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Abstract. The melting of ice in porous glass having different distribution of pores sizes is analyzed in
details. One shows that confined water crystallizes only partially and that an interface layer, between
the ice crystallites and the surface of the pore, remains liquid. Properties of this non crystalline interface
at low temperature is studied by NMR and DSC. Both methods lead to an interface thickness h of the
order of 0.5 nm, this explains why water do not crystallize when the dimension of confinement is less
than a critical length d* ~ 1 nm. The variation of the melting enthalpy per gram of total amount of
water with the confinement length is explained taking into account two effects: a) the presence of this
layer of water at the interface and b) the linear variation of the melting enthalpy AH,, with the melting
temperature T,,. From the data of the literature one draws the same conclusions concerning other solvents
in similar porous materials. Also one points out the important role of the glass temperature T, in preventing
the crystallization of the liquids confined in small pores and/or between the crystallites and the surface of

the pores.

PACS. 64.70.Dv Solid-liquid transitions — 64.70.Pf Glass transitions — 81.05.Rm Porous materials;

granular materials

1 Introduction

The freezing and melting of solvent and metals in porous
materials have been studied in details for more than
twenty years [1-12]. In most systems it has been shown
that the Thomson law, relating the pore size with the
melting temperature depression, is very well verified. De-
spite this fact, several authors have reported two intrigu-
ing properties:

a) The melting enthalpy AH,, of solvents confined in
porous materials is found to vary with the pore di-
mension and then with the melting temperature [1-5].

b) In certain experimental conditions, the confined lig-
uid crystallizes partially or does not crystallize at all.
Jackson et al. [2] found that in pores of dimension less
that 4 nm, decaline and cyclohexane do not crystallize.
Borel [13] observed that smearing out of the solid lig-
uid transition was possible in small gold aggregates far
below the melting temperature of infinite thick crys-
tallites 7)), Veprek et al. [14] found that the diamond
structure of silicon and hydrogenated silicon is unsta-
ble with respect to the amorphous phase when the
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crystallite size is less than 2 to 3 nm. Others exam-
ples are given in the book of Turnbull [15].

The main problem in the study of solvent crystallization
in small pores is that in these systems an interfacial layer
of amorphous solvent can exist in certain conditions be-
tween the solid and the solvent crystallites, this has been
first demonstrated by Overloop et al. [6] by NMR for or-
ganic solvents and studied by numerical simulation by
Gelb et al. [16]. All the authors working in this field did
not take into account this effect when calculating the to-
tal melting enthalpy (per gram of crystallizing solvent)
and using the Thomson law to determine the pore dimen-
sion. In this note one studies the melting of ice in porous
glasses, having sharp or large distributions of pores sizes,
by two techniques: Nuclear Magnetic Resonance (NMR)
and Differential Scanning Calorimetry (DSC). These two
techniques permit to estimate the exact amount of crys-
tallizing and non crystallizing water and the variation of
the melting enthalpy and temperature with the pore di-
mensions.

The aim of this note is to demonstrate that in the sys-
tem water-porous silica glass there is a linear relationship
between the enthalpy of melting (per gram of crystallizing
solvents) and the melting temperature depression. This
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Table 1. Characteristic of the Silica porous glass studied:
mean value of the pore diameter d, specific surface S and poros-
ity V.

Porous glass |d nm | S m?/g |V cm3/g|V/S nm
Vycor [18-21] N1 10.2 225 0.8 3.5
N2 30 225 0.8 «
N3 50 225 0.8 «
N4 70 225 0.8 «
N5 100 230 0.82 3.56
Gelsil [22-26] G25 2.5 610 0.48 1.1
G50 580 0.63 1
Silica based P123a 500 ~0.8 1.6
SBA [27-29] | P123b 730 1.1 1.5

relation is explained if one takes into account the exis-
tence of a non crystalline layer at the interface and the
Kauzmann temperature [17]. Finally one discuss the role
of the glass transition in preventing the crystallization of
confined liquids.

2 Experimental results

Two classes of silica (SiO3) porous glass, with large dis-
tribution of pore sizes have been studied: four N glasses
(Vycor N° 7930, Corning Glass) and two G glasses (Gelsil
glass, Geltech), these porous materials are obtained by
spinodal decomposition and then dissolution of one of the
two phases. Physical properties of these materials have
been studied by various authors [18-26]. A third class of
porous materials (called SBA in the literature [27-29])
with narrow distribution of the pore size have also been
studied, samples P123a and P123b produced by templat-
ing a silica precursor (TEOS) with Pluronic copolymers.
These materials show long range two dimensional hexag-
onal order [29]. The mean dimension d of the pores, the
specific surface S and the specific volume of pore V' (vol-
ume per g of material) of these porous glass are given in
Table 1, these values are determined by the classical BJH
(Barrett, Joyner, Halenda) method based on the analysis
of the Ny absorption isotherms.

The porous glasses have been placed in an oven with an
atmosphere having 100% relative humidity with deuter-
ated water at 25 °C; by weight measurements one verifies
that after one week saturation is obtained. The samples
filled with D5 O have been studied by deuterium NMR and
by DSC.

2.1 NMR results

NMR experiments were performed with a Bruker AM250
spectrometer equipped with a 5 mm broad band probe
without field/frequency lock control. 2H NMR spectra
were recorded at a frequency of 38.376 MHz. The free
induction decays (FID) were recorded using a /2 pulse
width (14 ps) and a recycle delay of 2 s. 400 transients
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Fig. 1. Variation of the area of the 2H NMR peak with temper-
ature for deuterated water in porous glasses G25 and P123a, b
of different pores sizes (see Tab. 1). Heating experiments, time
between two measurements 15 min, acquisition time 15 min.

were usually added to obtain spectra with a good sig-
nal to noise (S/N) ratio. The FID signals were typically
sampled with 4 K real data points over a 20 kHz spec-
tral width and an exponential line broadening of 5 Hz
was used (which is small compared to the experimental
linewidth). Peak areas and line widths were obtained by
deconvolution with one (or two) Lorentzian shaped curve.
Ty values were obtained by the inversion-recovery method
(delay —m — 7 — 7/2 acq.), using 12 different 7 values to
obtain the 77 following standard procedures [30]. Temper-
ature was controlled in the range 200—300 K by a Bruker
VT100 system (+1 °C regulation). Calibration was per-
formed before each set of measurements in using the stan-
dard procedure with a reference methanol sample.

NMR intensity

The variation of the total intensity of the 2H NMR peak as
function of temperature is given in Figure 1 for the swollen
sample G25, and the P123 samples as example. The sam-
ples were rapidly cooled to 240 K and then the spectra
were acquired on heating. In these heating experiments the
time between two measurements is of the order of 15 min
and the acquisition time is constant 15 min (400 scans).
The integrated intensity presents a sharp jump Al in a
temperature domain of a few degrees when the ice crystal-
lites melt, this temperature is indicated by an arrow in the
figure. The accuracy on the temperature of melting 77, de-
fined as the temperature corresponding to the jump AI/2
is of the order of £2 °C. This temperature is about 2 to
3 °C below the melting temperature of ice observed by
DSC (temperature corresponding to the maximum of the
endotherm peak obtained at 5 °C/min). At low tempera-
ture the signal intensity is weak but non zero, indicating
that in the “frozen state” some “liquid” water still exist in
the pores, in others words all the water do not crystallize
when the temperature decreases below the crystallization
temperature, a waiting time of about one hour at 220 K
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Fig. 2. Line widths W}, and W,,; of the broad and narrow NMR peaks of deuterated water in porous P123a and P123b samples.
In the insert the NMR line of sample b is presented for temperatures 300 and 243 K. The central sharp peak observed at 243 K
is due to bulk water, it represent 5% of the total water absorbed by the sample.

do not change this intensity. At high temperature the to-
tal intensity decreases with increasing temperature as in
bulk water; this is the Curie law. One call Iy¢c and Ip
the intensity just below and above the transition, the ra-
tio Inc/Ir gives the amount of non crystallizable water,
myc and mp being the mass of non crystallizable wa-
ter and of total water in the sample, one writes that the
amount of non crystallizable water is:

INc/IT:mNc/mT%Sh/V (1&)

where h is the thickness of the water interface between
the crystallites of ice and the solid glass walls. One have
assumed that the non crystallized water is located in the
pores and not outside of the sample for example on the sur-
face of the glass grains. Also one has assumed that the den-
sity does vary conspicuously as function of temperature
and of the distance from the interface. For the three sam-
ples, G25, P123a and P123b of Figure 1 the ratio Iyc/Ir
is respectively equal to 0.36, 0.23, 0.30. Then knowing the
ratio S/V (Tab. 1) the thickness h deduced from the above
relation is respectively 0.44, 0.57 and 0.43 nm.

From the NMR intensity one concludes that all the wa-
ter do not crystallize in these porous glass, non crystalliz-
able water is confined at the solid-solid interface between
the ice and the glass walls in a layer of thickness h of the
order of 0.5 + 0.1 nm which seems to be independent of
the nature and geometry of the porous glass, independent
on the pore size distribution. In Figure la one notes that
the NMR intensity below T, for monodisperse and poly-
disperse porous glass is constant, this indicates that the
effect of non crystalline water in small pores of the glass
with a large distribution of pore size is negligible compared
to the non crystalline water in the interface layers (in the
bigger pores containing crystallites). In materials with a
large distribution of pore size (G25) the small decrease of
the intensity when the temperature is decreased would be
due to water confined in the smallest pores where there is
no crystallite.

The main question which arises is then: does this water
confined in the interface between ice and glass surface at
a temperature below T,,, (for example at —20 °C) has the
same mobility as that of bulk supercooled water at the
same temperature.

NMR line width

The NMR line width of samples P123 a and b are given in
Figure 2 as function of the temperature (in heating exper-
iments), similar variations are observed for the samples
with large distribution of pore size. In the insert of the
figure, the NMR peaks of sample b at room temperature
and at 243 K (30 °C below T},) are shown. At room tem-
perature a narrow peak with half width W, = 85 Hz is
observed. At low temperature the NMR peak can be de-
convoluted into a broad peak of width W3, = 2500 Hz and
a sharp peak of same half width W,,,. The integrated in-
tensity of the sharp peak is very weak about 4% of the to-
tal intensity measured at room temperature, and its width
presents only a weak variation with temperature. On the
contrary the broad peak presents a large variation of the
line width at half height; the width W3, decreases consid-
erably when the temperature increases from 73, — 20 °C
to Ty,. Above T}, the line width W;, becomes similar to
the line width W, of the narrow peak. The wide peak
is attributed to the interface layer of low mobility and
the narrow peak of weak intensity to water which has not
crystallized in the smallest pores of the sample, proba-
bly because nucleation did not occur. The presence of this
narrow peak of weak intensity at low temperature is not
important if one is interested only in measurement of the
amount of non crystallizable water, it provides however an
interesting information: water in the supercooled state in
the bulk state or in pores has not the abnormal behavior
observed near —45 °C by some authors [31-35], (anoma-
lies in the thermodynamic properties at the A transition).
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In sample P123a this sharp peak at low temperature is not
observed, this difference is probably due to the different
thermal treatments submitted to the samples [28,29].

Below T, the different variations with T of the line
width of the broad (and intense) peak and of the narrow
and weak peak indicates clearly that the mobility of su-
percooled water in pore and at interface are very different.
The fact that Wy, of the broad peak of water in the inter-
face layers increases when temperature decreases indicates
that the glass transition of this layer is higher than the
glass transition of bulk water (T, = —135 °C). This effect
is well known in polymer systems; when approaching T,
the line width, which is related to the apparent transversal
relaxation time, W =~ (Ty)~!, increases with decreasing
temperature [36-38]. In copolymers swollen with deuter-
ated water it has been shown that the line width of the 2H
NMR peak varies according to the WLF law [38] (giving
the relaxation time 7 of the cooperative motions). Here
a similar behavior is noted; the water interface between
ice and silica glass (and water in very small pores) have a
low mobility and then would have a higher T} than bulk
water. Gallo et al. [39] by computer simulation arrived
to a similar conclusion concerning the 2-3 water layers
at the hydrophilic surface of a solid; these authors claim
that the T, of these layers could be even equal to the
ambient temperature, the observation of the large NMR
peaks in our samples confirms that the remaining water
in the interface layer has a higher T, than in bulk and
in the smallest pores in which water has not crystallized.
One emphasizes that such important shift of the T, (20
to 50 K) are observed in polymer films, of 10 to 20 nm
thickness, absorbed on solid surface [40-43].

One must note that this low mobility water in the in-
terface is observed by NMR in our experimental conditions
because the NMR window is at least 10 times the width
of the NMR broad peak (2000 Hz).

Spin lattice relaxation time T;

Figure 3 shows the variations of T} of sample N1 (d =
10 nm) as function of the inverse of the temperature, the
measurement are done during heating from 230 to 293 K.
Also are reported the T; values of sample P123 at two tem-
peratures, in the domain —25 °C < T < 0 °C the T4 (1/T)
curve (not represented) is just below the N1 curve. In this
domain one can define for these samples an activation
energy which 1.14 time that of bulk water above 0 °C.
Also we have verifies that above T, the approximation of
fast motion is valid, the relaxation times T7 and Ty are of
the same order of magnitude (T being deduced from the
width Wy, To = 1/7Wp).

In this figure one gives also the 7T} values of D50 in
n-heptane emulsion between 13 °C and —37 °C reported
by Hindman et al. [44-46] (see Tab. 1 of Ref. [46]). Their
data fit exactly our data above 0 °C and complement them
below T},, where an non Arrhenian behavior is observed.
It is in agreement with the recent light scattering studies
on bulk water, Torre et al. [47] found that the relaxation
time do not obey to the Arrhenius law but to a power
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Fig. 3. Spin-lattice relaxation time T of D20 in pore and in
n-heptane emulsion [44-46] as function of the inverse of the
temperature. In P123b sample (triangle) the value at 250 K
just below T,, T1 = 20 ms, corresponds to bulk water, 5% of
water has not crystallized, and the value 77 = 2 ms corresponds
to the 2—3 water layers confined near the pore surface (see
Fig. 2 the sharp and large NMR peaks due to these two types
of water).

law 1/(T — T.)?, with T. = 228 K. The correspondence
between the different fit parameters Ty, 7. and Ty (Vogel,
mode coupling and lambda temperatures) deduced from
the thermodynamic properties of bulk water is out the
scope of this paper. Two important points must be noted:

a) in glass with a large distribution of pore (N), the ex-
perimental T; values are somewhat smaller than the
bulk values (factor 1.2 to 2). Any anomaly or diver-
gence at T, or T) is not observed.

b) In glass with regular pore sizes (P123) a sharp transi-
tion occur at 7T,.

As discussed above, the sample P123b contains a small
amount (5% of the total amount of mobile water) of free
water in large pore or at the surface of the grains. T; of
this type of water is about 2—-3 times less than the value of
bulk water (20-30 ms). At 250 K just below the melting
temperature, the relaxation time corresponding to water
which remains at the interface ice-pore surface is one order
less (Th = 3 ms). It must be noted that the relation 77 ~
T5 is not observed; the assumption of fast motion is no
longer valid for this type of water. This water localized
between the ice crystallites and the surfaces of the porous
glass (40% of the total amount of water for P123b sample
for example) has a low mobility, that mean that its T, is
higher than that of bulk water.

T1 measurements at room temperature

The relaxation time T; of water in the different porous
glasses, measured at room temperature, is reported in Fig-
ure 4 as function of pore radius; this relaxation time ver-
ifies the following relation:

T, =(2.7+32/d)107® (Tinms,dinnm)  (2)
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Fig. 4. Spin-lattice relaxation time 77 of water in porous
glass N, G and P123 (see Tab. 1) as function of the inverse
of the pore dimension d at room temperature.

obtained by linear regression (correlation factor R =
0.991). Hansen et al. [48] found similar experimental rela-
tion for others types of porous silica glasses filled with wa-
ter (with large distribution of pore sizes), they shown that
this relation can be explain by the “two-fraction, fast ex-
change” model proposed by Zimmerman and Brittin [49].
Liu et al. [3] found a similar relation for wetting organic
solvents in different porous glass. In these systems the two
sites fast exchange model applies. For non wetting solvent
like cyclohexane in porous silica glass, these authors found
a Ty ~ 1. ~ 1/d* law as predicted by Korb et al. [50].
A great amount of work has been done concerning the
effect of the pore size distribution and of the nature of
the glass surfaces (after chemical treatment for example)
on the NMR relaxation times, references are found in the
paper of Liu et al. [3]. Here one wants to stress that in
porous glass with sharp or large pore size distribution the
relaxation time 73y vary with d in the same way, d been
determined by the BJH method. The above relation de-
duced from the master curve of Figure 4 can be used to
determine the pore dimension of any porous material if
the pore surface and the solvent have the same chemi-
cal structure. Also this relation would permit to calculate
the relaxation time 77 of water confined, in case of fast
motions.

Conclusion

In conclusion the NMR results show the similarity between
the various porous glass of Table 1 and the controlled pore
Sigma glass studied by Overloop et al. [6], therefore water
is a wetting agent for all the glass analyzed here, after
crystallization in the pore there is still an non crystalline
layer of water of constant thickness h between the solvent
crystallites and the glass, h is of the order of 0.5 nm, this
value is in agreement with the value obtained by these last
authors (2.5 to 3.2 water layer) and by D’Orazio et al. [51].
These results suggest that water in pores of dimension
d* = 2h = 1 nm do not crystallize.
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In our work and in the work of Overloop et al., one
thinks that the observed decrease of mobility of water in
the interface layer is due to the increase in the T; value due
to the confinement, this effect has never been noted for this
type of porous materials containing crystallizing solvent.
This effect of confinement on the T, value of non crys-
tallizable liquids in particular polymers has been widely
studied [40-43] by various techniques. By broad band di-
electric spectroscopy, Gorbatschow et al. [26] found that
different non crystallizable derivative glycol compounds
confined in nanopores present a large distribution of re-
laxation times, these authors using a three layer model
concluded that near the solid surface solvent molecules in
a layer of about 0.3 to 0.8 nm have very low mobility, it
is important to remark that these organic solvents (gly-
col derivatives with OH groups) and water have similar
bulk T, of about —100 °C and that the so called solid
like interface layers have similar thickness in silica porous
glass.

In porous glass filled with water the existence of this in-
terface layer between the solvent crystallites and the glass
walls must be taken into account if one wants to mea-
sure the exact melting enthalpy of crystallizable solvent
(water), if one wants to verify the Thomson law and ex-
plain why water (and the others materials; solvents and
metals) in confined geometry and in form of droplet never
crystallize under certain size.

2.2 DSC

DSC was performed on DSC 30 (Mettler Toledo) at slow
heating rate, 2 °C/min. Typical thermograms of water
confined in Gelsil and P123 glass are given in refer-
ence [41], it has been controlled that these thermograms
are very similar to those obtained by the fractionated
method which permits to obtain true thermograms at the
thermal equilibrium [52,53]. From the maximum of the
endotherm peak (heat flow vs. T') one deduces the melt-
ing temperature T,,, and the area under the heat flow
curve gives the melting enthalpy AH,,, the amount of
crystallizable and not crystallizable water can be deduced
from AH,,, if one knows the variations of the melting en-
thalpy with the temperature (in most of the published
work AH,, is assumed to be independent on T') and if the
total amount of absorbed water is known with accuracy.
The three families of porous glass studied in this work
are compared to similar materials studied by Brun [1] and
Handa et al. [5].

2.2.1 Melting temperature of confined ice

In Figure 5 the melting temperature depression t,, =
(T2 —Ty,) /T2 of confined ice is plotted as function of the
inverse of the dimension of the pore 1/d. T, is the melting
temperature of bulk water and T,,,, the melting tempera-
ture of water in the confined system. The results of Brun
and Handa et al. on similar porous glass (polydispersed)
filled with water, were obtained at different heating rates,
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respectively 20 °C/min and 0.1 °C/min. The most impor-
tant characteristic of the melting peaks of water in these
various silica porous (N and G) is the important width
of the endotherm peak which indicates that these systems
have a large distribution of pore sizes. Recently it has been
shown that the form of the melting peak, obtained at low
scanning rate or by the fractionated DSC method, gives
the fractal dimension of the structure in agreement with
others techniques [12,52,53]. In all the samples of Figure 5
the mean dimension d values has been measured by the
classical BJH method (Tab. 1). The Thomson law:

~ 1) /18 = 2

_ 0
tm = (T, y

m (3&)
has been verified for many compounds. The Thomson
length ( is generally written on the form:

dog

= AHY, ps

(3b)

AH?, being the bulk melting enthalpy, oy the solid lig-
uid interface energy and p, the density of the solid are
assumed to be independent on T),,. In writing relation (3)
one assumes that the melting enthalpy is independent on
the melting temperature, this is not exact. The direct de-
termination of oy are very rare and generally this param-
eter is deduced from the above relation if d is known by an
other technique. The Thomson length deduced from rela-
tion (3a) is of the order of 1 nm for most materials [54],
water is one exception, 3 is of the order of 0.15 nm [1,5,12],
which is of the order of the HyO molecular size.

The fact that the different porous glass (with large
and sharp pore size distribution) verify relation (3) would
indicate that the thermoporosimetry and gas adsorption
methods measure the same mean value of the pore size
distribution function, although based on different physical
phenomena. However, one must remark that the Thomson
relation does not take into account the presence of the non
crystalline interface layer of thickness h as in BJH method
for gas adsorption. One must ask if the above relation
should be replaced by the modified Thomson law:

g
d—2h’

tm = (T2 — Tyn) /Ty, =

m (3¢)
This relation was suggested by Couchman and Jesser [55].
In Figure 5 the experimental results have been fitted with
equations (3), with the interface thickness h = 0 and h =
0.5 nm, the correlation factors are respectively R = 0.985
and 0.978, and the Thomson length 8 = 0.15 nm and
0.13 nm. The measurement of T;,, of the different authors
have been done in various experimental conditions; dif-
ference in heating rates and also in sample weights and
sample forms which lead to different thermal contact in
the DSC pan. Therefore one thinks that taking into ac-
count the accuracy of the determination of T}, and d, the
difference in the correlation factor is not significative. In
conclusion, from the Thomson laws (Rels. (3a, c)) one
cannot have any direct information on the thickness of
the water interface layer
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Fig. 5. Reduced melting temperature t,, of water in porous
glass as function of the inverse of the pore dimension d (see
Tab. 1). Heavy and dashed lines represents the best fits with
the Couchman and Jesser and Thomson law (Rels. (3a, c)).
Above the dimension d** crystallization is not observed.

It must be noted that the Thomson law has never been
verified for very small systems, d < d**, (d** ~ 2 nm), for
the simple reason that water (and others solvents) in these
systems do not crystallize. For this critical dimension, d**,
the corresponding melting temperature 7, ~ —25 °C
(t¥* = 0.07) is much higher than the glass temperature of
the bulk water T, = —135 °C, (t, = 1-T, /T2 = 0.5). One
concludes that the viscosity of water at ¢}* in these small
pores is much higher than in bulk water. This corroborates
the NMR results, the radius d**/2 of the critical pore is
about twice the non crystallizable interface thickness h
measured by NMR. For kinetics reason when T' < T*
any crystallite can not nucleate and grow in a reasonable
time in pore of dimension d < d**, the supercooled liquid
being frozen

2.2.2 Melting enthalpy

In Figure 6 one gives the melting enthalpy of water (per
gram of total absorbed water) as function of the reduced
melting depression temperature t,, for the three families
of porous glass studied in this work and from the works
of Handa et al. [5] and Brun [1]. The important point to
note is that the measured enthalpy AH,,(t,,) (per gram
of total water) can be put on the linear form with the
reduced temperature t,,

AH,, = AH), (1—£); tr = 0.11. (4)

tn
In the domain ¢} < t, < tj, crystallization is not ob-
served. AH?, = 334 J/g is the melting enthalpy of ice
of infinite size at 70, = 273 K. The extrapolated tem-
perature depression t¥, = 0.11, (T,, = —30 °C) would
correspond to a pore dimension d* = 1.5 nm (or 2 nm) if
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Fig. 6. Melting enthalpy AH,, of water per gram of total
amount of water in porous glass as function of the reduced
melting temperature t,,,. The dashed line gives the Kauzmann
variation of AH,, per gram of crystallizing bulk water (see
Fig. 1). Continuous line gives the best fit with relation (8) and
leads to a fractal exponent D = 1.4 of the porous structure
(see text). Arrows define the critical melting temperature de-
pressions t;, and ¢y .

equations (3a, b) (with h = 0.6 nm) apply. This new em-
pirical law is also observed for other solvents as discussed
below. The origin of the extrapolated temperature ¢, is
puzzling.

In conclusion NMR and DSC measurements give the
same information, the larger pore size d (measured by
DSC) in which water cannot crystallize is equal to 2k (or of
the same magnitude), twice the thickness of the non crys-
talline interface layer (measured by NMR). To our opinion
the experimental data can fit with the same accuracy the
two Thomson laws, which rely on an important assump-
tion: the interface layer thickness & is independent on the
confinement dimension d. One must wonder if the presence
of the non crystalline interface layer is the only reason of
the variation of the melting enthalpy per gram of total
water with the reduced temperature of melting, and what
is the influence of the pore size distribution.

Origin of the variation of AH,, with t,, and d

There are mainly two reasons for having a lower melting
enthalpy of water in porous systems than in the bulk:

— The existence of a non-crystalline fraction of water
(solvent) in pores at the interface ice-SiOo glass, gen-
erally this fraction is not taken into account by the
authors in the calculation of AH,,.

— The decrease of the melting enthalpy when lowering
the melting point, due to the differences in tempera-
ture variations of the heat capacities of the liquid and
crystalline phases.

To take into account the non crystalline part of the sol-
vent, one can estimate the ratio of the total volume of the
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crystallites having a typical size d — 2h and of the pore
with d as diameter in the following way:

V(d—2h)/V(d) = (1 —2h/d)". (5)

D depends on the shape of the pore and range between
2 (for a cylindrical pore) and 3 for a spherical one. For
P123 samples with sharp cylindrical pore size D = 2. The
measured melting enthalpy for a sharp distribution of pore
size is then given by:

D
A, — AHm (T (1 - %)

where AH,,,(T,,) gives the thermodynamic dependence of
the melting enthalpy on temperature, and the second term
gives the correction to take into account the non crys-
talline part of solvent.

In many published works the melting enthalpy of con-
fined crystallites (per gram of crystallizing water) is as-
sumed to be constant AH,,(T,,) = AHY = 334 J/g
or slightly varying with the melting temperature [16],
AH,, = AHY (T,,/T},), with Ty, = 273 K. Since the
pioneer work of Kauzmann [17] one should write AH,, in
the form:

= AH,, (Ty) (1 -

T — T tm
AHp(T) = AH%Toi,TK = AH,, (1 - Q) (7)
m K

with ¢t = (T — Tk)/T?,. The decrease of AH,, with
decreasing temperature is due to the different variation
of the crystal and liquid heat capacities with T'. In most
glass forming materials Tk is about 50 °C to 30 °C be-
low the glass temperature T,. (measured at 1072 Hz).
In many materials the empirical laws Tk ~ T,,/2 and
T ~ Tg+100 °C are observed [56]. At Tk the relaxation
time of the cooperative a motions diverges to infinite, the
comparison between the Kauzmann (Tx) and Vogel (Tp)
temperatures has been given in several reviews (see for
example Ref. [56]). Thus one assumes that the reduced
Kauzmann temperature of water is about tx = 0.4. Be-
tween T, and T, it has been verified that the enthalpy
of the supercooled (and crystallizable) glass verifies equa-
tion (7). Then equation (6) writes:

D
AH,, = AH®, <1 - i—:) (1 - %tm) (8a)

for t,,, < [3/2h, the comparison with the experimental vari-
ations AH,, (tm), equation (4), gives at first order:

11 2h
— = — 4+ D=
ty, ik * B

With the experimental values: ¢}, = 0.11, 8 = 0.15 nm and
tx = 0.4, and D = 2 for cylindrical pores (P123 samples)

one obtains the value h = 0.44 nm which is very near
the value estimated by NMR. Obviously this is a crude

(8b)
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Fig. 7. Reduced melting temperature depression t,, of various organic solvents in porous glass as function of the inverse of the
pore dimension d (see Tab. 2). For benzene (B1) the highest melting temperature depression observed is ¢,; = 0.1 In pores of
dimension smaller than d** = 4 nm crystallization is not observed.

estimation because the Kauzmann temperature of water
deduced from the Vogel and MCT laws are not known
with accuracy and also because the anomaly variation of
the heat capacity observed in bulk water is not taken into
account. From Figure 3 one cannot conclude that the vari-
ations of the NMR relaxation times 77 with temperature
are very different in bulk and confined states, below one
stress that the others solvents which have no anomalous
behavior in the supercooled state present the same effects.

As shown in reference [45], for polydispersed G porous
glasses, one can postulate that the pore size distribu-
tion has the power form P(d) ~ dP~! then by integra-
tion V(d) ~ dP. Applying relation (8) one can determine
the exponent of the power law, the determination of D
is however very imprecise because of the possible errors
on t} (£0.1), tx (£0.1) and on h/F(£0.25). In Figure 6,
one gives however the best fit of relation (8a) with all the
data of the figure corresponding to the different authors;
the characteristics lengths being A = 0.4 nm, § = 0.16 nm
and the reduced Kauzmann temperature tx = 0.5, one ob-
tains D = 1.4 which is not far from the fractal exponent
1.5 to 1.7 deduced from the form of the melting peak ob-
served in the DSC thermogram and by other techniques
on these types of porous glass [53]. The bad correlation
coefficient (R = 0.9) observed in the fit of relation (9a)
impedes any precise conclusion on the form and the dis-
tribution of the pore sizes for these last series of porous
glass.

3 Comparison with other solvents

The described properties of water in confined systems are
not unique, organic solvents and metals also have same

behavior as noted by several authors. In Figures 7 and 8
one gives the variation of ¢, versus 1/d and AH,, versus
t,, for organic solvents in porous glass deduced from vari-
ous data reported in the literature, references are given in
Table 2. The important conclusions are that as for water:

a) the Thomson law is still verified.

b) The enthalpy of melting vary linearly with the relative
melting depression temperatures and extrapolates to
zero for a critical value ¢}, of the melting depression
temperature. This effect has never been noted.

¢) In the domain d* < d < d**, that is to say t** < t,, <
tr,. Crystallization is not observed. The critical dimen-
sion d** is dependent on the nature of the solvent, and
probably on the nature of the pore surface.

For most solvents one has 0.1 < ¢ < 0.2. and
tr¥ ~ 0.8 to 0.3 ¢;,. There are two exceptions: benzene
in compressed Alumina (¢}, = 0.33, ti* = 0.33 ¢})) and
chlorobenzene (¢, = 0.5, t;¥ = 0.24 t¥,) in porous silica.
In those cases the fact that ¢, is about ¢k could indicate,
according to relation (8b), that there is no liquid inter-
face layer (h = 0) between the crystallites and the pore
surfaces. For all solvents the corresponding dimension of
the pores d, below which crystallization would not be ob-
served is about 1.5 to 3 nm. One concludes that the thick-
ness of the non crystalline layer of most of the solvents lies
between 0.6 and 1.5 nm. Mu et al. [4] by DSC on cyclohex-
ane and Gorbatschow et al. [26] by dielectric spectroscopy
arrived to the same conclusion on glycol compounds in
similar silica porous glass. Unfortunately for the others
systems one has no data concerning the thickness h of the
interface layer neither the value of the fractal exponent D,
therefore relation (8) cannot be verified with accuracy.



J. Rault et al.:

150

Melting of ice in porous glass

635

| N2

. *

v t”
e N ¢
00 -\ N “~

%\X -\\\
\’“:t&(.

AH (j/g)

*

%

50

0

—— Cyclohexane (4)
—&— Benzene (1)
— — Cyclohexane (2)
--o--Heptane (2)
- =+- - Naphthalene (2)
¥— Benzene (2)
-—=<= Trans-decaline (2)
--®— Chlorobenzene (2)
—o— (Cis-Decaline (2)

—

CB2

1
0,1

Fig. 8. Melting enthalpy AH,, per gram of total amount of solvent in porous glass as function of the reduced melting temper-

0

ature t,,. The extrapolated values t;, which gives AHm = 0

|
0,2 0,3

are given in Table 2. For Cyclohexane, AH,, extrapolates to 0

for the Kauzmann temperature Tk = 0.5Tp, (t5 = tx). The critical dimension d** below which no crystallization is observed is

indicated for benzene (B1).

Table 2. Critical reduced temperatures of organic solvents confined in porous glasses.

Authors (ref.) Porous Solvents tm Curves in
material Fig. 7 and 8.
Brun (1) Compress Benzene 0.33 B1
Alumina Water 0.09 W1
Jackson et al. (2) Porous silica cis-Decaline 0.14 CD2
treated by trans-Decaline 0.21 TD2
trimethylsilyl Chlorobenzene 0.5 CB2
Naphtalene 0.1 N2
Heptane 0.15 H2
Cyclohexane 0.13 Cy2
Mu et al. (4) Porous silica Cyclohexane 0.14 Cy4
Handa (5) Porous silica Water 0.15 W5
Neffati (12) Porous silica Water 0.12 W12

4 Conclusion

In conclusion one stresses that water and other solvents
confined in porous materials present the same behavior;
this fact suggests that confined water present no (observ-
able) anomalous properties as it has been reported for
the bulk state (more exactly in emulsion droplets of mi-
crons size). From the DSC measurements (Rels. (3, 4)) one
defines the two temperatures ¢t* and ¢;; (and the corre-
sponding pore dimensions d* and d**) characteristic of the

confined liquid. It is important to remark that the extrap-
olated characteristic melting temperature t* (AH,, = 0),
Figures 6 and 8, is of the same order 0. 1to 0.2 for all
the solvent (excepted for Chlorobenzene). Accurate heat
capacity measurements on supercooled and confined lig-
uids are necessary to understand the origin of this tem-
perature, here we have suggested that this temperature
is related to the Kauzmann temperature. For all the sol-
vents the critical pore dimension d** below which crystal-
lization is not observed, is of the order of 2—4 nm, the
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corresponding melting temperature depression being con-
stant, ¢ ~ 0.1 (excepted for chlorobenzene and benzene
t¥* = 0.5 and 0.33).

The dimension d** = 1.5 to 2 nm for water, deduced
from DSC measurements (Rels. (3, 4)) is about twice the
thickness h determined by NMR. Water in pores of di-
mension d* < d < d** do not crystallize not because the
melting enthalpy decreases with T, but because the vis-
cosity is much higher in confined water than in the bulk.
This last technique shows that water (like other solvents)
confined at the interface between the solvent crystallites
and the glass walls has a low mobility, indicating that
the Ty of such interface is higher than that of the bulk
water.

It is important to note that when a crystallite is nucle-
ated and growth in a pore at a temperature T, the liquid
interface between crystallite and pore surface decreases in
thickness and then the mobility of the remaining liquid
decreases (T, increases). The crystallization process stops
when the glass temperature of this layer becomes of the
order of the crystallization temperature T.. (the super-
cooling AT = T,,, — T, is in general of the order of 10 °C
to 20 °C). In polymer and simple liquid films adsorbed on
solid surfaces it is well known that the glass temperature
increases with the confinement dimension, whereas T,, de-
creases; the intersection of the T,,(d) and Ty(d) curves
gives the critical dimension d**. This process is similar
to the so called “T; regulation process” observed in hy-
drophilic polymers [57,58], the effect of confinement being
replaced by the effect of dilution.

In this note one has compared the behavior of water
in silica porous glass having a sharp and a large distribu-
tion of pore size. Assuming that the pore size distribution
verifies the power law, equation (5), one has shown that
one can deduce a fractal exponent D characteristic of the
porous structure if the interface thickness h and then the
melting enthalpy (Eq. (8)) are known. This method is how-
ever less accurate than the method based on the analysis
of the shape of the DSC heat flow curve [53].

We thank Dr. A. Davidson for stimulating discussions and for
providing us the porous glass P123. Also we want to thank R.
Botet for fruitful discussions.
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