the gas pressure in the pores of silica gel exceeds 1.24 MPa, and the pressure in
the pores of silica gel in the initial stage B exceeds 1.32 MPa. Therefore, in the initial stage B, there is
no condition for hydrate reformation. Since the water in the pores of silica gel cannot form ice (see
Section 3.1), there is no self-preservation effect at stage B. Residual water maintains a unique structure.

Therefore, the main factors of methane hydrate decomposition in the nanoscale pores of silica
gel below 273.15 K at a constant volume vessel are reformation, and the controlling factor causing
reformation is the pre-decomposition pressure of the silica gel before depressurization.

3.4. Mechanism of Hydrate Decomposition

The nano-silica gel particle constituting the silica gel skeleton has a silicon oxytetrahedral structure,
and the Si atoms on the surface form a silanol group with the structural water contained in the colloid.
In this study, the adsorption of silica gel pores on water molecules was used to obtain pore water
confined inside silica gel pores. After the hydrate is formed in the pores of the silica gel, a residual water
film remains on the surface of the hydrate (Figure 10). Jung et al. [60] reported similar observations
for the methane hydrate reformation in capillary tubes. Hydrate formation in capillary tubes reveals
complex formation/dissociation processes.

We can also use the van der Waals-Platteeuw model [54] to explain the methane hydrate
reformation phenomenon during the decomposition. According to this model, the dissociation
condition of methane hydrates confined in pores shifts because of changes in the water activity,
compared with that of the bulk hydrate at a given pressure [28,36,61]. The decrease in dissociation
temperature is inversely proportional to the pore size. The hydrate decomposition process is
equivalent to the process of increasing the effective pore size (Figure 10), due to the partial methane
hydrate crystal transferring into water. Conversely, the hydrate formation process is equivalent
to the process of reducing the effective pore size, due to the partial pore water transferring into
methane hydrate crystal. Therefore, during the decomposition, the dissociation condition of methane
hydrates confined inside the pores of silica gel shifts down (Figure 11). When the temperature
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and pressure are in the hydrate phase equilibrium stable region, hydrate reforms. At this time,
the effective pore size starts to reduce. Then, the dissociation condition of methane hydrates
confined inside the pores shifts up. When the temperature and pressure are under the hydrate
phase equilibrium stable region, the hydrate dissociates. Throughout the process, methane hydrate
undergoes decomposition-reformation—continuing decomposition until the crystal disappears.
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Figure 10. Schematic representation of the methane hydrate formation/dissociation process in
nano-silica gel pores.
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Figure 11. Schematic diagram of methane hydrate dissociation boundary shift in the decomposition
process (Smin, SMax, and Sggfective are the min, max, and effective pore size, respectively).

4. Conclusions

This paper investigated the structural characteristics of water confined inside the pores of
silica gel with pore diameter range of 15-20 nm and the decomposition characteristics of methane
hydrate formed from water confined inside silica pores under atmospheric pressure and at a constant
volume vessel.

The micro-laser Raman spectrometer was used to test the Raman spectra of water confined inside
the pores of silica gel at 293 K and 223 K. At a temperature of 293 K, the water confined inside the
pores of the silica gel is liquid, and its Raman structure is very similar to that of super-cooled water,

71



Crystals 2019, 9, 200

compared with which the bending vibration peak and the stretching vibration peak in the water
molecules in the pores of silica gel shift towards lower wave numbers. The results show that pore
water has stronger hydrogen bonds between the pore water molecules. At 223 K, water in the pores
of silica gel is still liquid, and no solid ice forms. The structure of pore water is conducive to the
nucleation of gas hydrate and is not conducive to the nucleation of ice. Nanopores can be potentially
used as a promoter of gas hydrate formation.

The decomposition of methane hydrate confined inside the pores of silica gel and at atmospheric
pressure was tested by Raman spectrometry at 263 K, 253 K, and 245 K. The results show that
the decomposition of methane hydrate is accompanied by multiple reformations of the hydrate
phase. Throughout the process, methane hydrate undergoes decomposition-reformation—continuing
decomposition until the crystal disappears without ice peaks. The lower is the decomposition
temperature, the lower is the phase equilibrium pressure, and the more times reformation occurs.
The final product is in the form of a broken hydrated cage structure. The lower decomposition
temperature is favourable to the existence of the hydrated cage structure.

The effect of the pre-decomposition pressure before the decomposition of methane hydrate
on its decomposition characteristics was investigated. The results show that the methane hydrate
decomposition process can be roughly divided into the three stages of rapid desorption of gas from
the surface (stage A), hydrate decomposition (stage B), and internal slow desorption of gas from
the pores (stage C). When the silica gel before decomposition is under high pre-decomposition
pressure, the decomposed methane gas remains in the pores for a relatively long time, causing
the pressure in the pores to be higher than the phase equilibrium pressure, and a reformation process
occurs. The decomposition of methane hydrate is accompanied by multiple reformations. When the
pre-decomposition pressure in the silica gel before decomposition is lower, almost no reformation
phenomenon is observed.

Thus, the main factor of methane hydrate decomposition in the pores of nanoscale silica gel
below 273.15 K is reformation, and the controlling factors causing reformation are the decomposition
temperature and the pre-decomposition pressure of the silica gel before depressurization.
These experimental characteristics of the decomposition dynamics of methane hydrate confined inside
nanoscale pores are attributed to the structure of pore water, which is conducive to the nucleation
of gas hydrate and slow desorption of methane gas from the pores of the silica gel. The results of
this paper provide experimental data for exploring the control mechanism of hydrate accumulation
and mining.
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Abstract: We demonstrate, by molecular dynamics simulations, that water confined between a pair of
insect hyperactive antifreeze proteins from the longhorn beetle Rhagium inquisitor is discontinuously
expelled as the two proteins approach each other at a certain distance. The extensive striped
hydrophobic-hydrophilic pattern on the surface, comprising arrays of threonine residues, enables
water to form three independent ice channels through the assistance of hydroxyl groups, even at
300 K. The transformation is reminiscent of a freezing—melting transition rather than a drying
transition and governs the stable protein—protein separation in the evaluation of the potential of mean
force. The collectivity of water penetration or expulsion and the hysteresis in the time scale of ten
nanoseconds predict a potential first-order phase transition at the limit of infinite size and provide a
new framework for the water-mediated interaction between solutes.

Keywords: antifreeze protein; potential of mean force; molecular dynamics; freezing

1. Introduction

Water confined in nanopores exhibits anomalous behaviors dissimilar to those of bulk water, e.g.,
the transition to low-dimensional ices [1,2] and solid-liquid critical points [3,4]. The dewetting (drying)
transition is one such intriguing behavior; when two large-scale strongly hydrophobic solutes approach
each other at a critical distance, water molecules are expelled from the intersolute region, leading
to hydrophobic collapse [5-9]. Hydrophobicity is believed to play a key role in the self-assembly
of macromolecules [10-14], and hydrophobic dewetting is observed in the formation of protein
complexes [15-20]. On the other hand, most protein—protein interfaces are enriched in polar residues
rather than nonpolar ones [21] and water molecules are involved in the association of hydrophilic
surfaces [22-24]. As a small portion of hydrophilic moieties prevents the occurrence of the dewetting
transition [25,26], the thermodynamic properties of interfacial water are significantly sensitive to the
local geometry and chemical patterning of solutes [27,28]. The precise control of surface heterogeneity
would provide design principles for the alignment and separation of macromolecules in aqueous
solutions [29].

Hydrophobicity is characteristic of the ice-binding surface (IBS) of antifreeze proteins (AFPs) [30-32].
AFPs have evolved in a variety of organisms, e.g., fish, insects, bacteria, and plants that survive in
sub-zero-temperature environments [30]. Although AFPs have a remarkable diversity in structure,
they possess the same function of adsorption to ice [33]. This adsorption to ice results in thermal
hysteresis (TH), a gap between the depressed freezing- and promoted melting-temperatures of ice,
through the Gibbs-Thomson (Kelvin) effect [34,35]. Insect AFPs are categorized as “hyperactive”
in TH and are more than 10 times effective compared with moderately active AFPs, on the basis
of concentration [36]. In particular, RIAFP from the longhorn beetle Rhagium inquisitor, which can
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supercool to below —25 °C [37], exhibits the most potent TH activity among the currently known
AFPs [38].

RiAFP has an exceptionally flat and wide IBS comprising four parallel arrays of threonine (T or
Thr) residues, which is referred to as the T-X-T-X-T-X-T motif, with X being a nonconserved amino
acid. Although the flat IBS with T-X-T motif is also observed in the other hyperactive insect AFPs from
Tenebrio molitor (TmAFP) [39] and Choristoneura fumiferana (Cf AFP) [40], the 420 A2 IBS in RiAFP is
significantly larger than that of TmAFP (150 A?) and CfAFP (190 A?) [41]. On the IBS of RiAFP, the side
chains of the Thr residues exhibit the same orientation, and water molecules are buried between
the arrays of Thr [41]. Hence, the IBS of RiAFP has an extensive striped pattern comprising CHs,
OH groups, and crystallographic water.

In the present study, we performed molecular dynamics (MD) simulations for a pair of RiAFPs
dissolved in water and examined the phase behavior of water in the interprotein region. Our analyses
for hysteresis between the association and dissociation processes and the discontinuous change in
confined water molecules reveal a collective structural transformation of the confined water, dissimilar
to the drying transition [5-9]. Furthermore, we computed the potential of mean force (PMF) as a
function of the interprotein distance and found that three independent ice channels are formed in the
deepest PMF minimum.

2. Methods

2.1. Molecular Dynamics Simulation

MD simulations were conducted using the GROMACS 2018.3 package [42]. The equations of
motion were integrated with the leap-frog algorithm using a time step of 2 fs. The temperature T for
production runs was controlled using the Nose-Hoover thermostat [43,44] with damping constants of
1.0 ps, whereas the Berendsen algorithm [45] was used for equilibration. The pressure p is isotropically
controlled using the Berendsen algorithm [45] with damping constants of 2.0 ps. All the bonds
were constrained using the LINCS algorithm. Periodic boundary conditions were applied in all
three directions.

RiAFP was modelled with full atomistic detail using CHARMM?27 (CHARMM?22 plus CMAP
correction) [46,47]. Water was modelled with TIP4P /2005 [48]. Intermolecular interactions were
truncated at 0.85 nm. The Lennard-Jones parameters of cross-interactions were obtained using
the Lorentz—-Berthelot combining rules. Long-range Coulombic interactions were evaluated using
the particle-mesh Ewald algorithm (Fourier spacing of 0.10 nm), and dispersion corrections were
implemented for the energy and pressure evaluations.

The crystallographic structure of the RiAFP dimer was taken from the protein data bank (PDB
code 4DT5) [41]. In the dimer, the IBS of two chains of the protein face each other. These two chains of
the protein have different sizes and consist of 143 and 138 residues, respectively. We cut five residues
at the end of the longer protein to make it identical to the shorter one, and we capped the proteins with
N-terminal acetyl and C-terminal methyl (CHjz) groups. It should be noted that the five cut residues
were not involved in the IBS. The PDB file also included crystallographic water molecules between
two chains of the protein. The RiAFP dimer with these adhered water molecules was immersed
into a rectangular box of bulk water. The total number of water molecules was 10,800 and twelve
chloride ions were added to neutralize the system charge. We arranged the IBS of the protein to be
parallel to the yz-plane, as shown in Figure 1. The system was firstly relaxed using the steepest-descent
method. To relax the solvent structure, we performed a 100 ps MD simulation in the canonical (NVT)
ensemble at 300 K with freezing the proteins. Then, a 100 ps MD simulation in the isobaric isothermal
(NpT) ensemble at 300 K and 10 MPa was followed by a 100 ps NpT-MD simulation at 300 K and
0.1 MPa to equilibrate the volume. During these NpT-MD simulations, the positions of all the alpha
carbon (CA) atoms were harmonically restrained at their original positions with a force constant of
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1000 kJ-mol~!'-nm~2. The resulting configuration with box dimensions of 9.93 x 5.96 x 5.96 nm> was
used as the initial configuration for the subsequent NVT-MD simulations.

(A) (B)

90°

Figure 1. A dimer of RiAFP (Rhagium inquisitor antifreeze proteins) dissolved in water in the
configurations: (A) end-on with the simulation box dimension (black lines) and (B) with 90° rotation.
The Thr residues involved in the protein—protein contact are represented by sticks. Water molecules
and ions are not shown. The two-way arrow indicates the distance d between the centers of mass of the
RiAFPs parallel to the x-axis. d for this conformation is 1.50 nm.

2.2. Potential of Mean Force

To compute the PMF between two chains of RiAFPs, a set of NVT-MD simulations were performed.
To keep the mutual orientation parallel, the x, y, and z positions of all the CA atoms in one protein,
as shown on the left in Figure 1, and the y and z positions of the CA atoms in the other protein
were harmonically restrained at their original positions with a force constant of 1000 kJ-mol~-nm 2.
The controlled interprotein distance d is parallel to the x-axis and is between the centers of mass of
two chains of the protein. The RiAFP dimer taken from the PDB shows d = 1.50 nm. To observe the
dissociation process, d was increased in stages up to 2.50 nm, in increments of 0.02 nm. Then, d was
decreased from 2.00 to 1.50 nm for the association process. At a given d, an NVT-MD simulation was
performed for 10 ns at 300 K. Data analysis was performed based on the last 4 ns of the simulation
runs. We recorded the force acting on each protein every 10 ps and obtained the average force F(d)
over time and over two chains of the protein [49]. The PMF between two chains of RiAFPs w(d) was
computed by an integration

d
- /d F(r)dr 4 wy,

0

where d is a reference separation and wy is an arbitrary constant. The average PMF values between
d =2.30 and 2.40 nm was set to zero.

2.3. Water Molecules Confined Between Two Chains of RiAFPs

The interprotein region is defined as a rectangular box spanning the CA atoms of Thr on the IBS;
x ranges from the CA of Thr41 of the left protein to the CA of Thr109 of the right protein; y ranges
from the CA of Thr109 of the right protein to the CA of Thr47 of the left protein; z ranges from the CA
of Thr41 to the CA of Thr109 of the right protein. The position of the oxygen atom of a water molecule
was used to judge whether the molecule was included in the above box.

3. Results and Discussion

3.1. Hysteresis Between Association and Dissociation of RIAFP Dimer Without Rotation

We firstly investigated how the number of water molecules (N,) between two RiAFPs changes
during the association and dissociation processes. The IBSs of the two proteins face each other
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and the interprotein distance perpendicular to the surface (d) varies while preserving a parallel
orientation. Atd =1.50 nm, the CHj groups of the two proteins are in contact distance. However,
the crystallographic water molecules remain adhered on the protein surface even after an MD run of
10 ns, giving an average Ny, <Ny>, of 25, as shown in Figure 2A. The penetration of additional water
molecules was not observed up to d = 1.60 nm. <N,> increases gradually from d = 1.62 to 1.72 nm;
atd = 1.74 nm, we observed a distinct increase in <N,> from 38 to 52. The time evolution of N, at
d = 1.74 nm demonstrates that the penetration of water molecules takes ~5 ns, as shown in Figure 2B.
At d > 1.74 nm, <Ny,> monotonically increases with the interprotein distance. We also computed
<Ny > during the backward association process, as shown by the blue line in Figure 2A. Except for
the distances between 1.68 and 1.72 nm, <N,> during the association process is almost identical to
the values in the dissociation process, indicating that <N,> is independent of the history. In contrast,
atd =1.68,1.70, and 1.72 nm, <N,,> differs for the inverse processes. For example, 48 water molecules
remain in the interprotein region as the two proteins approach d = 1.70 nm, whereas only 33 molecules
are included in the same volume as the two proteins separate. Furthermore, at 4 = 1.66 nm during the
association process, several water molecules are simultaneously expelled from the interprotein region,
which takes ~6 ns, as shown in Figure 2C. Although d was further decreased to 1.50 nm, complete
drying did not occur. The observed discontinuous change in <Ny,> and hysteresis implies a collective
structural transformation, which may lead a first-order phase transition at the infinite limit of surface
size, in both the association and dissociation processes.
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Figure 2. Number of water molecules Ny, between two proteins; (A) the average, <Ny >, as a function
of the intersolute distance d during the association (blue) and dissociation (red) processes, and the time
evolution of Ny at (B) d = 1.74 nm during the dissociation, and (C) d = 1.66 nm during the association.

3.2. Potential of Mean Force

The PME, w(r), for a pair of RiAFPs was computed as a function of the separation d, as shown in
Figure 3A. For each of the association and dissociation processes, we firstly estimated two PMFs in
the regions before and after the distinct jump of <Ny,>. Then, we assumed that the two PMFs were
connected at d = 1.70 nm, which is the middle of hysteresis. The PMFs at 1.70 < d < 2.00 nm well agree
for these inverse processes. On the other hand, the depth of the PMF minimum at around d = 1.52 nm
depends on the history. Although <N,>s in the two processes were almost identical at d < 1.66 nm,
as shown in Figure 2A, the water structure in the interprotein region during the dissociation was more
ordered than the association. More specifically, the water hexamers in the interprotein region were
more disrupted by defects during the association than those during the dissociation. If much longer
simulations were performed at each d during the association, the water structure and the resulting free
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energy would be identical to that observed for the dissociation. We claim that the PMFs computed for
the association and dissociation were qualitatively the same. In the following analyses, we use the
conformations sampled during the dissociation.
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Figure 3. (A) Potential of mean force w(d) between RiAFPs as a function of the separation d during
the dissociation (blue) and association (red) processes. The dashed and solid lines represent third-
and fourth-order polynomial fits, respectively. (B) Density profile of water confined between the two
proteins at d = 1.52 nm, (C) 1.86 nm, and (D) 2.20 nm. In panels B-D, the center of the two proteins is
set to x = 0.0. The typical error bars in the potential of mean force (PMF) are of the order of 5 k] /mol.

The deepest minimum in the PMF was at d = 1.52 nm. Figure 3B depicts the density profile
of water molecules in the interprotein region at this minimum. Two strong peaks arise from the
water molecules localized between arrays of Thr residues. The second-deepest minimum was located
at d =1.86 nm. The water density profile shows three symmetric intervening water layers at this
separation, as shown in Figure 3C. Two side peaks from the water molecules on the IBSs broaden at
this separation, indicating that these molecules were less localized than those at the deepest minimum.
The remaining large peak at the center arises from one water layer spread over the interprotein
region. These results indicate that the free energy barrier separating these minima at d = 1.52 and
1.86 nm were associated with the penetration or expulsion of a single water layer in the confined space.
The activation free energy from the second minimum to the first one was approximately 45 kJ /mol,
corresponding to 18 kgT, with kg being the Boltzmann constant. This significantly high barrier to form
a dimer may pertain to the experimental observation that RiIAFPs exist as monomers in solution [41].

A further increase in d leads to the penetration of one more water layer between two chains of
the protein and the formation of a shallow PMF minimum at d = 2.20 nm, with four symmetric water
layers, as shown in Figure 3D. The separation between the first and second minima and between
the second and third minima was 0.34 nm, consistent with the size of water molecules computed
from the radial distribution function [48]. Therefore, as observed for the water between hydrophobic
plates [49,50], the distinct number of water layers stabilizes the protein—protein separation, leading to
the minima in PMFE. Furthermore, the penetration or expulsion of one water layer results in the free
energy barriers between these minima.

3.3. Three Ice Channels

To characterize the collective transformation, we observed the molecular structures comprising of
the caught water molecules and hydroxyl (OH) groups of Thr in the interprotein region. At distances
between 1.50 and 1.60 nm, we found that three independent ice channels were formed, as shown in
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Figure 4A. A hexamer consists of three water molecules and three OH groups, and the neighboring
three or four hexamers make one channel. The arrays of CHj3 groups assist these channels to be
independent, by separating the interprotein space. The chair-form hexagonal ring is one of the most
stable conformations for water molecules in terms of potential energy and is observed in hexagonal ice
(ice Th). Indeed, we found that the average potential energy of —76.4 k] /mol for the confined water
molecules at d = 1.52 nm was significantly lower than —66.2 kJ/mol at d = 1.86 nm. According to the
hexagonal conformations and the stabilized potential energy, the water structure at small ds can be
considered as an “ice” phase. As d becomes greater than 1.60 nm, additional water molecules begin to
penetrate the interprotein region and disturb the ordered ice structures. Figure 4B shows the snapshot
atd = 1.70 nm during the dissociation, just before the distinct <N,> jump happens. The penetrated
molecules connect the middle and bottom channels, shown by the red lines in Figure 4B. However,
some hexagonal rings, indicated by orange arrows, are retained. Furthermore, the top channel is still
isolated and has an ordered structure, although the distance between the OH group of one protein
and the water molecules on the other protein is extended. Figure 3A shows that this structure is still
in the same PMF minimum as the three ice channels. Hence, the conformation with d between 1.60
and 1.70 nm can be considered as a defective ice phase. When d is further increased, the network
in the interprotein region percolates and the structure looks disordered, analogous to liquid water,
as shown in Figure 4C. These conformational analyses, along with the PMFE, suggest that the collective
water transformation observed in the RiAFP dimerization is similar to the freezing-melting transitions
of water.
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Figure 4. Characteristic instantaneous structures comprising water molecules and OH groups in the
interprotein region, observed at (A) d = 1.52, (B) 1.70, and (C) 1.86 nm during the dissociation. These ds
correspond to the first minimum, first barrier, and second minimum in the PME. At each d, two views
from different angles are shown. The water molecule and the OH groups are connected by lines if their
oxygen-oxygen distance is shorter than 0.34 nm, which is the first minimum of the oxygen—oxygen radial
distribution function for bulk water [48]. Water molecules are represented by balls. The transparent gray
shapes show proteins in cartoon representation and the sticks represent Thr residues on the ice-binding
surfaces (IBSs). The orange arrows in panel B indicate the remaining hexamers.
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3.4. Ice Channels between Unrestrained Proteins

To confirm the formation of ice channels in a realistic condition, we performed an NVT-MD
simulation of unrestrained RiAFPs for 10 ns. The initial configuration was the dimer with d = 1.52 nm,
obtained in the trajectory for restrained RiAFPs, as shown in Figure 4A. Figure 5 shows that the
parallel dimer configuration was preserved over 10 ns although the dimer itself migrates. The three
independent ice channels were also preserved over 10 ns, which can be seen as hexagonal rings
in Figure 5B. We found that among 26 water molecules between two chains of RiAFP in the initial
configuration, 20 water molecules were arrested at the same position in the interprotein region at the
final time step. Hence, these confined water molecules migrate together with the proteins. These results
indicate that the parallel dimer structure of RiIAFP with ice channels was stable, at least in the order of
tens of nanoseconds, even under the realistic condition.

S

/

(A)

Figure 5. Instantaneous structures of RIAFPs and water molecules between them, obtained at (A) the
initial and (B) final steps of the 10 ns molecular dynamics (MD) simulation, for unrestrained proteins
from the same viewpoints. A water molecule and an OH group of a Thr residue are connected by
an orange line if their oxygen—-oxygen distance is shorter than 0.34 nm. Gray lines represent the
simulation box.

4. Conclusions

In summary, our MD simulations present that the approach of RiAFPs induces the spontaneous
formation of ordered hydrogen bond networks in the interprotein region, named ice channels, even at
room temperature. The collective structural transformation into chair-form hexamers, comprising
water and OH groups, resembles the crystallization of liquid water, and not the drying transition
observed between large hydrophobic solutes. The discontinuous penetration or expulsion of confined
water and the hysteresis between the association and dissociation of these proteins imply a potential
first-order phase transition at the limit of infinite size.

This unique transition certainly arises from the extensive striped hydrophobic-hydrophilic pattern
on the RiAFP surface, called the T-X-T motif. This T-X-T motif is also present in the other insect
hyperactive AFPs. Similar to RiAFP, these AFPs form multimers with their T-X-T motifs facing each
other in the crystallographic structure [39,40,51,52]. Hence, the collective transformation to ice channels
may be a common feature in their dimerizations. Furthermore, AFPs with the T-X-T motif are known
to be hyperactive in the TH measurement [30], and they bind to ice through an anchored clathrate [53].
The water molecules between arrays of Thr on the IBS and the OH groups of Thr are involved in
the anchored clathrate. Hence, the molecular basis to facilitate the ice channels between two RiAFPs
and the anchored clathrate between RiAFP and ice surface can be considered to be the same. On the
other hand, the formation of an ice-like ordered structure is not necessary for the discontinuous water
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penetration or expulsion, because, in the case of graphene plates, the PMF and the amount of confined
water change smoothly, regardless of the formation of defective bilayer ice [49]. Although a concrete
understanding of the surface chemistry and geometry required to induce the collective transformation
of confined water requires further studies, our finding provides a new framework for water-mediated
solute—solute interactions, which may play a role in the self-organization of soluble molecules.
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Abstract: Tetrahydrofuran (THF) is well known as a former and a promoter of clathrate hydrates,
but the molecular mechanism for the formation of these compounds is not yet well understood.
We performed ab initio calculations and ab initio molecular dynamics simulations to investigate
the formation, structure, and stability of THF-(H,0),=1-10 and its significance to the formation of
the THF hydrate. Weak hydrogen bonds were found between THF and water molecules, and THF
could promote water molecules from the planar pentagonal or hexagonal ring. As a promoter, THF
could increase the binding ability of the CHy, CO,, or H, molecule onto a water face, but could also
enhance the adsorption of other THF molecules, causing an enrichment effect.

Keywords: clathrate hydrate; tetrahydrofuran; formation; ab initio calculation

1. Introduction

Clathrate hydrates are ice-like crystalline compounds in which gas molecules are encaged in a host
framework of water molecules, and they are widely found in permafrost and ocean floor sediments [1-3].
Up to now, three common types of methane hydrate structures have been identified [4,5]: The cubic
structure I (sI), the cubic structure II (sII), and the hexagonal structure H (sH). The sI hydrate contains
2 small 512 cages and 6 5122 cages per unit cell, and the sII hydrate has 16 512 cages and 8 51264 cages in
one unit cell. The unit cell of the sH hydrate has three 512 cages, two 43563 cages, and one 5'26° cage.
Over the past few decades, clathrate hydrates have been considerably studied for scientific interest
and various potential industrial applications [6-9]. However, high pressure and low temperature are
required in the formation of clathrate hydrates, which thus limits the development of hydrate-based
technology [10-12].

Thankfully, tetrahydrofuran (THF) molecules can form the sII hydrate at about room temperature
and pressure [13], which can serve as a proxy for developing hydrate technology. Because of their large
molecular size, THF molecules only occupy the large 5!26* cages, leaving the small 5!2 cages vacant.
More importantly, THF has been recognized as one of the most popular promoter molecules [14-18],
which greatly reduces the formation pressure and/or increases the formation temperature of the
mixed hydrate containing THF and a second guest component. Florusse et al. [19] have reported that
hydrogen clusters can be stabilized and stored at a reduced pressure within the clathrate hydrate
lattice by adding THF, where the small cages are occupied by hydrogen clusters and the large cages
are singly occupied by THE. Recently, experiments [20] have shown that THF can remarkably stabilize
clathrate hydrates with multigas guests (CHy, CoHg, and C3Hg) in moderate conditions, and its
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concentration can also affect the distribution and preferential occupation of specific guest species
in the cages. However, the molecular mechanism of formation of these compounds is not yet well
understood [21,22].

Based on computer simulation methods [23], several hypotheses have been proposed to illustrate
the microprocess of hydrate nucleation and growth, including a labile cluster hypothesis [24,25], a local
structuring hypothesis [26], a blob mechanism [27], and a cage adsorption hypothesis [28]. Further,
Wu and coworkers [29] have carried out a molecular dynamics study of the growth of the THF-CHy4
binary hydrate, and found that the growth rate is dominated by the adsorption of CHy to the growing
interface and the migration and rearrangement of THF at the interface. Alavi and coworkers [30] have
studied the hydrogen bonding of THF in binary sII hydrates via molecular dynamics simulations, and
suggested that the number and nature of the second guests can affect the probability of hydrogen
bonding of THF. Liu et al. [31] have studied the formation of the 5'26* cage in the THF hydrate by
sampling thermodynamically stable structures on the potential surface. Nevertheless, there have been
only a limited number of computer simulation studies that have examined the microscopic mechanism
of the initial formation process of the THF hydrate, i.e., the formation of the cage precursors, and our
knowledge is still far from being complete.

In this work, we studied the interactions between THF and water molecules in spontaneously
forming binary clusters of THF-(H,0);,=1-19 by performing ab initio calculations. The results showed
that the hydrogen bonds between THF and water were relatively weak, with a maximum number of
two water molecules hydrogen bonded with THF, but THF could facilitate the rearrangement of water
molecules to form a pentagonal or hexagonal planar ring, which was responsible for the formation of a
clathrate cage. Further, THF could significantly enhance the attraction of water faces to a second-guest
component, which is helpful in understanding the promotion effects of THF on clathrate hydrates of
various gas molecules.

2. Computational Details

To obtain the initial configurations, we first added 1 THF and 100 water molecules into a simulation
box with a size of 14.60 x 14.60 x 14.60 A3 and performed ab initio molecular dynamics simulations
in the canonical ensemble. The equations of motion were integrated with a time step of 0.5 fs, and
the system was coupled with a Nosé-Hoover chain thermostat [32] to a bath at 300 K. After an
equilibration period of 3.0 ps, THF and its nearest neighboring water molecules, up to 10, were in
turn extracted from the periodic boxes and were fully optimized in a vacuum at zero temperature.
The frequency analysis confirmed that the optimized structures were minima on the potential energy
surface. All simulations and geometry optimizations were carried out by the DMol3 program [33].
The Perdew—Burke-Ernzerhof (PBE) gradient-corrected exchange-correlation functional [34] and the
triple numerical plus polarization (TNP) basis set [35] were applied. The effects of the functionals and
the basis sets were considered, and the compared results are given in Figure 510, Table S2, and Table
S3 (in the Supplementary Materials). The semi-empirical Tkatchenko—Scheffler scheme [36] was used
to improve the description of noncovalent forces.

The stability of the system was evaluated by the stabilization energy per molecule (Egt,) involving
the zero-point vibrational energy correction, which was defined by

(ETHF + 1 - Ewater) — Etotal
n+1

Esta = ’ (1)

where Etpr, Ewater, and Ey,y, represent the energy of the THF molecule, the water molecule, and the

whole system, respectively. The binding strength of the gas molecule to the cluster was characterized
by the interaction energy (Eint), defined as

Eint = (Eresidue + Egas) — Etotar, )
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where Egqs represents the energy of the CHy, CO,, or Hy molecule, and E, 4, represents the energy
of the whole system without the gas molecule.

3. Results and Discussion

3.1. THF-Mediated Formation of the Water Face

For a binary THF and water cluster (1 = 1-10), five uncorrelated configurations were extracted
from the equilibrated simulation trajectory (see Figure S1), and the optimized structures are given in
Figure S2. The stabilization energies of all optimized THF-(HO),,—1_1¢ clusters are shown in Figure 1,
and the lowest-energy structures are shown in Figure 2. To observe whether hydrogen bonds could
form between THF and water molecules, we analyzed the distance between H atoms of THF and
their nearest O atoms of water molecules (Table S1), but the hydrogen bond did not occur. Instead,
a hydrogen bond formed between the O atom of THF and the H atoms of water molecules, with a
bond length (O---H) of about ~1.694 A. Obviously, THF could form two hydrogen bonds at most, with
two water molecules above and/or below the plane of the THF ring.

For the lowest-energy structures of THF-(Hy0),,-1-1¢ clusters, the stabilization energy increased
almost linearly with the number of water molecules. In detail, the formation of double hydrogen
bonds involving two water molecules was energetically more favorable than the formation of a single
hydrogen bond involving one water molecule, featuring a stabilization energy of 0.216 eV and 0.177 eV,
respectively. For the THF-(H,O)3 cluster, two water molecules formed two hydrogen bonds with
THE, while the third water molecule formed one hydrogen bond with another water molecule. In the
THEF-(H,O)4 cluster, three water molecules below the THF ring had a trend of forming a ternary ring,
but such a process was inhibited because of the stereo-hindrance and hydrophobic effects of the THF
ring. By sequential addition of one more water molecule, the water-water interactions were greatly
enhanced, and a planar ternary ring of water molecules formed on one side of the THF ring for the
THEF-(H,O)s5 cluster. This suggested that a quasiplanar cyclic structure of the water molecules would
be energetically favorable, agreeing well with the theoretical results of Shields et al. [37], and thus this
structure would considerably occur during the formation of the clathrate cage. Further, the ternary
face of water molecules was nearly parallel to the THF ring because of the hydrophobic interactions
between THF and water. For the THF-(HO); cluster, there were two cyclic hydrogen bonded networks,
that is, a pentagonal ring involving THF and four water molecules and a ternary ring involving three
water molecules. Interestingly, the THF-water hydrogen bonds were nearly vertical to the plane
composed of water molecules in the pentagonal ring, while three water molecules in the ternary ring
were coplanar. The dihedral angle between two water faces was about 123.8°, which was in the range
of the value of the neighbor faces in the clathrate hydrate (119.9°-133.3°), suggesting that the water
molecules cooperatively organized into a stable structure.

In the case of THF-(H,0)7, a single planar pentagonal ring of water face emerged and was roughly
parallel to the THF ring, despite the formation of a THF-water hydrogen bond. This observation
of THF-water cooperating toward ordering was similar to previous studies by Walsh et al. [22] that
showed that methane molecules adsorbed on opposite sides of a pentagonal face of water molecules
in the hydrate nucleation, which in turn allowed the adsorption of more water molecules. However,
our observations showed that this initial structure formed through THF mediating the arrangement
of water molecules instead of the formation of a pentagonal water face followed by adsorbing THE.
For one more adsorbed water molecule, it preferentially inserted into the pentagonal water ring,
leading to the formation of the hexagonal water face. The stabilization energy increased from 0.377 eV
to 0.407 eV, implying that this process was energetically feasible.

By sequentially increasing the number of water molecules, we found that the cyclic rings
composed of five or six water molecules were most likely to occur, while the larger cyclic rings
were thermodynamically unstable. As a result, a cage-like structure gradually formed, just like
THEF-(H20)19. In contrast, we investigated the CHy4-(H2O)19, CO2-(H20)10, and Hy-(HO)y¢ clusters by
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the same procedure, and the optimized structures are shown in Figures S5, S7, and S9. The stabilization
energy was 0.389 eV, 0.383 eV, and 0.350 eV for the most stable structures of CHy-(H20)10, CO2-(H20)10,
and Hj-(H,0)yg clusters, respectively. These values were much smaller than those of THF-(H,0)19
(0.448 V), implying that THF was more thermodynamically feasible in rearranging water molecules to
form a cage precursor. Further, we note that CHy, CO,, and H, were likely to promote the spontaneous
formation of pentagonal water faces, but THF could induce the formation of both pentagonal and
hexagonal faces, which explained how THF occupied the 5!26* cage in the sII hydrate.
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Figure 1. The stabilization energy (Esta, with zero-point energy corrections) of binary THF-(H,0),,=1-10
clusters calculated at the Perdew-Burke-Ernzerhof (PBE) gradient-corrected exchange-correlation
functional (PBE-D)/triple numerical plus polarization (TNP) level. The optimized geometries of
THEF-(H0),,=1-10 clusters are given in Figure S2. THF: Tetrahydrofuran.
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Figure 2. The most stable structures of binary THF-(HO);,=1-1¢ clusters and their stabilization energies
optimized at the PBE-D/TNP level. The hydrogen bonds are shown with violet dashed lines.

3.2. THF Enhanced the Binding Strength of a Gas Molecule

The above analysis suggests that THF could promote the formation and growth of water faces,
and in the following part we will show that THF could also enhance the adsorption of a second
gas molecule. First, we constructed a system consisting of THF and a pentagonal water ring and
considered its attraction to CHy, CO,, Hy, and other THF molecules. Figure 3 shows that there were
two low-energy structures for THF-(H,O)s, where the THF ring was roughly vertical or parallel
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to the pentagonal ring of water molecules, and the stabilization energy was 0.379 eV and 0.382 eV,
respectively. This thus suggested that THF-(H,O)5 was likely to form a two-layer structure through a
hydrogen bond between the O atom of THF and the H atom of a water molecule, in accordance with
the aforementioned results.

The stabilization energy of the pentagonal water face plus a gas molecule (CHy, CO,, and Hy),
the interaction energy, and the distance between them without and with adding an additional THF
molecule are given in Table 1. The optimized structures of the pentagonal water face plus THF
and a gas molecule are shown in Figure 3. It can be seen that CHy favored adsorbing on one side
of the pentagonal water face and had a distance of 3.004 A to the centroid of the pentagonal ring.
The stabilization energy of this (CHy); -(H20)s5 cluster was 0.325 eV, and the interaction energy between
CH, and the pentagonal ring was 0.358 eV. Upon the addition of THF on the opposite side of the
pentagonal water face, CHy became a little farther away from the pentagonal ring (3.100 A), but the
stability of the system was greatly enhanced (Esta = 0.346 eV), and the attraction of the pentagonal
ring to the CHy was also strengthened (Ejns = 0.362 eV), thus improving the interactions between
the pentagonal water faces and CH4 molecules. Similarly, by adding THEF, the distance between the
pentagonal ring and CO, was elongated by 0.085 A, and the stabilization energy was increased by
0.039 eV, which was almost equal to CHy (0.085 A and 0.021 eV). However, the interaction energy
between the pentagonal ring and CO, was considerably increased by 0.114 eV, implying that THF
could more significantly improve the adsorption of CO, molecules than CH4 molecules. In contrast,
THEF had little effect on the distance between the pentagonal ring and H, (Ad = 0.017 A), because of
the small size of H, molecules (non-heavy atom): However, the stabilization energy was increased by
0.061 eV, which was more significant than that of CHy and CO;, although the interaction energy was
just increased by 0.012 eV.

In the case of THF as a guest molecule, we found that two THF molecules favored adsorbing on
opposite sides of the pentagonal water ring and retained their positions throughout the formation
of hydrogen bonds with water molecules, leading to a sandwich structure, as shown in Figure 3.
Interestingly, two THF molecules could not bind to one water molecule, agreeing well with the
previous results of Shultz and Vu [38], which suggested that water did not form a bridging donor-donor
structure with two THF molecules. Instead, the additional THF molecule joined with a different free
water molecule, forming a cluster enriched in THF. From Table 1, we can see that the additional
THF molecule enhanced the structural stability and the adsorption strength of the water face to THF,
although THF had a larger distance to the water face. Therefore, THF was favorable for the pentagonal
water face to adsorb CHy, CO,, Hy, or other THF molecules to form a cage precursor.

Subsequently, we constructed another system consisting of THF and a hexagonal water ring
and considered its attraction to CHy, CO,, Hy, and other THF molecules. The stabilization energy
of the hexagonal water face with a guest molecule (CHy, CO;, Hy, and THF), the interaction energy,
and the distance between them without and with adding an additional THF molecule are given in
Table 2. The optimized structures for all considered clusters are shown in Figure 4. It can be seen
that the adsorbed THF ring could be either vertical or parallel to the hexagonal water face, with a
stabilization energy of 0.384 eV and 0.392 eV, respectively. This indicated that THF was likely parallel
to the hexagonal water face due to the formation of an extra hydrogen bond, which was similar to the
case of the pentagonal water face. However, the THF became much closer to the hexagonal face than
the pentagonal face (3.327 Avs3.431 A), because the stereo-hindrance and hydrophilic-hydrophobic
effects were weakened by the larger radius of the hexagonal ring.

For CHy, CO,, and H, molecules, they all preferentially located themselves along the central axis
of the hexagonal water ring, and the distance between the center of the hexagonal ring and the guest
molecule was 2.729, 2.715, and 2.161 A, respectively. These distances were much smaller than the cases
of the pentagonal water ring, which could be attributed to the weak stereo-hindrance effect caused by
the large radius of the hexagonal ring. Upon adding one THF molecule on the opposite side of the
hexagonal water ring, the distance was slightly elongated to 2.773, 2.749, and 2.276 A for the CHy,
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CO,, and H; molecules, respectively: The stabilization energy was increased by 0.024 eV, 0.019 eV, and
0.061 eV, respectively, and the interaction energy was increased by 0.006 eV, 0.082 eV, and 0.028 eV,
respectively. These scenarios were quite similar to those of the pentagonal water ring, suggesting
that THF could enhance the stability of the initial structure of the large cages but also improve the
adsorption of CHy, CO,, and Hy molecules to the hexagonal water face.

Table 1. The stabilization energy (Esta), the interaction energy (Eint), and the distance (d) between the
guest (CHy, CO,, Hy, and THF) and the pentagonal water ring calculated at the PBE-D/TNP level.

G Esta (€V) Eint (€V) d &)
uest
without THF with THF without THF with THF without THF with THF
CHy 0.325 0.346 0.358 0.362 3.004 3.100
CO, 0.326 0.365 0.389 0.502 2.861 2.946
H, 0.279 0.340 0.112 0.124 2.497 2.514
THF 0.382 0.399 0.812 0.816 3.431 3.481

Table 2. The stabilization energy (Esta), the interaction energy (Eint), and the distance (d) between the
guest (CHy, CO,, Hy, and THF) and the hexagonal water ring calculated at the PBE-D/TNP level.

G Esta (eV) Eint (eV) d (A)
uest
without THF with THF without THF with THF without THF with THF
CHy 0.340 0.364 0.444 0.450 2.729 2.773
CO, 0.352 0.371 0.559 0.641 2.715 2.749
H; 0.294 0.355 0.128 0.156 2.161 2.276
0.394 0.411 0.893 0.902 3.327 3.364
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THF:(H20)ssv THF:«(H20)ssp THF+«(H20)s«CH4+ THF+(H20)5sCO2 THF:(H20)s:H2 THF+(H20)s"THF
Figure 3. Low-energy structures of the clusters of THF plus a pentagonal ring of water molecules

and/or CH4/CO,/H;,/THF optimized at the PBE-D/TNP level. The hydrogen bonds are shown with
violet dashed lines.
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Figure 4. Low-energy structures of the clusters of THF plus a hexagonal ring of water molecules,
and/or CHy/CO,/H,/THF optimized at the PBE-D/TNP level. The hydrogen bonds are shown with
violet dashed lines.

4. Conclusions

In the present work, we carried out ab initio studies of THF-(H,O);,-1_19 clusters to reveal the
initial process of the formation of the THF hydrate. Although THF had a weak hydrogen bond with
water molecules, it could significantly promote the rearrangement of water molecules to form a planar
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pentagonal or hexagonal ring, which was responsible for the formation of water faces of a clathrate
cage. As a promoter, THF could greatly improve the stability of the cage precursors for the CHy,
CO,, and H; hydrates and enhance the interactions between the water faces and these gas molecules.
Further, our results also suggested that THF could facilitate the adsorption of other THF molecules,
resulting in an enrichment effect.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4352/9/2/73/
s1, Figure S1. Initial configurations of five uncorrelated THF-(H,O),-1_19 clusters extracted from the ab
initio molecular dynamics simulation trajectory. Figure S2. Optimized configurations of five uncorrelated
THE-(H0),=1-19 clusters. Figure S3. Labels of H atoms of the THF molecule. Figure S4. Initial configurations
of five uncorrelated CHy-(H,0O)g clusters, which were obtained by the same procedure as the THF-(H,0),,=1-19
clusters. Figure S5. Optimized configurations of five uncorrelated CHy-(H0O)1 clusters and their stabilization
energies, optimized at the PBE-D/TNP level. Figure S6. Initial configurations of five uncorrelated CO,-(H,0)19
clusters, which were obtained by the same procedure as the THF-(H,O),,-1_19 clusters. Figure S7. Optimized
configurations of five uncorrelated CO,-(H,O)qg clusters and their stabilization energies, optimized at the
PBE-D/TNP level. Figure S8. Initial configurations of five uncorrelated H,-(Hp0);o clusters, which were
obtained by the same procedure as the THF-(H;0O),,=1_19 clusters. Figure S9. Optimized configurations of five
uncorrelated Hp-(Hy0)yg clusters and their stabilization energies, optimized at the PBE-D/TNP level. Figure S10.
The stabilization energies of the THF-(H0O);,=1_19 clusters shown in Figure 2, calculated at the different levels.
Table S1. The distance between H atoms of the THF molecule and their nearest O atoms of water molecules.
Table S2. The stabilization energy (Esta) of the pentagonal water ring plus a guest (CHy, CO,, Hy, and THF),
calculated at the different functionals and basis sets. Table S3. The stabilization energy (Esta) of the hexagonal
water ring plus a guest (CHy, CO,, Hy, and THF), calculated at the different functionals and basis sets.
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