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Temperature-dependent total X-ray scattering measurements for water confined

in bioactive glass samples with 5.9 nm pore diameter have been performed.

Based on these experimental data, simulations were carried out using the

Empirical Potential Structure Refinement (EPSR) code, in order to study the

structural organization of the confined water in detail. The results indicate a

non-homogeneous structure for water inside the pore, with three different

structural organizations of water, depending on the distance from the pore

surface: (i) a first layer (4 Å) of interfacial pore water that forms a strong

chemical bond with the substrate, (ii) intermediate pore water forming a second

layer (4–11 Å) on top of the interfacial pore water, (iii) bulk-like pore water in

the centre of the pores. Analysis of the simulated site–site partial pair

distribution function shows that the water–silica (Ow–Si) pair correlations occur

at �3.75 Å. The tetrahedral network of bulk water with oxygen–oxygen (Ow–

Ow) hydrogen-bonded pair correlations at �2.8, �4.1 and �4.5 Å is strongly

distorted for the interfacial pore water while the second neighbour pair

correlations are observed at �4.0 and �4.9 Å. For the interfacial pore water, an

additional Ow–Ow pair correlation appears at �3.3 Å, which is likely caused by

distortions due to the interactions of the water molecules with the silica at the

pore surface.

1. Introduction

A new stage in the development of materials having bio-

medical applications began in 1969, when Professor Larry

Hench discovered the bioactive glasses (Hench et al., 1971).

Using these materials, significant therapeutical progress has

been achieved for bone repair and replacement (Hench &

Wilson, 1984; Hench & Polak, 2002; Izquierdo-Barba et al.,

2008).

The biomedical applications of these bioactive glasses are

mainly due to their high biocompatibility and high reactivity

with the human physiological environment, since the reaction

products obtained from these bioactive glasses and the

physiological fluids lead to the deposition of a layer of crys-

talline bone-like carbonate calcium phosphate (hydroxy-

carbonate apatite, HCA) on their surface shortly after inter-

action (Turdean-Ionescu et al., 2016). Therefore, the glass

bioactivity is usually evaluated by measuring the rate of HCA

formation at the bioactive glass surface on its exposure either

to body fluids in vivo or to a simulated body fluid (SBF) in

vitro.

The glass composition of the first melt-derived bioactive

glass discovered by Hench was 45S5: 46.1% SiO2, 24.4% NaO,

26.9% CaO and 2.6% P2O5, in mol.%. This discovery launched

extensive research in the field of bioactive glasses, producing

various compositions and types that are bioactive (Jones et al.,
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2006). It has been reported that the sol–gel-derived glasses

within the system Na2O–CaO–SiO2 show bioactivity within a

much larger composition range than melt-derived glasses (Li

et al., 1991). For a melt-derived glass, the silica content has to

be less than 60 mol.% for it to have a bioactive property, while

for a sol–gel-derived glass the silica content can be up to

90 mol.% (Li et al., 1991). Since then, sol–gel bioactive glasses

have been studied intensively (Jones, 2013; Salinas & Vallet-

Regı́, 2013; Kaur et al., 2016).

Because these materials are intended to interact with body

fluids, the understanding of the impact of confinement on the

organization and diffusion of physiological fluids encapsulated

in these nanomaterials is crucial for improving their proper-

ties. Given that the physiological fluids are composed mostly

of water, it is of interest to study the structure and properties

of water confined in bioactive glasses as model systems.

The structural and dynamic properties of water confined in

a limited volume can be different from those of the bulk due to

the water–substrate interactions and the geometrical

confinement. Therefore, many studies have been devoted to

understanding the confinement effect of water on its

thermodynamic, dynamic and structural properties, using

different techniques, such as differential scanning calorimetry

(DSC) (Schreiber et al., 2001; Kittaka et al., 2006, 2009), X-ray

diffraction (XRD) (Morishige & Kawano, 1999; Morishige &

Iwasaki, 2003; Morishige et al., 2007), nuclear magnetic reso-

nance (NMR) (Webber et al., 2007; Akporiaye et al., 1994;

Hansen et al., 1995) as well as neutron scattering (Yoshida et

al., 2008; Takahara et al., 1999; Faraone et al., 2004). In parti-

cular, many studies have been focused on the behaviour of

water confined in porous silica (Takamuku et al., 1997; Steytler

et al., 1983; Bellissent-Funel et al., 1993; Bogdan et al., 1998;

Tombari et al., 2005).

Over the past three decades, a wide range of porous

materials with different characteristics with respect to pore

sizes, pore volume and specific surface area has become

available. For example, porous silica with different sizes and

uniform pore shapes such as MCM-41 (Kresge et al., 1992) and

SBA-15 (Zhao et al., 1998) have been developed using various

forms of surfactant micelles, which has led to remarkable

progress in the experimental and theoretical studies of porous

systems (Morishige & Uematsu, 2005; Alba-Simionesco

et al., 2006; Ravikovitch et al., 1995; Ravikovitch & Neimark,

2001).

Among the most salient features found for water confined

in porous silica is the existence of two types of confined water:

freezable and non-freezable pore water (Schreiber et al., 2001;

Rennie & Clifford, 1977; Ishikiriyama & Todoki, 1995;

Schmidt et al., 1995; Hansen et al., 1997). The freezable pore

water has phase transitions (freezing and melting) that occur

at temperatures much lower than for bulk water. It has been

observed that the phase transition temperatures are strongly

related to the pore size, i.e. the smaller the pores, the lower the

temperatures. Furthermore, other studies have demonstrated

that the freezing of the pore water leads to the formation of

cubic ice Ic, instead of hexagonal Ih (Takamuku et al., 1997;

Bellissent-Funel et al., 1993).

Surprisingly, several exothermic peaks have been observed

by DSC measurements and attributed to a non-homogeneous

freezing process for confined water due to the coexistence of

different species of confined water in the narrow pores, which

have different structural organizations depending on water

loading and pore size distribution (Schreiber et al., 2001;

Findenegg et al., 2008). To understand the properties of these

species, one needs an appropriate approach that allows the

structural analysis of the confined water.

Here, we present the detailed structural analysis of confined

water inside a mesoporous bioactive glass. This study is based

on total X-ray scattering data coupled with pair distribution

function (PDF) analysis and on modelling the structure using

the refinement of an empirical potential. Through the study of

the site–site partial pair distribution functions, the pair

correlations along with the structure of the confined water can

be described accurately. These results will be further

compared with the bulk water structure.

2. Materials and methods

2.1. Sample characterization

The microfluidic bioactive glass (hereafter called 92S6) with

5.9 nm pore diameter was prepared according to the proce-

dure previously reported (Bchellaoui et al., 2017). The

synthesis is based on a new microfluidic-assisted sol–gel

method for the fabrication of mesoporous silica microcapsules

with a highly controlled particle size in the micrometre range.

The 92S6 sample has a molar composition of 92% SiO2, 2%

CaO and 6% P2O5 mol.%. The mesoporous organization has

been characterized using the small-angle X-ray scattering

(SAXS) technique and showed a well ordered hexagonal

distribution of cylindrical nanopores in the 92S6 sample (see

Fig. S1 in the supporting information). Bchellaoui and co-

workers (Bchellaoui et al., 2017) have reported the textural

parameters of the sample: pore diameter of 5.9 nm, specific

surface area of 514 m2 g�1 and specific pore volume of

0.76 cm3 g�1.

2.2. Water loading process

First, samples were oven-dried at 473 K for 72 h to remove

all residual water. Second, monitored controlled wetting of the

sample was realized by adding a precisely weighed amount of

water to a known amount of dry sample. The water loading is

defined as the ratio between the added water volume and the

pore volume, % = Vwater/Vpores (hereafter, wetted samples are

called x%92S6, with x the water loading volume ratio). Finally,

wetted samples were stored at room temperature for 72 h

before the measurements were performed in order to ensure a

homogeneous distribution of water inside the pores. Each

sample was sealed in a Kapton capillary with 1 mm diameter.

2.3. Water loading ratios

In order to follow the structural changes induced by the

amount of confined water, samples were prepared with three

different water loadings (30, 60 and 100 vol.%). These ratios
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were chosen based on additional DSC measurements that

have been performed for another research purpose currently

in publication. The results showed that two or more

exothermic peaks appear on the cooling curves depending on

the water loading, while a single large endothermic peak

appears on the heating curves. This indicates the coexistence

of different phases and structural organization of confined

water. For low water content (30 vol.%), the interfacial pore

layer is filled first. On increasing the amount of water

(60 vol.%), additional layers cover the interfacial adsorbed

water. These new layers form the ‘intermediate’ pore water

and exhibit different thermodynamic properties. On over-

loading with high water content (100 vol.%), bulk-like water

thermodynamic properties are observed. Therefore, based on

these results, the same loading ratios were chosen for further

structural investigation.

2.4. Total X-ray scattering

Total X-ray scattering measurements were performed on

the CRISTAL beamline at the SOLEIL synchrotron facility

and on the ID31 beamline at the ESRF, using monochromatic

radiation with energies E = 28.3988 keV (� = 0.43696 Å) and

E = 68.5 keV (� = 0.18099 Å), respectively. These data were

collected at different temperatures ranging from 293 to 200 K.

Fig. 1 shows the raw scattering data for water confined in 92S6

with three different water loadings at different temperatures.

The obtained results are in agreement with other studies

reported in the literature for supercooled confined water

(Soper, 2008, 2012, 2013).

Stefanutti et al. (2019) studied the state of supercooled

water confined in MCM-41 using neutron scattering. They

have shown the coexistence of freezable pore water with a

layer of non-freezable pore water by analysing the change in

the Bragg peak intensities. As shown in Fig. 1, for the three

water loadings, when decreasing the temperature to 253 K, no

significant change appears in the scattering intensity, showing

that the added amount of water is totally confined. On the

other hand, after cooling the samples to 200 K, the intensity of

the main peak at 1.6 Å�1 increases in both 30% and 60%92S6

samples, accompanied by the appearance of two peaks with

low intensity at 2.8 and 3.28 Å�1, suggesting the crystallization

or the solidification of some of the confined water. The

100%92S6 sample presents some interesting features

compared with the other water loadings. Aside from the

intensity increase of the main peak around Q = 1.7 Å�1, on

cooling the sample to 200 K, the scattered intensity shows the

appearance of narrow and sharp peaks at 1.61 and 1.71 Å�1,

with a weaker-intensity shoulder at 1.82 Å�1 (see the inset of

Fig. 1). Moreover, three more narrow peaks appear at 2.8, 3.02

and 3.28 Å�1, characteristic of crystalline water. These peaks

have already been observed in a neutron diffraction study of

water confined in a nanoporous silica matrix MCM-41

(Kamitakahara et al., 2012). Since it has been shown that the

excess pore water crystallizes at temperatures around 260 K

(Findenegg et al., 2008), the appearance of these peaks reveals

the crystallization of a significant fraction of confined water.

The scattered intensity of the wetted 92S6 samples contains

the information on SiO2–SiO2, H2O–H2O and H2O–SiO2

pairs, whereas the intensity of the dry sample contains only the

information on the SiO2–SiO2 pairs. Therefore, the contribu-

tion of water is obtained by subtracting the intensity of the dry

sample from that of the wet sample (Hsieh et al., 2013):

I ¼ IWet sample � IDry sample ¼ IH2O�H2O þ IH2O�SiO2
:

The obtained data were corrected for absorption, polarization

and multiple scattering using the program PDFgetX2 (Qiu et

al., 2004).

The total scattering structure function S(Q) of the sample

was obtained by normalizing the measured scattering intensity

by the average scattering factor over all atoms and the total

number of scattering centres in the sample. The PDF G(r) was

then obtained by the sine Fourier transform of the reduced

total scattering factor FðQÞ ¼ Q½SðQÞ � 1� (Proffen et al.,

2003),

GðrÞ ¼
2

�

Z1
0

Q SðQÞ � 1½ � sin Qrð Þ dQ:

In order to calculate the experimental PDF, data were inte-

grated and truncated at a finite maximum value of Qmax =

15.5 Å�1 beyond which the signal-to-noise ratio became

unfavourable.

2.5. EPSR simulation

The local description of interatomic pair correlations can be

achieved using the Empirical Potential Structure Refinement

(EPSR) code (Soper, 1996, 2001), which is a Monte Carlo
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Figure 1
Raw scattering intensity I(Q) for confined water with: 30%92S6
(bottom), 60%92S6 (middle), 100%92S6 (top). For each sample, three
temperatures are presented: 290, 253, 200 K. The inset shows positions of
the main peaks around Q = 1.7 Å�1. The scattering curves for 253 and
200 K are shifted vertically with respect to the scattering curve at ambient
temperature for clarity.



algorithm in which pair potentials are empirically refined

against the experimental X-ray scattering data. Mancinelli and

co-workers (Mancinelli et al., 2009) studied the structural

properties of water confined in MCM-41 using such a multi-

scale approach with the EPSR software. They mentioned that

every sample might exhibit quite distinct characteristics

depending on the synthesis procedure. Therefore, an appro-

priate simulation box has to be built for each sample according

to its components.

Bchellaoui et al. (2017) studied the characteristics of 92S6

and showed that the massless pores occupy a specific volume:

Vpores = 0.76 cm3 g�1. So, 1 g of silica corresponds to a volume

of VSiO2 = 1/�SiO2 = 0.45 cm3 g�1, where �SiO2 = 2.2 g cm�3 is

the mass density of the silica without considering the pores

(local density). Thus, the global volume occupied by silica and

pores should be: VSiO2 + Vpores = 1.21 cm3 g�1. This volume

correlates with an average density of �grain = 1/1.21 =

0.826 g cm�3.

So, one should consider two distinct densities for the

sample: the local density and the average density, depending

on whether the pore volume is considered or not. In our

model, the local density �l = 2.2 g cm�3 was used for the

calculation of the number of atoms to insert in the simulation

box. This density corresponds to 0.0662 atoms Å�3.

Confined water has a density of 0.086 atoms Å�3 compared

with 0.1 atoms Å�3 for bulk water (Mancinelli et al., 2009).

The model consists of building a cuboid box of height h with

a single centred cylindrical pore of radius r inside. The size of

the box was obtained by calculating the matrix/pore volume

ratio as follows using the experimental local density and pore

volume (Mancinelli et al., 2009):

Vbox=Vpores ¼ ½ð1=�1Þ þ Vpores�=Vpores ¼ L2=�r2

where, in the simulation box, Vtotal = Vbox = L2h, and Vpores =

�r2h.

In the sample, Vtotal = (1/�l) + Vpores and Vpores =

0.76 cm3 g�1.

Using these equations, one calculates the size of the simu-

lation box, L:

L ¼ rð�f1þ ½1=ð�1VporesÞ�gÞ
1=2:

For r = 28 Å, �l = 2.2 g cm�3 and Vpores = 0.76 cm3 g�1, one

obtains a box size value of L = 63 Å. The height of the box, h,

was chosen to be 42 Å.

2.5.1. Dry sample modelling. In order to build the simula-

tion box, we proceeded in the following steps. Firstly, Si and O

atoms were filled in the cuboid box according to the local

density. Secondly, a cylinder with a specific radius was drilled

in the middle of the box by removing the atoms lying within a

distance r from the z axis. The radius was chosen based on the

92S6 pore diameter. We further defined silanol groups, Ca and

P at the surface of the pores. The presence of silanol groups at

the surface gives the sample its hydrophilic character. The

92S6 pore size distribution was calculated from adsorption

isotherms and presents a maximum at a pore diameter of

5.9 nm (Bchellaoui et al., 2017). Thirdly, the internal pore

surface was decorated by silanol groups, Ca and P (see Fig. 2

top). Note that the insertion of Ca, P and OH groups in the

inner surface of the pores provides reliable results compared

with the experimental data, as can be seen from the compar-

ison of the corresponding PDFs (see Fig. 2 bottom). Taking

into account the contributions of OH groups, Ca and P

significantly improves the agreement between the experi-

mental and simulated PDFs.

It is well known that the existence of calcium and

phosphorus in bioactive glasses has a positive effect on the

bioactivity. Calcium is a so-called modifier cation, which

influences the silicate network by replacing Si—O—Si bonds

with Si—nbO (nbO: nonbridging oxygen) (Tilocca, 2009), and

as a consequence ionic bonds between nbO atoms and calcium

cations Ca2+ will form. These bonds are crucial for the glass

stability and the charge neutrality of the system. On the other

hand, phosphorus forms Si—O—P bonds. It has been shown

that, in sol–gel glasses, phosphorus slows down the initial

reactivity, but accelerates the HCA formation rate (Salinas et

al., 2002). Other studies show that phosphorus has two

opposite side effects on the bioactivity depending on the P2O5

fractions. They demonstrate that the positive effect prevails

for low P2O5 fractions (<10%) by improving the bioactivity,

while a substantial fraction of P2O5 has a negative effect by

reducing the bioactivity (Tilocca et al., 2007). This fact has
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Figure 2
Top: snapshots representing the silica structure before and after
decorating the pore with OH groups, Ca and P. Bottom: total PDF,
G(r), for the dry 92S6 sample. In black: the experimental PDF. In red: the
simulated PDF without taking into account the OH groups, Ca and P. In
blue: the simulated PDF with the OH groups, Ca and P.



been explained by Lusvardi et al. (2008) who postulated that

the formation of Si—O—P links removes the Ca and Na from

the silicate network of bioactive glasses.

The coordination number of silicon atoms within 0.9 Å of

the pore surface was calculated. Any silicon atom with a

coordination number equal to three was termed Sil, and an

OH group was added at a distance of 1.6 Å. Then, the coor-

dination number of oxygen atoms within 0.9 Å of the pore

surface was calculated. Any oxygen atom with a coordination

number equal to two was termed ‘bridging oxygen’ (bO). If

the coordination number of oxygen atoms was one, the atom

was termed nbO. The number of nbO atoms within 0.9 Å of

the pore surface was calculated; then, a part of these atoms

was bonded to a phosphorus atom and the remaining nbO

atoms were saturated by including calcium cations Ca2+. The

ratios of Ca and P were chosen based on the sample compo-

sition.

Finally, the pore radius was modified until a best fit with the

experimental data was obtained. This resulted in a pore radius

of 28 Å. The final atomic composition for the simulation box is

reported in Table 1.

2.5.2. Setting the reference potential. At this stage, the

Monte Carlo routine with a reference interaction potential

between atomic sites will be running. The starting point in an

EPSR simulation is to define the reference potential para-

meters of each component of the structure.

The reference potential is based on a Lennard-Jones 12–6

potential plus effective Coulomb charges (Bowron, 2008):

U�� rij

� �
¼ 4���

���
rij

� �12

�
���
rij

� �6
" #

þ
q�q�

4��0rij

where rij is the distance between atoms i and j; q� and q� are

the charges of atoms � and �, respectively.

When the types of the two atoms are different (� and �), the

well depth parameter ��� (in EPSR measured in kJ mol�1) and

the range parameter ��� (in EPSR measured in Å) are given

by the usual Lorentz–Berthelot mixing rules (Allen &

Tildesley, 1987) in terms of their values for the individual

atoms:

��� ¼ ����
� �1=2

; ��� ¼
1

2
�� þ ��
� �

:

The reference potential parameters and the charges used in

our simulation are listed in Table 2. For silica, silanol groups

and confined water, � and � values were chosen based on

existing values in the literature (Mancinelli et al., 2009;

Thompson et al., 2007).

The Lennard-Jones (LJ) potential parameters for Ca were

chosen based on a previous study for building a Monte Carlo

model for glasses (Bowron, 2014). In addition, the LJ potential

parameters for P were taken from a molecular dynamics

simulation study based on the structural analysis of binary

phosphate glass with high calcium content (Karakassides et al.,

2004).

2.5.3. Wetted samples modelling. After reaching a good fit

to the experimental data for the dry sample, wetted samples

were modelled by confining an appropriate number of water

molecules inside the pores. Based on the experimental

measurements, three samples with three water loadings,

30%92S6, 60%92S6 and 100%92S6, were modelled. The

number of water molecules was calculated according to the

volume ratio between confined water and the pore. An

accurate analysis of the confined water defined by a cylindrical

layers’ description was required for studying the three

different water loadings. This analysis consists of decomposing

the confined water in three cylindrical areas.

For 30%92S6, a cylindrical layer with 4 Å thickness from

the pore wall filled by water molecules was introduced inside

the pore. The confined water density used is 0.086 atoms Å�3.

For modelling 60%92S6, the number of water molecules was

duplicated by maintaining constant density. In consequence,

the existing water molecules from the first layer were

surrounded by a second cylindrical layer with 7 Å thickness.

Finally, for 100%92S6, the pore was completely filled with

water molecules by adding a cylinder of water molecules in the

residual empty space inside the pore (see Fig. 3).

Once the box is built, it will be equilibrated in a config-

uration of minimum energy by running the Monte Carlo

routine with the reference interaction potential. When getting

the minimum energy, EPSR starts refining the potential and

the configuration against experimental data.
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Table 1
Atomic composition used in the simulation box.

Component Si bO Sil nbO H Ca P

Number 1280 2721 103 185 103 21 60

Table 2
Lennard-Jones potential parameters and charges used for 92S6 and
confined water.

Atom type � (kJ mol�1) � (Å) Charge (e)

Si 0.80 0.76 4
bO 0.65 3.69 �2
Sil 0.80 0.76 4
nbO 0.65 3.69 �2
H 0.0 0.0 1
P 0.51 2.15 2.25
Ca 0.175 2.63 2
Ow 0.65 3.166 �0.8476
Hw 0.00 0.00 0.4238

Figure 3
Snapshots representing the simulated structure for the different species
of confined water. Left: interfacial pore water; middle: intermediate pore
water; right: centred pore water. Oxygen atoms were removed from the
silica for clarity.



3. Results and discussion

3.1. Experimental results: total X-ray scattering

3.1.1. Room-temperature PDF. Fig. 4 shows the differential

PDFs (d-PDFs) of water confined in 30%92S6, 60%92S6 and

100%92S6. For comparison, the PDF of bulk water is shown,

which exhibits two main peaks at 2.8 and 4.5 Å corresponding

to the distances of the first and second Ow–Ow neighbours,

respectively. The peak at 4.5 Å is broad with indication of an

additional peak around 4.1 Å. These results are in agreement

with the literature, describing the tetrahedral-like bulk-water

local structure with characteristic distances at 2.85, 4.1 and

4.6 Å (Smirnov et al., 2000; Yamanaka et al., 1994).

As can be seen in Fig. 4, the distances to the first neighbours

are not affected by confinement. The first maximum at 2.8 Å

appears on all d-PDFs, independent of the amount of water

loading, but it is wider for 30%92S6. This feature has already

been observed for water confined in mesoporous MCM-41

silica, where it was shown that for low water contents, the

distance distribution between the first neighbours becomes

very broad compared with higher water contents (Smirnov et

al., 2000). This finding was explained by the presence of

interactions between the interfacial pore water and the silica

at the surface of the pore. Moreover, the ratio of the inter-

facial pore water to the internal pore water is higher for

30%92S6 than for 60%92S6 and 100%92S6.

The structure of water in 30%92S6 exhibits significant

differences with respect to the bulk structure. The first

neighbours are localized at 2.8 Å as in bulk water, but the

second neighbours are distributed on two sites at 4 and 4.9 Å

compared with bulk water in which a single peak at 4.5 Å is

found. These findings give evidence for the distortion of the

tetrahedral-like hydrogen-bonded network for low water

loading, either due to the effective change of the geometrical

structure of confined water and/or due to the interactions with

the silica. Similar findings were reported by Soper and co-

workers (Bruni et al., 1998), who studied the PDF for water

confined in Vycor, for which they found a pair correlation at

4 Å between oxygen atoms which becomes more pronounced

at low water loadings. Fouzri et al. (2002) also studied the pair

correlation function of the confined water in silica gel wetted

at 20 wt%, and their d-PDFs are in very good agreement with

the d-PDF of 30%92S6.

For water in 60%92S6, the second neighbours are localized

at 4.5 Å accompanied by a shoulder at 4.9 Å. The peak at

4.5 Å is narrower than for bulk water. These results suggest

that the tetrahedral-like water structure is present in this

sample and it is less distorted than in 30%92S6. Increasing the

water loading to 100%, the d-PDF shows the second neigh-

bours at the same distances compared with the bulk water at

4.5 Å, but again this peak is narrower than for bulk water.

XRD data for water confined in silica gel were collected at

room temperature for different water loading by Fouzri and

co-workers (Fouzri et al., 2001). Our observations are fully

consistent with their results, where they have shown that for

low water loading, the second neighbours of the confined

water are distributed on two sites, 3.9 and 4.8 Å. Moreover,

when the water loading is increased to 50 wt%, the second

neighbours were found at 4.5 Å. Smirnov and co-workers

(Smirnov et al., 2000) have also performed X-ray scattering

measurements for water confined in MCM-41 samples with

different pore diameters, C10 (d = 21 Å) and C14 (d = 28 Å).

The X-ray PDF for the C14 capillary condensed water shows

three main peaks at 2.84, 4.08 and 4.85 Å. In comparison with

our results, this d-PDF is very similar to the d-PDF of the

sample with low water loading. This fact might be explained by

the pore size difference between our sample and C14 in which

the water layer grows axially in the direction of the pore axis,

whereas for samples such as ours, it grows radially towards the

pore centre (Grünberg et al., 2004). These results indicate that

by decreasing the amount of confined water, its structure

becomes more distorted, most probably due to the dominance

of the silica-bonded water compared with the free pore water.

Two additional pair correlations, localized at �3.3 and

�3.75 Å, appear on the d-PDF of the confined water. The

d-PDFs show that the position of the peak at �3.3 Å changes

with the water loading (3.2 Å for 30%92S6, 3.4 Å for 60%92S6

and 100%92S6). This difference may be explained by the fact

that the structuring of the different layers of water can be

affected by the amount of water loading. Indeed, it is well

established that, as the degree of confinement is increased to

prevent freezing, the water becomes progressively less bulk-

like, and water–substrate interactions start to influence both

the structure dynamics and thermodynamic properties. Thus,

the structure of water in the pores is correlated to the number

of the water layers within the silica nanopores. In the case of

30% 92S6, most of the loaded water is directly interacting with

the silica pore walls and thus forms a layer with a thickness of

�4 Å. This layer is considered as non-freezable pore water

and has a distorted structure. However, the situation is

different in the case of 60% 92S6 and 100% 92S6. The inter-

facial layer is covered by other layers which generates addi-

tional Ow–Ow interactions that certainly influence the

structural organization of the first interfacial layer. Similar
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Figure 4
Differential X-ray pair distribution functions, d-PDFs, of water confined
in 30%92S6, 60%92S6 and 100%92S6 compared with that of bulk water
at 290 K. Vertical lines indicate positions at 2.8 and 4.5 Å.



correlation has been observed in the literature at different

distances depending on the water loading and the pore

diameter of the measured material. Smirnov et al. (2000)

showed that confined water in MCM-41 presents a pair

correlation at a distance of 3.3 Å, which was attributed to the

so-called non-hydrogen-bonded water. Yamanaka et al. (1994)

studied the d-PDF of water at different temperatures. They

found that the tetrahedral-like network for water molecules is

characterized by hydrogen-bonded water with pair correla-

tions at 2.85, 4.1 and 4.6 Å, and an additional pair correlation

at 3.4 Å, which was attributed to Ow–Ow distances between

non-hydrogen-bonded water molecules.

The peak at 3.75 Å is located at the same distance for all

water loadings. Smirnov et al. found a pair correlation at 3.8 Å

for water confined in mesoporous MCM-41; this peak was

attributed to the Ow–Si pair correlations between the inter-

facial pore water and the silica at the pore surface (Smirnov et

al., 2000). These pair correlations have been neglected by

some authors (Bellissent-Funel et al., 1993, 1996), while other

authors (Soper et al., 1998) claim that they should not be

neglected. According to these latter studies, this distance

might designate the Ow–Si pair correlations between confined

water and the hydroxylated silica at the pore wall.

3.1.2. Variable-temperature PDF. In order to affirm the

attribution of these peaks, we investigated them by studying

the structure as a function of temperature using total X-ray

scattering coupled to PDF analysis. Fig. 5 shows the d-PDFs of

water in 100%92S6 (top) and 60%92S6 (middle), at 290, 253,

243, 233 and 200 K. The d-PDFs of water in 30%92S6

(bottom) are also shown at 290, 253 and 200 K.

For water in 60%92S6 and 100%92S6, the d-PDF diagrams

show that, with decreasing temperature, the peak intensities of

the first and second neighbours’ pair correlations at 2.8 and

4.5 Å increase, accompanied by a shift of the first neighbours

to shorter distances, 2.71 Å. This finding has been observed by

Smirnov et al. (2000) for water confined in MCM-41. The peak

at 3.75 Å is not strongly affected by the temperature, as shown

in Fig. 5. In contrast, the peak intensity at 3.4 Å decreases

gradually with decreasing temperature. At 200 K, this peak

disappears completely, indicating that non-hydrogen-bonded

water diminishes with decreasing temperature, converting into

hydrogen-bonded water.

For water in 30%92S6, the intensities of the d-PDF peaks

exhibit fewer changes with temperature compared with the 60

and 100% loading samples. This observation is consistent with

previous studies (Findenegg et al., 2008; Schreiber et al., 2001;

Rennie & Clifford, 1977), where it was reported that the first

two monolayers of the confined water with a thickness of

3–5 Å around the pore wall are ascribed as non-freezable pore

water. It has been reported from a neutron diffraction study

that a strong correlation between water molecules and

hydroxyl groups exists in the pore surface vicinity (Takamuku

et al., 1997). Soper (2013, 2012) has shown that the water

confined in MCM-41 adopts almost a low-density form (LDW)

even in the core region of the nanopore, and that on cooling to

210 K, the confined water has a more tetrahedral order in the

liquid compared with bulk water.

At low temperature, 200 K, the first peak on the d-PDF of

30%92S6 exhibits a shoulder at 3.2 Å, indicative of an

important interaction between the interfacial confined water

and the silica pore walls, leading to a structural distortion in

the tetrahedral-like water network. In a molecular dynamics
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Figure 5
Variable-temperature differential X-ray pair distribution functions,
d-PDFs, of water confined in: 100%92S6 (top), 60%92S6 (middle),
30%92S6 (bottom). Vertical lines indicate positions at 2.8 and 4.5 Å.



simulation study, Lee & Rossky (1994) showed that a decrease

in the Ow–Ow pair correlations is observed near the hydroxyl

group at the pore surface. It was also mentioned that such a

decrease is compensated by the interactions between the pore

surface and the interfacial water. Since the freezing properties

of confined water change with increasing water loading, this

pair correlation might serve as an indicator of the non-freezing

water structure.

The total X-ray scattering measurements and the derived

d-PDFs clearly indicate the existence of different structural

organizations of confined water in the pores of bioactive

glasses and that this structural organization depends strongly

on the amount of water loading. Moreover, the closer the

water molecules are to the pore surface, the more distorted is

the structure of the network.

3.2. EPSR results

In order to gain more insight into these structural defor-

mations and to propose a structural model explaining the main

observations for the water confined in 92S6, we present in the

following results that we obtained using the EPSR code, which

allow for refinement against the experimental data (see

Section 2.4). In particular, we will analyse the site–site partial

PDF of the different structural organizations of confined

water.

3.2.1. Model versus experiment. In order to calculate the

PDF of bulk water and compare it with the experimental PDF,

a cubic box filled with water molecules was created. Bulk

water has a density of 0.1 atom Å�3, higher than that of

confined water. Experimental and calculated PDFs for bulk

water are shown in Fig. 6.

The simulated PDF is in good agreement with the experi-

mental one. Three main peaks appear at 2.8, 4.5 and 6.9 Å

corresponding to the Ow–Ow first, second and third neigh-

bours, respectively.

Fig. 7 shows the comparison between the simulated and the

measured F(Q) and G(r) of the studied samples. One can

observe a good agreement between the simulated and the

experimental results. The G(r) shows that the Si–O and the O–

O pair correlations, typical of amorphous silica, are located at

1.6 and 2.6 Å, respectively. Moreover, the EPSR fitted to the

reduced structure factor of the experimental data F(Q)

reproduces the different peak amplitudes reasonably well,

albeit with some discrepancies. Soper (2013) has clarified the

sensitivity of such an EPSR method for fitting the experi-

mental data, and mentioned that models within EPSR assume

a perfect sample without any deformation and deficiency while

significant defects are present in the real material, which could

be responsible for such discrepancies in the fit to the data.

Furthermore, in order to enable a detailed comparison

between experiment and simulation with respect to the

structural signatures of the confined water, the simulated

d-PDFs have been calculated following the same procedure

used for the experimental d-PDFs. Fig. 8 shows the obtained

results for the three modelled water loadings, 30%92S6,

60%92S6, and 100%92S6. We observed that the simulated

d-PDFs are in good agreement with the experimental d-PDFs

(compare Fig. 8 and Fig. 4). Indeed, the pair correlations are
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Figure 6
Total PDF for bulk water: experimental (black) versus simulated with
EPSR (red). Vertical lines indicate positions at 2.8 and 4.5 Å.

Figure 7
EPSR fit to the data for the dry and hydrated 92S6 sample. Top: reduced
total structure factor F(Q); bottom: total PDF G(r). Experimental (black
line) versus simulated with EPSR (dashed red line).



found at the same distances in the simulated and the experi-

mental d-PDFs. These results indicate the reliability of the

model we used in this study. Therefore, one can proceed to the

calculation and the analysis of the site–site partial PDF, which

allows for a detailed interpretation of the relevant pair

correlations in the studied materials.

3.2.2. Cross-correlation terms. EPSR provides the distri-

bution between any pairs of atoms. Therefore, it allows the

calculation of the partial PDF between the confined water and

the silica gel. The results obtained for the 92S6 with the three

water loadings are shown in Fig. 9. For all the samples, the Ow–

Si pair correlation occurs at �3.75 Å, indicating that adding

the second and the third layers does not affect significantly the

water–substrate interactions.

The experimental d-PDF of the confined water (see Fig. 4)

exhibits an additional peak at 3.75 Å compared with the bulk

water, independent from the amount of water loading. Thus,

our simulation gives strong evidence that the pair correlation

between the water molecules and the silica at the pore wall

contributes to this peak.

3.2.3. Ow–Ow partial PDF. In the following, we concentrate

on the analysis of the pair correlation between confined water

molecules. Fig. 10 shows the Ow–Ow partial PDFs of confined

water with different water loadings obtained from our simu-

lations.

For all water loadings, water confined in the first cylindrical

area (hereafter called interfacial pore water) exhibits the same

Ow–Ow partial PDF. It shows peaks in good agreement with

the experimental d-PDF for 30%92S6. First neighbours are

localized at 2.8 Å as bulk water, while second neighbours are

affected by the distortion of the network, and are distributed

on two sites localized at 4.1 and 4.9 Å. A less intense peak

appears at 3.3 Å, which was attributed by some authors

(Smirnov et al., 2000; Yamanaka et al., 1994) to the non-

hydrogen-bonded water–water pair correlations.

For 60%92S6 and 100%92S6, Ow–Ow partial PDFs of water

in the second regions (hereafter called intermediate pore

water) present the same characteristics. Unlike the interfacial

pore water, two peaks for the second neighbours appear at

3.65 and 4.5 Å, while the additional peak at 3.3 Å found in

interfacial pore water disappears from the Ow–Ow partial PDF

of intermediate pore water. This result shows that the corre-

lation at 3.75 Å found in the experimental d-PDF (see Fig. 4)

may contain a contribution of the Ow–Ow pair correlation

along with the Ow–Si pair correlation. A molecular dynamics

simulation of water confined in cylindrical SiO2 pores was

studied by Rovere and co-workers (Rovere et al., 1998). They

have shown that interactions between water and substrate

atoms lead to the distortion of the hydrogen-bonded network.

This finding is in agreement with our results, as the tetrahedral

hydrogen-bonded network is less distorted in the intermediate

pore water compared with the interfacial pore water, where a

strong interaction exists between water and hydroxylated

silica surfaces.

The 100%92S6 holds a cylindrical region filled with water

molecules at the centre of the pore (hereafter called centred

pore water). Confined water in this region shows an Ow–Ow

partial PDF close to that of bulk water. Two main peaks

appear at 2.8 and 4.5 Å without any sign of distortion.

Mancinelli and co-workers (Mancinelli et al., 2009) studied the

partial PDF for water confined in MCM-41 using EPSR. They

have shown that the structure of the interfacial water mol-

ecules is strongly distorted compared with the centred pore

water and bulk water. Our investigations clearly show that

confined water has a non-homogeneous structure with three

different structural organizations depending on the distance

from the pore wall and on the water loadings. The longer the

distance is between water molecules and the pore wall, the

weaker the water–silica interaction, resulting in a structure

close to that of bulk water.

4. Conclusions

The performed temperature-dependent total X-ray scattering

measurements coupled to PDF analysis have revealed the
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Figure 8
Differential pair distribution functions, d-PDFs, of water confined in 92S6
with the three water loadings (30%, 60%, 100%) calculated from the sine
Fourier transform of the subtracted structure factor between dry and wet
modelled samples. Vertical lines indicate positions at 2.8 and 4.5 Å.

Figure 9
Ow–Si partial PDFs as calculated by EPSR for 30%92S6, 60%92S6,
100%92S6. The vertical line indicates the position at 3.75 Å.



significant pair correlations of water molecules confined in the

bioactive glass 92S6 for three samples with a different amount

of water loading. EPSR simulations for all samples with

respect to the experimental measurements allowed for the

interpretation of the observations, especially via the analysis

of the partial PDFs. In summary, the structure of the confined

water can be described using three configurations, depending

on the distance to the pore surface. In the first layer of about

4 Å of so-called interfacial pore water, strong chemical bonds

with the silica at the pore wall are formed, resulting in a

distorted tetrahedral-like hydrogen-bonded network, char-

acterized by Ow–Ow second neighbour pair correlations at

�4.1 and �4.9 Å, as well as a further Ow–Ow pair correlation

at 3.2 Å due to so-called non-hydrogen-bonded water. The

Ow–Si pair correlation is found at 3.75 Å. In the second layer

between 4 and 11 Å, named intermediate pore water, the

structure is less distorted. The Ow–Ow second neighbour pair

correlations are found at 4.5 Å like in bulk water. However,

the presence of a further Ow–Ow pair correlation at 3.65 Å

identified in the simulation indicates that the structure in this

layer is still slightly distorted. The third layer with distances

>11 Å from the pore wall corresponds to the water in the

centre of the pore. Here, the Ow–Ow pair correlations are the

same as those in bulk water. Finally, we note that the pair

correlation at �3.3 Å (so-called non-hydrogen-bonded water)

that appears on the d-PDFs of 60%92S6 and 100%92S6 at

room temperature disappears when lowering the temperature

to 200 K. We note that this pair correlation is found at 3.2 Å in

the sample with the lowest water loading, 30%92S6, and that it

shows a weaker temperature dependence. This suggests that

near the pore surface, the presence of the water–hydroxylated

silica pair correlation might enable the persistence of non-

hydrogen-bonded water and also prevent ice formation.
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