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ABSTRACT:

The emergence of a new generation of nanostructured materials opened a wide range
of new potential applications for Bioglasses such as DNA vaccination, cellular treatment or
drug delivery with a well-controlled loading and release of (bio)active molecules. In this
study we compare structural, dynamic and thermal properties of water confined in two
Ca0—-Si02—P205 mesoporous bioactive glasses (MBGs). One of the MBGs is prepared by
standard sol-gel methods and the other by microfluidic procedures, therefore both MBGs
have the same molar compositions (92% SiO2, 6% CaO, and 2% P>0s) but different textural
properties (surface areas, porous volume and grain architecture). These materials are intended
to interact with body fluids which are essentially composed of water, it is therefore crucial to

understand the water-MBG interaction. With this objective, we apply a complementary



approach based on 'H field-cycling NMR relaxometry, 'H magic-angle spinning NMR
spectroscopy and differential scanning calorimetry (DSC). With low-field relaxometry we
observe that adsorbed water has the same behavior in the mesoporous channels of both
systems, but that the escaping of water molecules towards the bulk is slightly faster in the
microfluidic material. By combining '"H MAS NMR and DSC to study a series of MBG
samples at variable temperature and water content, we observe that for low temperature and
low water content, pooling of water molecules is less pronounced in the case of the
microfluidic MBG. All our results therefore point towards a microcapsule organization of

the microfluidic MBG that provides better water access to the full porous volume.

KEYWORDS: 'H MAS NMR, 'H field-cycling NMR relaxometry, DSC, mesoporous

bioactive glasses, nanoconfined water



1. INTRODUCTION:

Since their discovery, bioactive glasses (BGs) have been used as bone-tissue
regeneration systems'. In the last decade, the emergence of a new generation of
nanostructured materials named mesoporous bioactive glasses (MBGs) opened a wide range
of new potential applications for BGs such as drug and gene deliveries?, DNA vaccination or
cellular treatment. When exposed to body fluids CaO—SiO2—P20s MBGs develop a bone-
bonding surface layer that initially consists of amorphous calcium phosphate (ACP), which
transforms into hydroxy-carbonate apatite (HCA) with a very similar composition to
bone/teeth mineral®. These materials are characterized by a high bioactivity response (i.e.
faster formation of HCA layers) due to the incorporation of Ca and P atoms in the SiO2
network®>. These materials are intended to interact with body fluids which are essentially
composed of water. Hence, it is of great importance to study and understand the dynamic of
confined water in the MBGs.

In the vicinity of the mesoporous materials confining surface, the structural and
dynamical properties of confined water change as compared to bulk water. Since confinement
in narrow pores also affects the structural and dynamical properties of water, it has also
consequences on the phase transitions. In particular there is a strong decrease in the freezing
temperature of water in confinement, the melting temperature being lowered by more than
50 K depending on the pore size®®.

The present work concerns two types of CaO—Si02—P20s mesoporous glasses based
on conventional silica mesoporous materials such as SBA-15. The first MBG type, classed

as “standard MBG”, is synthesized by standard sol-gel techniques and exhibits a two



dimensional hexagonal mesoporous structure’. The second MBG system, classed as
“microfluidic MBG”, is synthesized by droplet based microfluidics and ESE techniques
(Combined Emulsion and Solvent Evaporation)'?; it displays microcapsules with a 2D-
hexagonal mesoporous organized shell'!. Our aim is to investigate the effect of grain
architecture (with or without cavities) on the dynamics and the structural organization of
water confined in the pores of these two MBGs that have the same composition but are made
with different methods. Several experimental techniques such as Raman spectroscopy'?,
Quasi-elastic neutron scattering (QENS)'?, Inelastic Neutron Scattering (INS) and Deep
Inelastic Neutron Scattering (DINS)!* have been employed to study the dynamical behavior
of water confined in micro and mesoporous materials. These studies evidenced the slowing
down of the translational and rotational motion upon confinement and showed that water
molecules in the pores are less mobile than those in bulk. Moreover, it has been shown that
the mobility of confined water molecules is decreased by narrowing of the pore size.

Here we investigate structural, dynamical and thermal properties of confined water
inside two MBGs by applying a powerful approach combining Differential Scanning
Calorimetry, field-cycling NMR relaxometry and 'H magic-angle spinning NMR
spectroscopy .

NMR relaxometry is well-known as a noninvasive technique consisting in measuring
the 'H longitudinal relaxation rate Ri as a function of the measurement frequency, or
equivalently of the static Bo magnetic field. It provides a powerful approach for identifying
the different regimes of water dynamics and it has been widely used for studying in situ

water behavior in porous media!®!”. NMRD profiles (R1 versus vu, where v is the proton



Larmor frequency) are obtained at low field (va < 10 MHz) by use of the fast field-cycling
technique'®. In the case of sufficiently slow motion, as for confined water, longitudinal
relaxation rates are frequency-dependent and a dispersion can be observed in the NMRD
profile when the quantity 2nvute is in the same order than unity (where tc is an effective
correlation time describing the motion). On the contrary, in the case of bulk water no
dispersion is observed in 'H longitudinal relaxation rate because of the fast rotational
diffusion of water molecules (the so-called extreme narrowing condition: 2wvute << 1). In
the present work, NMR relaxometry was used for comparing the water dynamical behavior
inside two MBGs, the standard and the microfluidic one.

In addition to '"H NMR relaxation, it is well known that the interaction of a water
molecule with its surroundings is reflected in 'H NMR chemical shifts which therefore
provide a picture of the intermolecular geometry and in particular the local hydrogen bond
geometry'?. Nevertheless, this information is only available if the different 'H sites are
sufficiently resolved on the NMR spectra. Whereas in liquid samples the fast isotropic motion
of the molecules completely averages out the anisotropic interactions, responsible for the
typically broad 'H signals, these interactions are partly averaged out in the solid state by
spinning the sample at the so called “magic angle” in MAS NMR?. Because of the strong
homonuclear 'H dipolar couplings, this is usually not sufficient to obtain narrow 'H lines and
resolve the spectra completely. In the present study, we bypass this problem by working with
the residual 'H signal from deuterated water HOD, (~0.1 %) and therefore prevent
homonuclear dipolar couplings that occur between close 'H spins. Information from chemical

shift anisotropy (CSA) (e.g. rotational dynamics) nevertheless remains accessible through



the spinning sideband pattern, without degrading the spectral resolution. Additionally, the
peak positions and linewidths in the 'TH NMR spectra of interfacial water is also influenced
by the mobility of the molecules and their interaction with surface groups or charged sites,
depending on the structure of the hydrogen bond network and the distance between molecules
and surface sites?!. To prevent the line broadening resulting from conformational changes
happening on the timescale of the NMR measurements (typically ms timescale), we also
perform measurements at temperatures below the phase transitions observed on DSC
thermograms, in order to identify and compare how the water structures inside our two types
of MBGs. As a consequence, we can make use of Solid-state '"H NMR as a powerful
technique to study the different water environments inside the mesopores of silica which are
characterized by their individual chemical shift. In particular, the originality of this work lies
in taking advantage of residual 'H nuclei present in deuterated water to avoid strong
homonuclear dipolar couplings at low temperature.

"H magic-angle spinning NMR spectroscopy (MAS-NMR) has been applied several
times to characterize different hydration sites at the vicinity of pore surfaces??, to study
various interactions between water molecules and surface hydroxyl groups®!, and to study
pore-filling mechanisms?. Phase transition of confined water was also extensively studied
experimentally by differential scanning calorimetry (DSC) which is one of the most
convenient and effective methods to study phase changes in materials. In particular, it has
been employed in the study of water confined in mesoporous materials, such as silica gel,
MCM-41, SBA-15%2*23as well as in combination with 2H NMR?*2® | Differential scanning
calorimetry measurements of water freezing in incompletely filled silica pores has shown

evidence for a fragile to strong transition related to adsorbed water layers® and experimental



dynamic results were combined with DSC measurement by Zanotti et al to show the existence
of a liquid-liquid transition or reorganization involving adsorbed water™.

In this study we observe a similar behavior of water inside the MBGs that exhibits two
different dynamical regimes in the pore center and at the pore surface. In particular the
combination of DSC, 'H relaxometry and MAS NMR, allows to highlight the effect of grain
architecture on the dynamics and the structuring of confined water molecules, as well as on

the phase transitions taking place between 300 K and 200 K.



2. EXPERIMENTAL METHODS:
2.1. Synthesis of the MBGs
The two MBGs have the same molar composition (92 % SiO2, 6 % CaO, and 2 %
P20s), the standard MBG was synthesized using the standard sol-gel technique , it was
elaborated using P123 by a two-step acid-catalyzed self-assembly process combined with
hydrothermal treatment in an inorganic—organic system’. The microfluidic MBG was
synthesized using a new microfluidic-assisted method based on the combination of the
solvent evaporation method and the use of highly monodisperse droplets as soft-templates.
This microfluidic approach allows the fabrication of well-defined highly monodisperse and
MBG microspheres with a controllable size in the micrometer range'!. Tetraethyl
orthosilicate (TEOS) (99 %; Sigma-Aldrich, France) was used as a silica source, Pluronic
P123 amphiphilic block copolymer (PEG-PPG-PEG, Molar mass: 5800 g/mol, Sigma-
Aldrich, France) was used as a mesostructuring template. The silica sol precursor was
prepared by dissolving, under stirring, 1 g of P123 in 20 ml of 2 M HNO3 solution and 5 ml
of distilled water, until the solution became clear. Then 3.6 g of TEOS, 0.16 g of TEP and
0.53 g of CaCOs were added to the solution respectively one by one after vigorous stirring.
After 3 hours stirring was stopped and the synthesis was completed by the microfluidic
method'!. After synthesis, all materials were stored together inside a desiccator to prevent

hydrolysis at the pore surface.



2.2 Morphological characterization of MBGs:
The hexagonal channel array of the two MBGs was confirmed by small angle X-ray
scattering (SAXS) and the textural properties were determined by nitrogen adsorption-

desorption and BET measurements (table 1) !!

Sample Sger(m?/g) Vp (cm¥/g) Dp(nm)
Microfluidic MBG 514 0.76 5.9
Standard sol-gel MBG 376 0.66 5.7

Table 1. Textural parameters of MBGs: Specific surface area (Sget), mesopore volume
(Vr) and pore size (Dp), synthesized by combining sol gel and Microfluidic Method

(Microfluidic MBG) and by standard sol-gel method (Standard MBG)

Intensity (counts)

(a) (b)

Figurel. a) SEM micrograph of the microfluidic MBG b) White field confocal
microscopy images of the microfluidic MBG sample doped with fluorescein



Intensité (u.a)

Figure2. SEM micrograph of the standard sol-gel MBG surface

The microfluidic MBG microcapsules exhibit a soft-like thin shell with a thickness of about
1 um, across which 5.9 nm sized mesopores form a well-ordered hexagonal 2D network
(figure 1)!!, the opening of mesopores at both ends across the microcapsules shell is
confirmed. In contrast particles of the standard sol-gel MBG have a dense appearance, and
high degree of coalescence (Figure 2)°. The average particle size is about 0.1 um. The
distance between two interconnected cylindrical pores is estimated as the inverse length of
scattering vector in X-ray diffraction is about 9.2 nm in the case of the standard MBG and

about 9.8 nm in the case of the microfluidic MBG.

2.3 Sample Preparation and Measurements:
2.3.1 NMR relaxometry measurement:
Bioglass powders (microfluidic and sol-gel MBG) were dried during one day at 150 °C

before hydration with the wanted volume of distilled water : volumic filling degrees f of 33
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% vol, 66 % vol and 99 % vol were used (f corresponds to the ratio of added water and the
mesoporous volume of the sample). Samples were then kept at 25°C during 1 night for
complete equilibrium before 'H relaxometry measurement. They were prepared in 8 mm o.d.
hermetically sealed capsules in order to avoid any water loss during the measurements. An
additional sample was made with the microfluidic bioglass filled at f =99 % with heavy water
D20 (99.9 atom % D).

'"H NMRD profiles (i.e. longitudinal relaxation rate Ri as a function of the proton
Larmor frequency), were acquired between 5 kHz and 10 MHz on a Stelar Smartracer fast-
field-cycling relaxometer (Stelar company, Medde, Italy). Temperature was fixed at 25 °C.
For all R1 measurements, magnetization recovery curves were found to be monoexponential
within the experimental errors. 32 different values of the static magnetic field were sampled,
with a fixed acquisition field of 7.2 MHz (‘H Larmor frequency). Pre-polarized
measurements were done between 5 kHz and 4 MHz with a polarization duration of 0.7 s at
a 'H frequency of 8 MHz, and non-polarized sequence was used between 4 MHz and 10
MHz. Field-switching time was 3 ms. For each Bo value, Ri were obtained from the
magnetization monoexponential evolution as a function of the time, sampled with 16 values
between 0.01 and 4 times the longitudinal relaxation time. 64 accumulations were used for
all measurements (excepted for the measurement of residual proton dispersion in the
microfluidic bioglass filled with D20, where 192 accumulations were done), and a recycle

delay of 1 s was applied.

2.3.2 'H magic-angle spinning NMR measurement:
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The sample preparation was similar to the procedure used for relaxometry
measurements. Several bioglass powders (standard and microfluidic) were packed
simultaneously in open separate MAS NMR rotors and dried together during one day at 150
°C at a pressure of 10 mbar. The dried samples were then rehydrated with the wanted
volume of heavy water D20 (99.9 atom % D). The exact volumic filling factor f was
determined by comparing the weight of the dry powders with the weight upon hydration
using a Mettler Toledo Excellence XS105 analytical balance with a precision of 0.01 mg.
The NMR rotors were then kept closed at 25 °C during 1 day for complete equilibrium before
'"H MAS measurements. NMR analysis was performed on a high-field Bruker NMR
AVANCE 111 spectrometer operating at 14 T (\H NMR frequency, 600 MHz) with a Bruker
2.5 mm MAS double resonance probe. The rf field strength applied for the 'H pulse was set
to 86.2 kHz with an excitation pulse duration of 2.9 us. The interscan delay was set to 3 s
and 16-64 scans were accumulated depending on the experiments. '"H chemical shifts were
referenced relative to TMS. Room temperature experiments were performed at a MAS
frequency of 12.5 kHz whereas for low temperature experiments the MAS was kept at 9 kHz.
Cooling of the MAS sample was performed using N2 gas pre-cooled inside a home-made
temperature exchange Dewar. Sample temperature was monitored by the stator output
thermocouple in the Bruker thermal control system. The real sample temperature was
calibrated externally by measuring the variation in 7’Br chemical shift for a KBr sample
plotted against the Bruker temperature display 3!. Variable-temperature experiments were
performed by decreasing the sample temperature and waiting at least 30 min for the
temperature to equilibrate before each measurement was performed. The temperature settings

were precise to £0.1 °C. For the quantitative measurements, the probe and rotor 'H
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background was subtracted from the spectra after measuring the 'H signature of the empty
rotors. The DMFIT program 2 was used for spectral deconvolution and for fitting 'H

chemical shift anisotropy.

2.3.3 DSC measurement:

The differential scanning calorimetry (DSC) experiments were performed on DSCI1
Mettler-Toledo instrument equipped with a high sensitivity DSC HSS8 sensor. The
instrument had been previously calibrated at a scanning rate of 5 K. min™' with water and
indium. Samples at 13 % vol, 29 % vol, 79 % vol and 105 % vol of microfluidic MBG and
at 15 % vol, 38 % vol, 91 % vol and 121 % vol of sol-gel MBG were prepared by weighting
appropriate amounts of dried MBGs and contacted with an appropriate quantity of water
corresponding to the desired volume hydration level. The aluminum pans were then sealed,
reweighed, and submitted to two subsequent cooling-heating cycles in the 293-213 K
temperature range. The measurements were made under nitrogen at atmospheric pressure and
the cooling and heating scan rates were kept at 5 K.min™!. Well-separated DSC peaks for the

freezing/melting of confined water in the pores were obtained.
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3. RESULTS AND DISCUSSION :
3.1 '"H NMRD profiles:

The 'H experimental dispersion curves for the three filling degrees (99 % vol, 66 % vol,

and 33 % vol) are displayed in Figure 3.

300.0
A micro f=0.99
O micro f=0.66
250.0 % © micro f=0.33
% % ) A sol-gel f=0.99
200.0 i ® sol-gel f=0.66
i P ® sol-gel f=0.33
g — pulk
= 150.0 3 -
2 3 §[>
100.0 Ei.f.g% a5
sl o
éiélézig;m ot T
iz °3
50.0 ;i];;‘;zgiiiii
i o,
0.0 St LU HIITIT
1.E-03 1.E-02 1.E-01 1.E+00 1.E+01
v, (MHz)

Figure 3. 'H longitudinal relaxation rate (R; in s') as a function of the frequency
measurement (vy in MHz): microfluidic samples (open symbols), sol-gel samples: (filled
symbols). Green circles: f = 0.33, blue squares: f = 0.66, dark blue triangles: f = 0.99.
Continuous line corresponds to bulk water, for which no dispersion is obtained in this

frequency range (Rip= 0.41 s).

Dispersions are clearly observed for both materials, the micro-fluidic and the standard one,

indicating the effect of confinement on water. This dispersion can be related to the geometry
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of the matrix (textural properties such as surface areas, porous volume and mesoporous
arrangements) and/or to interactions between the matrix and confined water.

A measurement was first done using a sample hydrated with heavy water in order to
evaluate intra- and intermolecular contributions to the water relaxation. The microfluidic
bioglass was thus filled at f= 0.99 with heavy water D20, and longitudinal 'H relaxation was
measured for the residual protons in HOD and compared with the relaxation obtained with

H20 at the same filling degree (Figure 4)

microfluidic MBG at =99%
100.0

80.0 %%%%%%%

o H20
A HOD
60.0 $

& !
& b5
40.0 5
m'ﬁ
} }{l: o
20,0 i ARV e B
ilxiﬁtilxﬂﬂgieﬂﬁﬁ
0.0
1.E-03 1.E-02 1.E-01 1.E+00 1.E+01
vy (MHz)

Figure 4. "H NMRD (R; in s! as a function of vy in MHz) in a microfluidic sample
hydrated at 99 % vol. Dark blue open circles: hydration with H2O, Blue filled triangles:

hydration with D>O.
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HOD relaxation being purely intermolecular, the comparison of H20 and HOD dispersion
curves shows that the 'H low frequency relaxation of H2O is mainly due to intramolecular
dipolar interactions modulated by molecular reorientations®*. For all R1 measurements, i.e.
in the whole Larmor frequency range studied (5 kHz — 10 MHz) and for every sample,
magnetization recovery curves exhibit a mono-exponential behavior and 'H R; values tend
toward the one of water in bulk liquid (0.41 s™) as the filling degree increases (figure 3). This
indicates that the exchange rate between free water molecules (denoted bulk) and the ones
experiencing strong interactions with the surface (denoted adsorbed) is fast compared to the
1734

longitudinal relaxation rate. In this frame of “two-phase fast exchange model™" , it is an

averaged longitudinal relaxation rate that is measured:

Ri(wg) = paR1g(wg) + (1 —pg)R1p  (eq.1)

with Ry, the 'H longitudinal relaxation rate of water in the free state (b) or in the
adsorbed phase (a), p, the water population in the adsorbed phase, and wy = 2mwvy the 'H
resonance frequency expressed in rad.s!

R,p, the 'H longitudinal relaxation rate of water in the free state, is constant with the 'H
resonance frequency (extreme narrowing condition) and the value of 0.41 s' was used
considering that it is the same whatever the kind of bioglass, standard or microfluidic. The
variation of the NMRD profiles with the filling factor f was analyzed according to eq.l in
order to compare the 'H longitudinal relaxation rate of water in the adsorbed phase in the two
samples. It is indeed known that, in partially filled pores, population in the adsorbed phase

p, varies with the filling factor f as®® :

16



_ 51

Pa=77 (eq.2)

With A the width of the adsorbed water layer, S the porous surface area, and V the

porous volume

Combining eq.1 and eq.2 leads to:

Ri(@n) ~ Ry =5 Ria(@n) —Rup) 7 (eq.3)

The quantity /L—S(Rla(a)H) — R;,) was thus retrieved with the linear evolution of

(R, (wy) — Ryp) as a function of ]% Results are displayed in Figure 5.

100.0

80.0

micro

m sol-ge

60.0

40.0

AS/V (R, -Ryy) (sY)

20.0

0.0

1.E-03 1.E-02 1.E-01 1.E+00 1.E+01
v, (MHz)

Figure 5. Comparison of the extracted longitudinal relaxation time of water in the

adsorbed state in microfluidic bioglass (open symbols) and in standard sol-gel bioglass
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(filled symbols). Lines (dashed for microfluidic bioglass and continuous for standard

sol-gel bioglass) represent the best fits obtained with the model given in the text.

As previously shown, the observed dispersion in figure 5 is due to intramolecular dipolar
interactions modulated by molecular reorientations of the water molecules at the pore surface.
Relaxation rates were thus analyzed considering dipolar relaxation of like-spins ( Ry, (wy) =
K;(J(wy) +4/(2wy)) ), and the motional model used for the spectral density J(w)
calculation considers an intermittence of adsorption steps at the interface and excursions into
the bulk. From this model we can distinguish 2 characteristic times: zm characterizes the

3637 and zese characterizes the

intermittent dynamics in the proximity of the pore surface
escape of the molecules towards the bulk*®(NMRD asymptotic behavior). Results are

summarized in Table 2.

AS

Sample Tesc (US) | 7m (PS) v
Sol-gel 6.2 6.0 0.27
Microfluidic 5.1 6.0 0.32

Table 2. Parameters obtained from the fit of the experimental data (shown in Fig. 5)
with the model of intermittent motion of the adsorbed water molecules at the pores
surface. Tm characterizes the intermittent dynamics and e is the residence time before
escaping to the bulk. The fitted effective dipolar coupling constant in both samples is

Ka=2.510°s2

18



The same value of zm (6.0 ps) is obtained in both MBGs, indicating that the water dynamics
in the proximity of the pore surface is the same. The apparent shift between the NMRD

profiles (fig.5) is actually mainly due to the different S/V ratios in the two MBGs. The width
of the absorbed layer obtained from the ratios '175 (Table 2) and % (Table 1) is around 5 A in

both samples, consistent with a length obtained with 1-2 water molecule diameters. zm is
related to both the average adsorption time at the surface (characterized by a time 7a) and the
minimal loop duration for excursion into the bulk (characterized by a time 7)*°. Assuming =

in the order of the lifetime of one hydrogen bond in this kind of silica material (12 ps)* gives

2

2
a value of 21 ps for nusing the relation T,,, = =8 Finally, we can show that tesc is slightly
Ty

lower in the microfluidic sample compared to the standard one, indicating a faster escaping
to the bulk for water confined in the microfluidic MBG. This may be due to the microcapsule
organization of the microfluidic MBG, therefore structural information, obtained by 'H Solid
State NMR, should provide further understanding of how the grain architecture impacts the
behavior of confined water. Since fast molecular motion obscures that structural information,
low temperature experiments are mandatory; Differential Scanning Calorimetry is therefore

recommended to determine the thermodynamic behavior of the confined water.

3.2. DSC curves:
For better understanding the phase changes and different structural reorganization that

occur inside these porous bioglasses, we performed a differential scanning calorimetry
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analysis. The cooling and heating DSC curves for water confined in both sol-gel and
microfluidic MBGs at different volume hydration levels are shown in Figure 6 and typical
results are obtained. Indeed, in the heating curves, we observe only one large peak with a
maximum located at about 260 K for both microfluidic and sol-gel MBGs. This endothermic
peak corresponds to the melting of the confined pore water. One notes that the position of
this heating peak is not very sensitive to the degree of pore filling. Furthermore, the fact that
the heating scan exhibits a single melting peak indicates that the mass transport process
between all the different phases is quite fast. However, for the cooling scans, more subtle
effects are observed and the cooling curves exhibit two or three peaks depending on the

hydration level.
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Figure 6. Results of differential scanning calorimetry: (a) hydrated standard sol-gel
MBG at f = 0.15, 0.38, 0.91, 1.21 and (b) hydrated Microfluidic MBG at f = 0.13, 0.29,

0.79 and 1.05.

These results are in good agreement with the findings reported in the literature®??,

indicating a non-homogenous freezing process for confined water due the coexistence of
different phases and structural organization of confined water: distorted ice-like structure and
bonded water films (one to three-molecules thick layers) next to the pore walls. It is however
important to note, that for low relative pore fillings (f < 0.2), the DSC measurements are not
sensitive enough to show any signature corresponding to a phase transition or to a structural
organization.

For intermediate pore filling, the cooling curves for both MBGs showed two main
exothermic peaks with maxima at 239 K and 233 K corresponding to site II and site I
respectively. The peaks corresponding to site II are observed for all pore fillings (f > 0.2)
and can be attributed to the liquid-solid transition of the confined pore water. The broad DSC

peak with maxima at 233 K (site I) can be attributed to the subtle structural reorganization
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of the bonded water film at the pore walls. One notes that, the DSC peak corresponding to
site I is hardly visible in samples with high pore fillings (higher hydration level). This can be
explained by the fact that for higher pore fillings, only a small fraction of the confined water
is located in the boundary layer at the pore walls. Similar behavior has also been discussed
by Schreiber and co-workers® and by Findenegg et al*” in their works on water confined in a
series of MCM-41 and SBA-15 silica. However, the attribution of these peaks has been the
subject of interesting debate in the literature. The interpretation suggested by Findenegg et
al*® that the peak associated to site I is caused by delayering transitions of the liquid-like film
has been questioned and instead, it was proposed that this transition is related to liquid-liquid
transitions of interfacial water*!. Other studies have demonstrated that some interfacial water
layers, in interaction with the pore surface, are unfreezable, and thus associate the peak at
233 K (site I) to the reorganization of the boundary layer of unfreezable water adsorbed at
the pore walls® *? . This structural reorganization is also associated with a variation in the
density of confined species. Indeed, in a recent neutron diffraction study, Zanotti et al*
showed that the structural organization of this interfacial water is induced by the sudden
change in the density of adsorbed water. This change is correlated with the modification of
the hydrogen bond network as a result of interactions between interfacial water molecules
and silica.

On increasing the hydration level, one observes an interesting behavior on the scans of the
sol-gel sample hydrated at 91 % vol and that of the microfluidic sample hydrated at 79 %
vol. The thermograms exhibit “hybrid peaks” and shoulder in the 240-246 K temperature
range for both samples. However, a supplementary peak at around 246 K was observed in

the microfluidic sample. This may be attributed to the liquid-solid transition of water in the
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cavity of microspheres. It is noteworthy that the microfluidic sample exhibit a hollow inside
the microcapsules (~100 pm) with a soft-like thin shell with a thickness of about 1 pm!'?,
while the sol-gel MBG have a dense appearance with a high degree of coalescence®.

For the samples with excess water (105 % for the microfluidic MBG and 121 % for the
sol-gel MBG) we observe an additional peak (site IIT) with a typical sharp onset at 248 K;
this is assigned to the liquid-solid transition of super cooled water outside the MBG pores.

The calorimetric analysis clearly show that the phase transitions and the structural
organization of the water confined in the pores of these MBGs is dependent on the filling
ratio. For relative low pore fillings, the unfreezable interfacial pore layer is filled first and
exhibits a structural reorganization associated to (site I). On increasing the amount of water,
additional layers cover the interfacial adsorbed water. These new layers form the
“intermediate” pore water (site II) and exhibit different thermodynamic properties
corresponding to liquid-solid phase transition. For overloading with high water content, bulk-
like water thermodynamic properties are observed (site III). The obtained results suggest that
the thermodynamic behavior of confined water is quite similar in both MBGs with subtle
differences that cannot be discussed in detail due to the sensitive limitation of the DSC
technique. To obtain more insight on the properties of the different confined species, we
applied MAS NMR spectroscopy as an appropriate approach that allows the structural

analysis of the confined water.

3.3. 'TH MAS NMR spectra:
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As mentioned earlier, analyzing water distribution and structuring inside the pores of
MBGs can provide a detailed understanding of how the synthesis affects the water dynamics
in the materials. Relying on the information provided by the DSC analysis, we therefore
apply 'H MAS NMR to study the MBGs at different hydration levels as a function of
temperature.

In general, '"H-MAS-NMR spectra of hydrated silicates exhibit several overlapped
lines, which correspond to the different 'H environments inside the mesopores 2!~2*. These
observed hydrogen signals originate from surface —SiOH groups and from water molecules
inside the hydrophilic materials. Additionally, at room temperature it must be considered that
dynamic exchange effects, like molecular reorientations of the water molecules, rotations of
the surface —~SiOH groups and proton transfer, will cause averaging of the chemical shifts?!.
Upon the addition of water, many possible hydrogen bonding configurations coexist between
the water molecules and the various silanols present on the MBGs surface. For each
configuration of a water molecule interacting with the surface and other water molecules, the
'H are characterized by specific chemical shifts that are modulated by reorientation dynamics

that are faster than the NMR timescale.
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Figure 7. Possible —OH groups in the water/silica materials and the corresponding

chemical shifts in ppm (TMS) 2223

Interestingly, the gradual adsorption of water in two mesoporous silica materials with
cylindrical pores of uniform diameter, MCM-41( Dp= 3.3 nm) and SBA-15 (Dr= 8 nm) has
also been studied previously at room temperature by 'H MAS-NMR?. In that study, the
spectra of dry materials with almost no water content exhibited a single resonance at 1.74
ppm, corresponding to surface SiOH protons. As soon as some water was added to the
material, the surface SiIOH signal was replaced by a new signal around 2.5 ppm. For the SBA-
15 samples, increasing the water filling above a filling factor f = 0.08 resulted mainly in a
single signal, shifting continuously from 3.9 ppm towards the bulk water chemical shift of 5
ppm as the pore filling was increased. Comparing these chemical shifts with the values given

for the possible chemical shifts of “OH groups (Fig. 7) it is evident that none of these shifts
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match the observed chemical shifts. This is explained by fast proton transfer and the
dynamics of water molecules on the pore surface, that lead to the averaging of chemical shifts
from the different configurations to a value between 3 and 5.5 ppm depending on the water
content and the temperature. The evolution of 'H chemical shifts as a function of water filling
in SBA-15, has therefore been interpreted as a radial-pore-filling mode since filling occurs
smoothly from the pore wall towards the center of the pore, inducing an average chemical
shift that progressively tends towards the inner-bulk water value. Conversely inside MCM-
41, when water content was increased, protons exhibited a bimodal line distribution of
chemical shifts, with one peak at the position of inner-bulk water at 4.8 ppm, and the second
peak in the range of water molecules adsorbed on surface SiOH groups at 3.4 ppm (for
intermediate water filling with f = 0.23). This was therefore interpreted as an axial-pore-
filling mode where, after the initial wetting, the water layer in pore grows axially in the
direction of the pore axis. This difference in the filling modes was explained by the different
pore diameters, 8 nm for the SBA-15 and 3.3 nm for the MCM-41, which lead to early

coalescence of the surface water layers when filling narrow pores.
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Figure 8. '"H MAS spectra (vMAS = 12.5 kHz) of sol-gel (left) and microfluidic (right)
MBGs for different HOD filling factors: f= 0.05 (a); 0.15 (b); 0.28 (c); 0.66 (d) and 0.07
(e); 0.15 (f); 0.26 (g); 0.60 (h) at 298 K. Intensities of spectra a, b, and e, f have been

multiplied by 2 for sensitivity reasons.

Figure 8 displays 'H MAS spectra of our hydrated MBGs for different HOD contents
at 298 K. Regarding our materials, the MAS spectrum of the standard sol-gel MBG sample
with the lowest water content (f = 0.05) exhibits mainly a peak around 4 ppm corresponding
to interacting water and silanol protons. Additionally, the broad line between 6 and 8 ppm is
assigned to interacting surface silanols?? and strongly adsorbed water molecules, possibly
blocked in surface heterogeneities. A similar spectrum is observed for the microfluidic MBG
for a water filling factor f = 0.07. At intermediate water contents (f = 0.15) mainly two
overlapped peaks are visible. As for the signal observed for lower water contents, the peak
centered around 4.5 ppm corresponds to surface adsorbed water molecules and shifts
continuously when hydration increases from f=0.05 to 0.15. The second has a chemical shift
of 4.8 ppm which corresponds to the value of bulk water clusters in the center of the pores?.
Finally, for completely filled pores the adsorbed water signal has practically disappeared and
only the free water signal is observed. The coexistence of two peaks at intermediate water
content therefore points towards an axial filling mechanism for both MBGs. The fact that the
"H chemical shift evolution as a function of the hydration is similar for the two MBGs is

consistent with their similar pore diameters and pore surfaces.

27



At room temperature, water molecule dynamics prevent full separation of all the
contributions from the different 'H environments in both MBGs. In order to slow down these
dynamics and suppress the chemical shift averaging, 'H MAS NMR measurements were also
performed at low temperature. Reducing the temperature affects the 'H MAS NMR spectra
of the sol-gel MBG (f = 0.4), as illustrated in figure 9 for temperatures down to 205K.

Down to 276 K, the spectrum of the sol-gel MBG exhibits mainly a single signal that
broadens and shifts from 4.8 ppm to 5.5 ppm when temperature is reduced. This 'H chemical
shift range typically corresponds to free water clusters at this temperature. At the base of this
signal, the broadly distributed signal (6-8 ppm) of strongly H-bound protons shows no
significant evolution when temperature is reduced. Conversely, upon further decrease of the
temperature, the 5.5 ppm peak continues to increase in width and can be decomposed into

three main contributions resonating at 4.7 ppm, 5.6 ppm and 6.6 ppm.

5,6
6,6 4,7
(a) Py 276K
[b:l vooE 238K
(c) T 205K
(d) B 205K

x8
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Figure 9. Temperature dependence of the centerbands of 'H MAS NMR spectra (vMAS
= 9 kHz) of standard sol-gel MBG hydrated with HOD at f = 0.4. Spectra are acquired
at (a) 276 K, (b) 238 K, (c¢) 205 K. The insert (d) corresponds to the first spinning
sideband of spectrum (c) aligned with the centerband; this signal is multiplied by a

factor 8 for sensitivity reasons.

This behavior is consistent with the phase transitions observed by DSC. On figure 9 (d) the
first spinning sideband of the spectrum acquired at 205 K is aligned with the spectral
centerbands acquired at 276 K, 238 K and 205 K. This comparison illustrates the fact the
only the peak at 6.6 ppm gives rise to significant chemical shift anisotropy (6 = 0zz-0iso = -22
ppm) and MAS sidebands. This signal can therefore be assigned to protons of solid water in
the center of the pores that undergo a liquid/solid phase transition towards an amorphous or
brittle ice phase* corresponding to the transition site II on the DSC thermograms (figure 6).
Since the two others peaks don’t show significant increase of MAS spinning sidebands, we
therefore assign them to two types of mobile water protons. We interpret these as 3D super-
cooled liquid water pools resonating around 5.6 ppm, and a slightly more shielded 2D single
layer of surface adsorbed liquid water resonating around 4.7 ppm because of less hydrogen
bonding. This rearrangement in a 2D surface water layer corresponds to the transition site I
observed by DSC. According to our results from NMR relaxometry, and to numerous

experimental studies*>*

on the behavior of water in mesoporous hydrophilic matrices, we
can indeed distinguish two types of water: free water in the middle of pores and adsorbed

water adjacent to the pore wall. The liquid-solid phase transition of confined water has been

studied intensively and it has been shown that on cooling, the intermediate free water
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transforms into cubic ice and its stability increases with respect to the hexagonal phase on
decreasing the temperature®. It is also well known that the layer of water in contact with the

pore wall remains liquid*>*®

even at lower temperatures. This phase of super-cooled water
remains confined between the surface of the pore wall and the solid phase of the free water
in center of the pore. This phase is of particular interest because it was evidenced through
numerous techniques that changes in its structural and dynamical behaviors occur at the
temperature range observed here, between 240 K and 230 K. It was also suggested that water
exhibits a liquid—liquid phase transition corresponding to the transition of a High Density
Liquid (HDL) phase into a Low Density Liquid (LDL) phase upon decreasing the
temperature?’. In the light of these results, we interpret the temperature effects on the 'H
signal in the following way:

Similarly to what has been observed by Sattig et al*®, by decreasing the temperature, a
liquid-solid transition of the inner water leads to the formation of solid water (signal at 6.6
ppm). Further lowering of the temperature induces a liquid/liquid reorganization at the pore
surface that affects the hydrogen bond network of the supercooled water. As observed by
Zanotti et al*’, the liquid/liquid reorganization induces a structural interfacial water
heterogeneity with the coexistence of 2D LDL low density monolayer patches (signal 4.7
ppm) interacting mainly with the silica surface, and 3D HDL high density monolayer pools
(signal at 5.6 ppm) of adsorbed water molecules additionally interacting with multiple other
water molecules.

As a consequence of this structural behavior, in order to compare the structural

distribution of the water confined in the two MBGs, 'H MAS NMR measurements are best

performed below the phase transition temperatures observed here. As seen on figurel0, we
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therefore compared the low temperature '"H MAS signal evolution for both hydrated MBGs,

as a function of the HOD filling factors.

30 25 20 15 10 5 0 30 25 20 15 10 5 0

Figure 10. '"H MAS spectra (vMAS= 9 kHz) of sol-gel (left) and microfluidic (right) MBGs
for different HOD filling factors: f = 0 (a); 0.10 (b); 0.40 (c¢); 0.87 (d) ); 1.01 (e¢) and 0
(H); 0.12 (g); 0.33 (h); 0.77 (i); 1.08 (i) at 205 K. The first spinning sideband area is

centered around 21ppm and marked by *.

The figure shows that the spectral evolution of both MBG materials is quite similar. The
MAS spectra for the dried MBGs exhibits mainly a peak at 1.9 ppm (site A) and a broad
component centered around 3.6 ppm, similar to what has been observed at room temperature
for other dry mesoporous materials like MCM-41 and SBA-15%. These signal can be
assigned to anhydrate hydroxyl groups and hydrogen bonded hydroxyl groups respectively?!.

As expected, anhydrate hydroxyl proton resonances seen in dry MBGs disappear as water is
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introduced into the pores; they are replaced by new signals corresponding to protons of
interacting water molecules and hydrated silanol groups. As water is introduced into the pores
of MBGs (f = 0.10-0.12), the main signal shifts from 1.9 ppm to 4.7 ppm indicating the
formation of the adsorbed 2D water layer (site B). The additional signal at 5.6 ppm (site C)
is assigned to protons of 3D water pools discussed earlier, whereas the signal at 7.7 ppm can
be assigned to protons of strongly bound surface water stuck in structural surface
inhomogeneities, or defects as observed in SBA-15%. Upon further increase of the water
content (f=0.33-0.40) an additional signal at 6.6 ppm (site D) appears. As discussed earlier,
this site exhibits MAS CSA sidebands and therefore corresponds to ice solid water. Above
this filling factor, MBG spectra are dominated by this ice water peak.

Although all signals are present for both materials, it is clear that the 3D water pools
(signal C) are more pronounced in the standard sol-gel MBG than in the microfluidic
material. To better understand the heterogeneity of water populations inside the MBGs, we
decomposed the spectra in its signal components using the Dmfit software®? and plotted the

relative surface area of peaks B, C and D as function of hydration at 205 K in Figure 11.
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Figure 11: Relative area of 'H signals B (squares, 2D water layer), C (triangles, 3D
water pools) and D (diamonds, ice) at 205 K. The results for the sol-gel and microfluidic

MBG are respectively presented on the left and right side.

These plots clearly show that for low water content the liquid phase in the microfluidic MBG
contains predominantly 2D water, while in the sol-gel MBG the two types of liquid water
(2D and 3D) already coexist. The fact that the 3D water pools are more present in the sol-gel

MBG can be partly explained by the larger specific surface in the microfluidic MBG which
. . . . AS . .
is also in agreement with the relaxometry measurement, showing that 75 is more important

in the microfluidic MBG (table 2). Nevertheless, if all the specific surface was easily water
accessible, the first layer of water molecules should only be filled at a pore filling factor =
0.19 and 0.22 for the sol-gel and microfluidic MBG respectively. The significant presence of
3D water pools in the sol-gel MBG, already at a filling f = 0.1, therefore indicates that the
full porous volume of the sol-gel MBG is less easily accessible to water than that of the
microfluidic MBG.

To study further the water accessibility to the full porous volume, we plot in figure
12 the ratio of total liquid water (2D + 3D) with respect to ice as a function of hydration at

205 K.
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Figure 12. Relative area of rigid and mobile 'H signals as a function of the filling factor
f at 205 K. Data from the sol-gel MBG are presented in red dots (water, peak B+C) and
triangles (ice, peak D). Data from the microfluidic MBG are presented in blue diamonds
(water, peak B+C) and squares (ice, peak D). The polynomial interpolation lines are

only drawn as guide to the eye to highlight the differences in the data evolution.

At water filling below = 0.3, the water is mainly present in the liquid state for both MBGs.
Above f= 0.3 the proportion of liquid water decreases in favor of solid water. It is interesting
to note that the slopes are more pronounced for the microfluidic MBG, which indicates that
for this material less hydration is needed to start filling the space at the pore center where
water can organize to freeze into the solid state.

On the overall, the comparison of the 'H MAS NMR spectra of the two MBGs indicate

a significant heterogeneity of the water distribution in the sol-gel MBGs that is absent for the
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microfluidic MBGs. This provides evidence that the full porous volume of the microfluidic
MBG is more easily accessible to water than that of the sol-gel MBG. Since no evidence for
differences in surface silanol densities was found from additional ?°Si NMR measurements,
we speculate that the reason lies in the hollow microsphere structural feature of the
microfluidic MBG, which facilitates the diffusion of water inside the pores. In particular, this
interpretation is also consistent with the faster escaping to the bulk, observed by relaxometry,

for water molecules adsorbed on the microfluidic MBG pore surface layer.

4. CONCLUSION:

In summary, the combination of thermal properties obtained by differential scanning
calorimetry, with "TH NMR properties obtained by field-cycling NMR relaxometry and MAS
NMR spectroscopy, allowed the comparison of the respective dynamical and structural
features of confined water inside two mesoporous bioglasses (MBGs). Although the MBGs
have the same composition, one was synthesized by a standard sol gel procedure whereas the
second was prepared through a microfluidic procedure.

The room temperature 'H MAS NMR structural study of the two materials, as a
function of hydration, indicated a similar axial pore filling mechanism and no significant
difference between the two MBGs. Dynamical characterization, based on low-field NMR
relaxometry, distinguished the presence of two water populations inside the materials: a ~5
A thick water layer interacting with the pore surface, and a bulk type water confined in the
center of the pores. These two populations were also distinguished by the DSC analysis where
the rearrangement of the surface layer was detected about 10K lower than the typical

liquid/solid phase transition of the water confined in the pore center. Performing the

35



hydration dependent 'H MAS NMR study, at a temperature below the phase transitions
observed by DSC, allowed again to distinguish the different water populations and indicated
that at these temperatures the pore surface water remains liquid and rearranges into 2D
monolayer patches and 3D water pools.

In these conditions, subtle quantitative differences could be observed between the two
MBGs complementing the dynamical characterization from 'H NMR relaxometry. In
agreement with the smaller specific surface in the sol-gel MBG compared to the microfluidic

material, relaxometry measurements showed that slightly less water is interacting with the
. : AS . .
pore surface in the sol gel MBG (according to v ). This was expressed in the low temperature

MAS study of the sol gel MBG, by a larger amount of 3D water with respect to 2D water.
Nevertheless, the extent of the difference with the microfluidic material, especially for the
lowest filling factors, also indicates that the full porous surface of the sol-gel MBG is less
accessible to water than that of the microfluidic MBG. This interpretation was further
reinforced by the analysis of the fraction of frozen water as a function of hydration and by
the results from room temperature '"H NMR relaxometry, showing that water molecules from
the pore surface layer escape faster to the bulk inside the microfluidic MBG (according to
Tesc).

Since the MBGs studied here have the same composition, we explain these results by
the microcapsule organization of the microfluidic MBG where the hollow microspheres
facilitate the diffusion of water inside the pores of the material. In view of these results, we
believe that the organization of microfluidic MBGs microcapsules will facilitate ion

exchange with surrounding biological fluids, which will improve the adsorption behavior and
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bioactivity of microfluidic MBG. To better understand the effect of the organization of
microcapsules on the bioactive properties of MBGs, in vitro bioactivity tests will be carried

out in a subsequent study.
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TABLES :

Sample Seer(m?/g) Ve (cm¥/g) Dp(nm)
Microfluidic MBG 514 0.76 5.9
Standard sol-gel MBG 376 0.66 5.7

Table 1. Textural parameters of MBGs: Specific surface area (Sger), mesopore volume
(Vr) and pore size (Dp), synthesized by combining sol gel and Microfluidic Method

(Microfluidic MBG) and by standard sol-gel method (Standard MBG)

AS

Sample Tesc (US) | 7m (PS) v
Sol-gel 6.2 6.0 0.27
Microfluidic 5.1 6.0 0.32

Table 2. Parameters obtained from the fit of the experimental data (shown in Fig. 5)
with the model of intermittent motion of the adsorbed water molecules at the pores
surface. T, characterizes the intermittent dynamics and 7t is the residence time before
escaping to the bulk. The fitted effective dipolar coupling constant in both samples is

Ka= 2.5 109 S'Z.
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FIGURE CAPTIONS:

Figurel. a) SEM micrograph of the microfluidic MBG b) White field confocal
microscopy images of the microfluidic MBG sample doped with fluorescein

Figure2. SEM micrograph of the standard sol-gel MBG surface

Figure 3. 'H longitudinal relaxation rate (R1 in s!) as a function of the frequency
measurement (va in MHz): microfluidic samples (open symbols), sol-gel samples: (filled
symbols). Green circles: f=0.33, blue squares: f=0.66, dark blue triangles: =0.99.
Continuous line corresponds to bulk water, for which no dispersion is obtained in this

frequency range (Rip=0.41 s).

Figure 4. '"H NMRD (R1 in s-1 as a function of vy in MHz) in a microfluidic sample
hydrated at 99%vol. Dark blue open circles: hydration with H2O, Blue filled triangles:

hydration with D,O.

Figure 5. Comparison of the extracted longitudinal relaxation time of water in the
adsorbed state in microfluidic bioglass (open symbols) and in standard sol-gel bioglass
(filled symbols). Lines (dashed for microfluidic bioglass and continuous for standard

sol-gel bioglass) represent the best fits obtained with the model given in the text.

Figure 6. Results of differential scanning calorimetry: (a) hydrated standard sol-gel
MBG at f = 0.15, 0.38, 0.91, 1.21 and (b) hydrated Microfluidic MBG at f = 0.13, 0.29,

0.79 and 1.05.
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Figure 7. Possible —OH groups in the water/silica materials and the corresponding

chemical shifts in ppm (TMS)2%-1

Figure 8. '"H MAS spectra (vMAS = 12.5 kHz) of sol-gel (left) and microfluidic (right)
MBGs for different HOD filling factors: f= 0.05 (a); 0.15 (b); 0.28 (¢); 0.66 (d) and 0.07
(e); 0.15 (f); 0.26 (g); 0.60 (h) at 298 K. Intensities of spectra a, b, and e, f have been

multiplied by 2 for sensitivity reasons.

Figure 9. Temperature dependence of the centerbands of 'H MAS NMR spectra (vMAS
= 9 kHz) of standard sol-gel MBG hydrated with HOD at f = 0.4. Spectra are acquired
at (a) 276K, (b) 238K, (¢) 205K. The insert (d) corresponds to the first spinning sideband
of spectrum (c) aligned with the centerband; this signal is multiplied by a factor 8 for

sensitivity reasons.

Figure 10. '"H MAS spectra (vWA5=9 kHz) of sol-gel (left) and microfluidic (right) MBGs
for different HOD filling factors: f = 0 (a); 0.10 (b); 0.40 (c¢); 0.87 (d) ); 1.01 (e¢) and 0
(H; 0.12 (g); 0.33 (h); 0.77 (i); 1.08 (i) at 205 K. The first spinning sideband area is

centered around 21ppm and marked by *.

Figure 11: Relative area of 'H signals B (squares, 2D water layer), C (triangles, 3D
water pools) and D (diamonds, ice) at 205K. The results for the sol-gel and microfluidic

MBG are respectively presented on the left and right side.

Figure 12. Relative area of rigid and mobile 'H signals as a function of the filling factor
f at 205K. Data from the sol-gel MBG are presented in red dots (water, peak B+C) and

triangles (ice, peak D). Data from the microfluidic MBG are presented in blue diamonds
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(water, peak B+C) and squares (ice, peak D). The polynomial interpolation lines are

only drawn as guide to the eye to highlight the differences in the data evolution.
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Figure6.
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