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Abstract

Deformation of superhydrophobic cylindrical mesopores is
studied during a cycle of forced water filling and sponta-
neous drying by in situ small-angle neutron scattering. A
high pressure set up is put forward to characterize the defor-
mation of ordered mesoporous silanized silica up to 80 MPa.
Strain isotherms of individual pores are deduced from the
shift of the Bragg spectrum associated to the deformation of
the hexagonal pore lattice. Due to their superhydrophobic
nature, pore walls do not cover with a pre-wetting film. This
peculiarity gives the ability to use a simple mechanical model
to describe both filled and empty pore state without the pit-
fall of disjoining pressure effects. By fitting our experimental
data with this model we measured both the Young’s modu-
lus and the Poisson ratio of the nanometric silica wall. The
measurement of this later parameter constitutes a specificity
offered by superhydrophobic nanopores with respect to hy-
drophilic ones.

1 Introduction

Poromechanics or the study of the mechanical behaviour of
porous material according to their fluid content is linked to
various scientific fields such as acoustics, geophysics or bi-
ology!. A diversity of fluid/matrix couples have been stud-
ied?™*, with most of the works in this field dedicated to wet-
ting or lyophilic situations. In particular during the past ten
years a growing community has focused on the mechanics of
various mesoporous silica and silicon when adsorbing fluids.
Original results have been obtained concerning matrix de-
formation induced by fluid adsorption and pre-wetting film
formation on solid walls and by inner liquid pressurisation
subsequent to capillary condensation®~. These results have
been obtained specifically in lyophilic situations. For such
systems the bulk fluid surrounding the mesoporous material
is in a vapor state whereas the fluid within the pores can be
in a liquid state due to its affinity for the considered solid.
Elastic stresses within the solid matrix balance the pressure
of the liquid within the pores as well as capillary forces cou-
pled with disjoining pressure effects. The pressure of the
bulk vapor surrounding the pores is used as a thermody-
namic lever to control the state of the inner fluid but, because
of its low value, it has very little direct mechanical impact

on the matrix deformation. When following an adsorption
isotherm, a hysteretic deformation is observed with discon-
tinuities on the adsorption and desorption branches associ-
ated to capillary condensation and drying®. This general be-
havior, observed in wetting or lyophilic situations, is how-
ever only one side of the story as recently illustrated with the
measurement of a negative compressibility by forced liquid
intrusion into the superhydrophobic nanoporous ZIF-8 mate-
rial'%11. In the spirit of this work and of previous works ded-
icated to structural transition either induced from adsorp-
tion within pores or from external compression 2 this article
aims at making the bridge between strain isotherms either
built from an adsorption/desorption cycle or from an intru-
sion/extrusion cycle.

For this purpose we consider superhydrophobic meso-
pores combined with water. For such lyophobic systems the
forced wetting and spontaneous drying of the mesopores oc-
curs at large pressures of several tens of MPa. The bulk lig-
uid surrounding the pores plays now an essential mechani-
cal role. Such systems, put forward by Eroshenko as a way
to store and retrieve mechanical energy 13-15 have become
the topic of an active field of fundamental research 619,
This trend strengthens the need of poromechanics studies of
lyophobic systems in particular as the flexibility of matrices
might have an impact on energy storage and recovery. Our
goal here is to study the in-situ deformation of model super-
hydrophobic mesopores according to the chemical potential
of the fluid this time fixed by the pressure of the bulk liquid
surrounding the material.

Cylindrical ordered pores constitute a model geometry
conducive to the experimental characterization of deforma-
tions as well as their theoretical modeling, as already demon-
strated in the wetting case?%23. To investigate such systems
in the non-wetting case, we consider hydrophobized micelle-
templated silica structured as parallel monodisperse cylin-
drical mesopores arranged in a 2D hexagonal lattice. Un-
like the wetting case for which the control of the pore con-
tent by means of the bulk vapor pressure is mostly based
on vacuum technologies, the non-wetting case requires high
pressure technologies, in liquid phase, compatible with vol-
ume changes to accommodate intrusion and extrusion pro-
cesses?*. The high pressure set up required for these experi-
ments prevents the usage of a macroscopic approach such as
dilatometry?3% to measure the deformation of the porous
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matrix but fortunately local in-situ techniques reveals ap-
plicable for this purpose?®?’. Small angle scattering tech-
niques give the ability to extract radial deformation of cylin-
drical mesopores from a shift of their diffraction pattern>®.
To avoid the pitfall of contrast changes observed with X-ray
scattering according to the filling level of the mesopores, we
chose here to use small-angle neutron scattering (SANS) tak-
ing benefit of zero scattering length density of the fluid®.
A specific high-pressure intrusiometer adapted for neutron
scattering experiments has been designed to cover a pressure
range up to 100 MPa in order to characterize the deforma-
tion of the pores along a full water intrusion/extrusion cycle.
A hysteretic mechanical behavior is observed with disconti-
nuities associated to liquid intrusion into the pores and ex-
trusion out of the pores. Finally, mechanical properties of
pores walls extracted from these measurements by means of
an adequate mechanical model are compared to the prop-
erties measured in the wetting case for the same material.
The absence of pre-wetting film formation in the non-wetting
case reduces the number of parameters required for the the-
oretical analysis. This gives the ability to identify both the
Young’s modulus and the Poisson ratio of the nanometric-
thin silica wall, which is not possible in the wetting case.

2 Material and method

2.1 Ultra-hydrophobic micelle templated silica

Ultra-hydrophobic micelle-templated silica MCM-41 are pre-
pared following the protocol of Lefevre et al?®. The prepara-
tion is divided into two steps, first the synthesis of siliceous
hydrophilic particles, then the grafting of the silica sur-
face to get superhydrophobic mesopores. Particles consist
of a hexagonal lattice of cylindrical mesopores (see Fig-
ure 1) obtained from the condensation of silicates around
a template made of hexadecyltrimethylammonium bromide
(CTAB) cylindrical micelles. The crystalline structure of the
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Figure 1: MCM-41 grafted with hydrophobic
octyldimethylchlorosilane. =~ The matrix is considered as
the combination of individual silica nanotubes of inner
radius r; and outer radius (. The effective radius seen by the
confined fluid taking into account the grafted mulffle (either
liquid or vapor) is rg < 7;.

material is confirmed by X-ray powder diffraction (Malvern
Panalytical X'Pert PRO MPD, see Figure 2A). The scattering
vector length g9 = 1.58 nm~! corresponds to the main Bragg

peak associated to the 100 reticular plane of the X-ray spec-
trum. This defines half the distance between the centers of
two adjacent pores 1y = 27Tq61/\/§ = 2.3+£0.01 nm. The
inner radius of the pore r; = 1.8 + 0.05 nm was determined
from the nitrogen adsorption isotherm (Micromeritics ASAP
2020) by fitting experimental points with a model based on a
Derjaguin-Broekhoff-de Boer approach %2931 (see Support-
ing Information). The continuous red curve, in the inset of
Figure 2A, is obtained with such a model considering a Gaus-
sian pore-radius distribution the standard deviation of which
is 13% of the mean pore radius. The hydrophilic pristine
material is then silanized with n-octyl-dimethylchlorosilane
to get superhydrophobic mesopores?®. The non-wetting be-
haviour of the sample is characterized by mean of a home
made intrusiometer 32, The sample made of a suspen-
sion of grafted MCM-41 in water is placed into a dedicated
deformable container immersed in glycerol as a pressure
transmitting fluid within the measurement chamber of the
apparatus. Experiments are carried out at fixed compres-
sion/dilation speed, by mean of a piston moving at constant
velocity. The intrusion/extrusion cycle obtained with this ap-
paratus is shown in Figure 2B, after subtraction of the elas-
tic contribution due to liquid compressibility and system fi-
nite rigidity. This elastic contribution is characterized mea-
suring the slope of the linear variation of the pressure with
respect the volume before and after intrusion/extrusion pro-
cesses?*. Filling and emptying of mesopores are revealed
by two plateaus characterized respectively by an average in-
trusion pressure p;;; = 45 MPa and an average extrusion
pressure p.yt = 10 MPa. The intrusion pressure distribu-
tion is well predicted (red dashed curve in Figure 2B) us-
ing the Laplace law of capillarity and the pore-size distri-
bution extracted from nitrogen adsorption. The two aver-
age pressure levels p;,; and peyt are noticeably lower than
the ones reported by Lefevre et al?® for the same pristine
material. These moderate pressure levels, compatible with
the mechanical strength of the specific aluminium sample
holder used for neutron scattering experiments, are related
to the surface density in grafting agent. The molecular den-
sity of our sample, characterized by thermo-gravimetric anal-
ysis (Mettler-Toledo, LF1100-XP1), is 0.65 nm 2 based on the
native material surface which is half the value of 1.3 nm 2
reached by Lefevre et al?8.

2.2 High pressure intrusiometry during neutron
diffraction experiments

The high pressure set up which has been developed is us-
able on any neutron beam line for the characterization of a
dense slurry of superhydrophobic nanoporous particles in
water (see Figure 3). Compared to classical high pressure
equipment, such as diamond anvil dedicated to GPa pressure
range and minute deformations, our set-up works at pres-
sures below 100 MPa and is able to accommodate large vol-
ume variations associated to water intrusion into the pores
(or extrusion out of the pores). In addition, porous parti-
cles have to remained trapped within the measurement cell
and should not move freely with the liquid when it is trans-
ported in and out of the nanopores, so that the total meso-
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Figure 2: A) Powder X-ray diffraction spectrum of pristine
silica. Inset: Adsorption (full symbols) and desorption (open
symbols) N isotherms at 77 K with V,;, = 510 & 10 mm?/g
denoting the mesopores volume after condensation. The
lines are fits of pre-wetting film up to capillary condensation
for a single pore size (dashed line) or for a Gaussian pore ra-
dius distribution (full line). B) Corrected intrusion/extrusion
isotherm of water in silanized MCM-41 (after subtracting the
elastic deformation of the system) for 1 g of porous mate-
rial at 20°C. The red dashed curve is the theoretical intrusion
pressure distribution based on the Gaussian pore radius dis-
tribution obtained from N, isotherms.

porous volume remains stable during the successive mea-
surements. Moreover, compared to previous studies with
hydrophilic particles surrounded with a vapor which did not
contribute to the scattering signal, the superhydrophobic par-
ticles of interest are surrounded with a bulk liquid the den-
sity of which is closed to the confined liquid. This means
that the bulk fluid may contribute to the signal. To limit
as much as possible its contribution and favour the contri-
bution of the powder we aim to reach a volume fraction in
solid particles as high as possible. In addition, the thickness
of the sample needs to be reduced as much as possible to
avoid signal absorption and multiple scattering. Finally as

the state of the system is highly sensitive to the bulk liquid
pressure and to the temperature, especially during the fill-
ing and emptying transitions, a stability of the pressure (with
fluctuations smaller than £0.5 MPa) and of the temperature
(with fluctuations smaller than +0.1 K when working close
to the ambient temperature) are needed. The central piece of
the set-up is a cylindrical aluminium cell specially designed
to minimize neutron absorption, with a total wall thickness
of 2 mm and an internal diameter of 6 mm that can sustain
100 MPa. The cell hosts a cylindrical aluminium insert com-
prising a rectangular slit (1 mm thick, section 6 x 60 mm?)
used as a sample holder (see Supporting Information). The
slit is filled with the dense wetted nanoporous powder, be-
having as a paste, with a spatula. The dry friction within
the granular media is large enough to maintain the sample
in place within the slit during intrusion/extrusion phenom-
ena. The cell is connected to a capillary tubing filled in water
used to accommodate the volume of liquid moving in and
out of the nanopores. The liquid pressurization is carried out
by means of an automated syringe pump (VINCI) working
with fluorinert FC-770 as a high pressure transmission me-
dia. A separator comprising a free sealed piston is used to
prevent any mixing between the water and the oil and po-
tential contamination of the porous matrix. A pressure sen-
sor is mounted at the vicinity of the cell in order to check the
experimental conditions. The cylindrical cell is finally placed
within a home-made thermalization chamber, closed by thin
aluminium foils. The lower and upper faces of the chamber
are thermally regulated by a thermal bath. The temperature
is homogenized within the chamber by forced air convection.

neutron
beam

T LT

thermal

regulation
8 pressure regulated
fluid separator syringe pump

pressure

I

Figure 3: Schematic of the setup used for the study of the de-
formation of hydrophobized MCM-41 nanopores when per-
forming an intrusion/extrusion isotherm. Inset: Typical 2D
small-angle diffraction pattern obtained after calibration and
instrument correction.

sensor

2.3 SANS experiments

Small angle neutron scattering experiments are carried out
on the D16 ILL instrument. Neutrons offer the possibility to
change the fluid scattering length density by isotope substi-
tution. This helps one to prevent any unexpected alteration



of the diffraction pattern when changing the content of the
pores 33, For this purpose, water is prepared as a mixture of
D,0 and H,O to obtain an effective zero scattering length
density. The D16 instrument at ILL is well suited for high
resolution diffraction study for intermediate g range from 0.4
to 4.5 nm~! that contains all of our three Bragg peaks at 1.5,
2.6 and 3 nm~!. The percent resolution on wavelength and
the small pixel size keeps peaks sharp and provide a fine g
spacing of 0.02 nm~!. Acquisitions are carried out for a se-
ries of imposed pressures along an intrusion/extrusion cy-
cle. Due to the moderate neutron flux of the D16 line at
least 2 h are required for the acquisition of a single spectrum
during which the pressure and the temperature are main-
tained stable enough to prevent any drift of the sample state.
The detector is shifted from the center of the beam first to
avoid the impact of the direct beam and second to reach large
scattering vector needed to determine precisely the incoher-
ent background. Calibration and corrections are carried out
using three additional acquisitions. The background noise
is obtained from an acquisition with a fully absorbing cad-
mium sample and then with an empty cell. The efficiency of
each pixel of the detector is defined from an acquisition of
a perfectly incoherent signal delivered by a pure water sam-
ple. The inset in Figure 3 shows a typical axisymmetrical 2D
diffraction pattern obtained after calibration which leads to
a typical spectrum after azimuthal integration as shown in
Figure 4A).

For each measurement, the transmission, calculated as the
ratio of the signal intensity with and without the sample in
place, revealed to be a useful complementary quantity for
this study. The transmission of the order of 64% decreases
slightly when the water amount increases within the cell. In
particular, we observed a relative decrease of the transmis-
sion of the order of 2% when water fills in the mesoporous
particles. Following the transmission it was thus possible to
confirm the empty or filled state of the pores according to the
considered pressure. This relative change of the transmission
is in line with the estimated ratio of the intruded volume over
the external water volume between porous particle based on
the amount of powder placed within the slit.

3 Results and discussion

3.1 Strain during an intrusion/extrusion cycle

Each raw spectrum shows a clear main Bragg peak (reticu-
lar index 100) which characterizes the inter-pore distance of
the hexagonal pore lattice. A small second peak is also vis-
ible which may correspond to the combined contribution of
110 and 200 peaks. In addition to the Bragg peaks of inter-
est, the raw spectra present a base line visible at large g and
a strong increase of the signal toward low 4. These two con-
tributions are not fully reproducible from one acquisition to
another and need to be subtracted to be able to detect reliably
any shift of the Bragg peak position. The careful correction of
these two contributions is carried out with the following pro-
cedure. First, the base line measured at large g between 3.5
and 4.8 nm~! is suppressed. This corrected signal is charac-
terized at low g by a power law decrease of its intensity (vis-

ible in the inset of Figure 4A after full correction) generally
associated with Porod’s law the exponent of which is related
to the surface of the diffracting objects. In presence of well
defined objects, with sharp interface, predictions of the expo-
nent can be made. However in our case the size, the shape
and the structure of the surface of the mesoporous particles
is not the well defined. We thus identify the exponent from
a regression in a log scale, to be able to estimate this Porod’s
contribution. After subtraction of this second correction, the
base line is evaluated again taking into accounts the points
for 3.8 < g < 45nm ! and 2.1 < g < 2.3 nm™~! between
the two Bragg peaks. These admittedly arbitrary limits are
chosen to base our correction on a maximal number of points
while discarding points associated to Bragg peaks and points
at large g subjected to large uncertainties. These limits are
identical for the treatment of all spectra. For a given spec-
trum we checked that slight variations of these limits do not
change noticeably our results. Figure 4A shows one typical
raw spectrum. The gray curve represents the correction func-
tion of the form kq~" + I, with I the intensity of the base
line, n the pseudo Porod’s exponent of the order of 1.6 in our
case and k a prefactor. The two last parameters are, respec-
tively, identified from the slope and the intercept of the linear
fit in log scale.

After this correction, we finally normalized the intensity of
the signal by the area of the main Bragg peak for g between
Gmin = 1 nm~1 and Gmax = 2 nm~1. This range has been
chosen in order to consider most of the points which flanks
the peak. As a result the corrected intensity I; is in length
unit and such that | q'z";r“l* I.(g)dq = 1. Figure 4B, shows this
corrected intensity I. of two typical spectra, measured at am-
bient pressure and at 40 MPa

The so obtained spectra are almost identical except a slight
shift related to the radial deformation of the mesopores when
changing the pressure. The next step of the analysis aims at
extracting this slight shift as a function of the applied pres-
sure. Various functions are conventionally used to fit diffrac-
tion peaks. Such an approach is well suited to identify the
position of a peak with a good resolution as long as the num-
ber of parameters required for the fitting remain limited 34. In
our particular case, the slight poydispersity of the pore size
and the presence of the hydrophobic grafted muffle prevent
the use of simple function to fit properly our data. More-
over it is not exactly the position of the peak, but rather its
shift according to the applied pressure which is of interest to
measure the deformation of the mesoporous matrix. More
precisely the deformation € of the sample is defined by the
relative change of 7y = 27, 1/4/3 or relative change in inter-
pore distance, which correspond precisely to the opposite of
the relative variation of the scattering vector length. Rather
than doing a curve fitting, a more suitable approach in our
case, to avoid any loss of information, consists on working
directly on the difference between two experimental spectra.
For this purpose we use the barycenter of the area below each
corrected Bragg peak, in the range 1 < ¢ < 2nm™!, as a def-
inition of the scattering vector g, of this peak measured at a
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Figure 4: A) Raw diffraction spectrum for grafted MCM-41 obtained at ambient pressure. Gray curve: correction function taking
into account Porod’s contribution and base line (see text). Inset: logarithm of the corrected intensity I — I versus the logarithm
of the scattering vector length g where I, is the intensity of the base line. Lines are linear regression of experimental points.
B) Comparison of the corrected intensity I. between spectra at ambient pressure (dark blue) and 40 MPa (light blue) before
pore filling. Inset: normalized difference ¢, as defined by eq. 3, between the g weighted intensities measured at 40 MPa and at

ambient pressure.

given pressure p:

Jmax
p = /q - qle(q)dq ©)
We checked here that the g, value measured in such a way
agrees with the value previously obtained from X-ray diffrac-
tion. From the dependence of 4, on pressure, our goal is to
extract the relative variation of g, with respect to a reference

scattering vector g, typically the scattering vector at ambi-
ent pressure.

d(q)dq
()

with § a function of q defined as the normalized difference
between the two g-weighted spectra measured at pressures
pr and p:

- - qmax
e(p) = ro(p) —rolpr) _ _4p —p _ _L/

Amin

TO(pr) dp: Ipr

3(q) = q(Ic(q) — Ir(q)) ®)

For a positive shift of the Bragg peak associated to the con-
traction of the porous matrix, ¢ is negative on the ascending
part of the peak and positive on its descending part (see inset
of Figure 4B). Discrete integrals are calculated from experi-
mental points using the trapezoidal rule. Our measurements
are carried out at the limit of sensitivity of the technique. The
uncertainty on our measurements, as suggested by the inset
of Figure 4B, is important with respect to the shift in g we
aim to measure. Varying the range of g values used for the
correction of the spectrums and integrals calculation we es-
timated that the uncertainty is of the order of +0.5 x 1073.
With such an uncertainty we are nevertheless able to extract
slight deformation € associated to scattering vector shifts 10

times smaller than the experimental acquisition spacing in 4.
The measured deformation € of our sample is shown in
Figure 5A according to the applied pressure along an intru-
sion/extrusion cycle. This deformation presents a clear hys-
teretic behavior with a bow tie shape, which is qualitatively
different from the one observed with hydrophilic MCM-41.
Increasing the pressure (upward dark blue triangles) from
ambient condition leads to a compression of the matrix which
is revealed by a decrease of € down to a value of the or-
der of —3 x 1072 at 40 MPa. Then a sudden relaxation is
observed, the matrix is less compressed at 50 MPa than at
40 MPa. This matrix relaxation upon pressure increase can
be seen as an effective auxetic behavior as recently put for-
ward with ZIF-8 metal organic framework by Grosu et al'’.
Then, increasing further the pressure, up to 80 MPa, the com-
pression continues again with a much less pronounced slope
than before the relaxation step. Decreasing the pressure from
this point (downward light blue triangles), we stick on this
second behavior and observe a modest increase of € down
to 10 MPa. A second jump occurs as the last point mea-
sured at ambient pressure is close to 0 corresponding to the
initial reference value. The two jumps of €, first measured
between 40 MPa and 50 MPa when the pressure increases
and then below 10 MPa when the pressure decreases, coin-
cide respectively with intrusion and extrusion processes fur-
ther revealed by the pressure dependence of the transmission
(see Figure 5B). When the pressure increases, the transmis-
sion slightly decreases in agreement with the water excess
within the measurement cell associated to its compressibil-
ity. The transmission shows a marked decrease around 45
MPa. Then the transmission follows a pressure dependance
with a similar slope as previously observed. When decreas-



1 1072 (tr — tro) /tro

—4 4 ~ <
—5 t t t t t t P [I\?P‘a]‘ L

0 10 20 30 40 50 60 70 80

B

Figure 5: A) Deformation € plotted against the pressure p
along an intrusion/extrusion cycle. Dark blue upward tri-
angle: deformation measured when the pressure increases
up to 80 MPa. Light blue downward triangle: deformation
measured when the pressure decreases from 80 MPa. Empty
symbols correspond to empty pores, filled symbols to filled
pores. Dashed line: theoretical deformation for empty pores
given by eq. 5. Full line: theoretical deformation for filled
pores given by eq. 6. B) Relative variation of the transmis-
sion according to the pressure along an intrusion/extrusion
cycle. Dashed gray lines indicate the relative variation of wa-
ter amount due to isothermal compressibility before and after
filling. Water intrusion occurs around 45 MPa while extru-
sion occurs below 10 MPa.

ing the pressure, this second trends is preserved down to 10
MPa while for the last measurement the transmission falls
back close to its initial value. This hysteretic evolution of the
transmission confirms that pores fill with water at around 45
MPa and expel water at around 10 MPa in agreement with
the intrusiometry cycle in Figure 2B. The extrusion pressure
extracted from SANS measurement seems however slightly
smaller than the one measured by intrusiometry. A possible
reason might be due to the ageing of the grafting used for the
hydrophobization of the pores. In order to check that such

an ageing does not impact significantly our results, two in-
dependant series of measurement have been carried out with
two samples. As recently shown with grafted periodic meso-
porous material, ageing is mainly related to the time material
spends filled in water'®. Here, the first grafted MCM sam-
ple spent twice the time filled with water than the second
sample. Once filled with water this second sample was used
to characterize mesopores deformation at 10, 15, 30 and 40
MPa. Among the series of pressures studied with the filled
first sample, the pressures 10, 30 and 40 MPa are common
with the second sample. For each of these three pressures,
the discrepancy between the measured deformation with the
first and second samples remains in the limit of the measure-
ment uncertainty. For these three particular pressures and
for the measurements made when coming back to ambient
pressure, the deformation shown in Figure 5A is the average
of the deformation measured with these two samples, while
other points correspond either to results obtained with the
first or the second sample.

Based on the different measurements which confirm the
pressure location for intrusion and extrusion, we separated
our € values into two groups corresponding either to an
empty state of the pores (empty symbols in Figure 5A) or a
filled state of the pore (filled symbols in Figure 5A). Quali-
tatively, the slope of € with respect to the applied pressure
p is significantly more pronounced for the empty state than
for the filled state. To go beyond this qualitative description,
a theoretical modeling is here useful for a quantitative char-
acterization of the mechanical properties of our hydrophobic
MCM-41 sample and a comparison with results previously
obtained with pristine hydrophilic MCM-41.

3.2 Modeling of the deformation of superhy-
drophobic mesopores

The considered material corresponds to an almost perfect 2D
hexagonal lattice of cylindrical pores of inner radius r; and
half distance between two adjacent pore centers rg. As al-
ready suggested by several works 679 this hexagonal lattice
can be well approximated as the juxtaposition of tubes of in-
ner radius r; and outer radius ry. This hypothesis inherently
means that the deformation € is independent of the global
size of the lattice. As a result, the deformation € is represen-
tative of the behavior of an individual tube submitted to an
outer pressure p and an inner pressure p;. To develop a sim-
ple model we assume the tube to be a perfect cylinder. The
elastic behavior of the pore wall is restricted to the silica re-
gion only. The silane muffle is considered mechanically as a
fluid layer with a free surface energy which depends on the
nature of the fluid within the pore (either vapor or liquid).
We finally consider that the lateral outer wall of the tube as
well as its extremities are both submitted to the same outer
pressure p. Under these hypothesis we aim at modeling the
deformation € defined as the relative variation of the radius
ro when changing the outer pressure from p, ~ 0 MPa (am-
bient pressure) to p. To calculate this relative variation we
introduce the radial displacement u,(r, p;, p) within the tube
wall according to the radius r, the pressure p; acting on the
inner wall thought the silane muffle (which differs from the



pressure of the fluid within the pore because of capillary and
potentially disjoining effects) and the outer pressure p so that
€ = Au,(rg)/rg. As the considered individual tube is in fact
embedded within the matrix, there is no real outer interface
and in consequence no capillary or disjoining effects acting
on this fictive external surface. The pressures p; and p are
linked to each other though the fluid equilibrium between
the inside and the outside of the pore. At this stage however,
to express u,(ro, p;, p) in a general manner we keep p; and
p as independent pressures. From classical theory of elastic-
ity (see Supporting Information):

Mr(”OzPi/P)_l( 2¢ pi_(1+¢_2v)p+ ¢ VA)
1-¢ 1-¢ 1—¢

)
with ¢ = r?/r} the void fraction of the pores (i. e. the poros-
ity) and A the averaged axial stress accounting for interfa-
cial and contact line forces3® which depends on the pres-
sure p and on the sate (either empty or filled) of the pore.
In the following theoretical development surfaces stresses®”
are assumed as constant. Any dependence of surface stresses
on surface strain® is neglected first because the considered
strain are small and second because the uncertainty on our
experimental data would not allow us to reveal such a de-
pendence.

For a lyophobic inner wall and an empty pore, the inner
fluid at pressure py is in a vapor state while the outer fluid
at pressure p is in a liquid state. The equality of the chemical
potential of the inner and outer fluids leads to:

- V
Po = Psat €Xp ((P kg?t) l)

ro E

where, psat is the saturation pressure at the considered tem-
perature T, kp is the Boltzmann constant, V; is the molec-
ular liquid volume. For p of the order of 40 MPa, the ra-
tio pV;/(kgT) is 0.35 and py is at most 45% larger than pgat
which is negligible with respect to p. For such an empty
lyophobic mesopore, the liquid meniscus anchored at the ex-
tremity of the pore contributes to the pressure dependence
of the axial force sustained by the silica elastic wall so that
A — Ay = p, with A, referring to the stress in the reference
state at p, ~ 0 MPa. In this situation, as py is negligible, the
normal stress on the silica inner surface p; is approximately
constant and fixed by the pressure jump ‘¢, /7¢ across the
curved silane/vapor interface (of surface tension 7¢y) and
the stress jump fs¢/7; across the curved silica/silane inter-
face (of surface stress fs¢ involved in the Gurtin-Murdoch
condition3¢7). Here the disjoining pressure between silica
walls, of the order of Wsys/ (487'[1'?) ~ 0.1 MPa with Wy
the Hamaker constant of a silica/void/silica system?’ is fully
negligible 1. As a result, the deformation €, (p) for an empty
lyophobic pore expressed with respect to the reference state

is:
=415t
=—FP )

with a, the ¢ and v-dependent prefactor.

For a pore filled with liquid, the pressure of the inner lig-
uid is equal to the pressure p of the outer liquid (neglect-
ing disjoining pressure effects which are expected to be even
smaller than in the empty case). For such a filled lyopho-
bic mesopore, there is no more anchored meniscus and as-
sociated axial force but the transition from a silane/vapor
to a silane/liquid interface leads to a jump of axial force
with respect to the reference state so that A — A, = (1+
r(%,/ r7) (Vg1 — Yg0) /1g With 7 the silane/liquid surface ten-
sion (see Supporting Information for further details). Due to
this surface tension transition and to the inner pressure tran-
sition from p, to p, the difference between the normal stress
on the silica inner surface p; and the reference value p;, is
pi — Pir = P — (Vg1 — Ygo)/7g. Using the intrusion pressure
Pint, which is expected to follow the Laplace law of capil-
lartity® pin = 2(7g — Yg0)/1g, the deformation ef(p) of a
filled pore is:

2
it 3)))

~_ L _ ) Pint
=~ (app+ (v —ar) 55¥) ©)
with a = 1 — 2v. The approximation in the last expression

consists in neglecting the rév/ ri2 term which corresponds to
an error on the intercept position of the order of 5%. Such an
approximation, which corresponds to a modest error in com-
parison to our experimental uncertainty, leads to a very sim-
ple model which fully captures the important trends of our
experimental results. For both empty and filled states, the
deformation decreases linearly with the pressure. Remark-
ably, the intercept of € ris fixed by the intrusion pressure and
the difference between the slopes of the deformation curves
associated to filled and empty states. For empty pores the
magnitude of the negative slope is K, = &,/ E while for filled
pores itis Ky = —ay/E. Moreover from eqs 5 and 6 it is ex-
pected that €, and €7 should be equal for p = pj,;/2. This
implies that the relaxation jump during intrusion is the op-
posite of the intercept of € £, or (K. — K f)p,-m /2. Tt is worth
noting also that the Poisson ratio v appears as a simple func-
tion of these two slopes and of the porosity ¢:

L K(l=¢) =K, (1+9)
2K (1= )~ K; (2= ¢)

It is of interest to compare this simple theoretical behav-
ior observed both in empty and filled states for lyophobic
mesopores with the case of lyophilic mesopores (see Figure
6). For such a filled lyophilic mesopore, after capillary con-
densation, the equality of the chemical potential y of the in-
ner liquid at pressure p; and outer vapor at pressure p leads
to p; = psat + kpT/V;In(p/ psat). The vapor pressure p is in
magnitude negligible with respect to the inner liquid pres-
sure p;. Comparing the filled state with the dry reference
state p; — piy = p1 — (fs1 — fs) /ri with f; the solid /liquid sur-
face stress and f; the bare solid surface stress. Axially there is
this time a contribution of the meniscus limiting the confined
liquid as well as a contribution of the surface stresses f;; and
fssothat A — Ay = —p; +2(fg — fs)/7;. The deformation é¢

@)
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Figure 6: Schematics of the adsorption-induced deformation
€ of a lyophilic mesopore (left part # < psat) and of the
intrusion-induced deformation of lyophobic mesopore (right
part i > psat) according to the chemical potential y of the ex-
ternal fluid, either in a vapor state (left part) or in liquid state
(right part). In both cases, dark lines correspond to pressure
increase (adsorption or intrusion branch), light lines to pres-
sure decrease (desorption or extrusion branch).

of the lyophilic filled pore, with respect to its dry state, writes
from eq. 4

o ke — & 2-2v fs— fs
) =T (ne 52T

The inverse of the slope characterising the linear increase of
& with ppis M = E/(ae —ay) = E(p' —1)/(2 —v), pre-
viously introduced as the normal pore load modulus3®. This
filled lyophilic case (high outer vapor pressure) behaves anti-
symmetrically to the empty hydrophobic state (low outer lig-
uid pressure). In the lyophilic case, &y increases linearly with
the inner liquid pressure p; whereas in the lyophobic case
€, decreases linearly with the outer liquid pressure p. More-
over the magnitude of the deformation observed in these two
cases is larger than the one observed in the respective com-
plementary states for a similar change of chemical potential
(pre-wetting in the hydrophilic matrices at low outer vapor
pressure, filled lyophobic matrix at large outer liquid pres-
sure). For lyophilic and lyophobic matrices with identical ge-
ometries and wall mechanical properties one would expect,
as typically ay < e, that M (lyophilic case) is slightly larger
than the modulus K; ! (Iyophobic case). In the lyophilic case,
the maximum dilation is reached at saturation for p = p; =
Psat for which the deformation is directly related to the dif-
ference of surface stress 203 € (psat) =~ M~Y(fs — fy) /7
where f; > f;;. Similarly in the hydrophobic case the max-
imum compression is reached for p = pjy; and €f(pins) =
2Ke (5o — ¥s1) /7 where 750 < g

The lyophilic case at low outer vapor pressure is however
strongly different from the filled lyophobic case at high outer
liquid pressure. In the lyophilic case, adsorption effects leads
to the formation of a pre-wetting liquid film on the pore wall
which has a significant impact on the pore deformation. Be-
cause of the presence of this pre-wetting film, a fully empty

state that would be analogous to the fully filled state ob-
served in the lyophobic case does not exist. This is a ma-
jor difference between these two cases. The modeling of this
pre-wetting situation requires the proper description of dis-
joining pressure effects, thoroughly described in the litera-
ture, which generally implies the introduction of additional
unknown physical parameters. The lyophobic case offers on
the contrary the possibility to focus on the wall mechanics in
both empty and filled states without the pitfall associated to
the pre-wetting film description.

3.3 Comparison with experimental data

To determine the two coefficients K, and K rwe proceed to a
simultaneous least-square fitting of all our data. For empty
pore points the deformation is modeled as €, = —K,p while
for filled pore points we use € = —Kgp — (Ke — K¢)pins/2
with p;,; = 45 MPa. The resulting straight lines, which cross
at p = piys/2 are shown in Figure 5A. The inverse of the so
obtained coefficients, which can be compared to the pore load
modulus, are K;! = 15 GPa and Kfl = 75 GPa. Using eq. 7

we find v = 0.15 £ 0.05 which agrees with the typical value of
0.17 expected for amorphous silica?>4?. Here the uncertainty
is estimated from the uncertainty on the porosity ¢ and on
our measured deformations €. The ability to extract experi-
mentally this Poisson ratio is a remarkable specificity of the
lyophobic case which is free from the description of the pre-
wetting regime. In the lyophilic case this ratio has to be im-
posed based on the assumed nature of the material. We con-
firm here that this value is a reasonable choice even for the
nanometric thin wall of MCM-41. Based on this value we find
&, = 3.5 and ap = 1 —2v = 0.7. We then deduce the Young’s

modulus of the matrix wall E = a,K; ! = 5245 GPa. This
value is more explicitly shown in Figure 7 where all experi-
mental points are plotted as a single master curve of slope E,
using on the horizontal axis the negative measured deforma-
tion and on the vertical axis the stress o expressed as a,p in
the empty state and ap — (we — af)pin;/2 in the filled state.
This Young’s modulus value is also in good agreement with
the value of 44 MPa found by Gor et al?® based on the exper-
iments of Prass et al® for pristine hydrophilic MCM-41 with
a porosity ¢ = 0.615 similar to the one ¢ = 0.6 of our sample.
The proximity of these two values confirms that our grafted
sample is close to the pristine material, from a mechanical
point of view, with a negligible impact of the grafting agent.
Because of the slightly smaller Young’s modulus and slightly
larger porosity of Prass et al’s sample, their load modulus
M = 14 MPa appears slightly smaller than K;!. This trend
is opposite to the one expected theoretically if the material
properties would have been exactly the same.

These results complement a series of work on lyophilic
mesopores” 248 and confirms that the Young’s modulus of
MCM-41 wall is significantly smaller than the expected value
of bulk silica of 73 GPa. Such a discrepancy is however not
surprising taking into account the partial condensation of sil-
ica in MCM-41 walls?’. To go beyond the specific case of
MCM-41 we can refer to several recent studies aiming at
characterizing the mechanical behavior of porous siliceous
materials. In this context, several series of independent mea-
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Figure 7: Stress o applied to the mesopores according to the
radial compression —e. Marks are experimental data with
0 = a.p for empty pores (open symbols) and o = agp —
(e — af ) pint /2 for filled pores. The line is a linear regression
the slope of which is the Young’s modulus E = 52 GPa.

surements, carried out on several types of siliceous materials,
reveal a behavior close to a power law between the density of
the material and its Young’s modulus as shown in Figure 8.
In order to compare the case of MCM-41 to this trend, we use
the numerical work of Coasne et al*’ to estimate the average
density within the silica walls MCM-41 as (see inset of Figure
8). From the density distribution proposed by these authors
we find an average density of 1.8 g.cm 3. This density associ-
ated with the value of Young’s modulus used in our mechan-
ical model defines a point which is well positioned within
the cluster of points in Figure 8. This last result suggests that
the empirical power law between Young’s modulus and sil-
ica density is valid down to nanometric thin structures such
as the walls of MCM-41 considered in this study.

4 Conclusion

A high pressure set-up dedicated to intrusion/extrusion
studies of water in model hydrophobic nanopores combined
with small angle neutron scattering measurements provides
an unprecedented approach to study the local deformation of
superhydrophobic mesopores during an intrusion/extrusion
cycle. A hysteretic strain isotherm is observed which stands
out from the typical strain isotherm measured with hy-
drophilic mesopores. We obtain a bowtie-shaped isotherm
comprising two distinct linear branches before and after
forced filling of the pores. The superhydrophobic matrix is
either filled in vapor, without liquid adsorption on the pore
walls, at a pressure slightly larger than the saturation pres-
sure, or filled with liquid, at the same pressure as the outer
bulk liquid once forced filling as occurred. The mechanical
response of vapor filled mesopores surrounded with liquid is
comparable to the one of liquid filled hydrophilic mesopores
surrounded with vapor. However the mechanical response
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Figure 8: Young’s modulus E for different types of silica sam-
ples (aerogel , xerogel, silica glass, cristobalite, quartz) ac-
cording to their density p. Data are collected from several
authors, gray dots#!, diamond #?, blue triangle43, square44,
orange triangle*®, pentagon®®. The black open circle is our
measurement with an averaged density estimated from the
work by Coasne et al*’. The inset is a replica of the Figure 8
of this work showing a density map of the silica walls of an
atomistic structural model of MCM-41 material.

of liquid filled hydophobic pores depart from the one of par-
tially empty hydrophilic pores where adsorption as a strong
mechanical impact. The absence of pre-wetting film and as-
sociated disjoining pressure effects in the hydrophobic case
constitutes a major difference with respect to the hydrophilic
case and leads to a simple mechanical modeling of pore de-
formation in both empty and filled states. Once the intru-
sion pressure is known it turns out that the strain isotherm
of hydrophobic cylindrical mesopores is fully defined by the
Young’s modulus and the Poisson ratio of pore walls without
any additional parameters. Reversibly, the characterization
of the strain isotherm of hydrophobic pores gives the ability
to experimentally determine these two parameters, in par-
ticular the Poisson ratio which can not be directly obtained
from the strain isotherm of hydrophilic pores. In the case of
silanized MCM-41 we find a Poisson ratio of 0.15 which is
very close to the value of 0.17 generally used for amorphous
silica. The Young’s modulus of 52 MPa is close from the
one of 44 MPa previously found for similar pristine MCM-
41. Such a moderate value with respect to bulk silica reveals
nevertheless in agreement with the typical trend observed
for the Young’s modulus according to the density of various
siliceous material. Our results suggest that, from a mechan-
ical point of view, the nanometric thin wall of MCM-41 ma-
trix behaves similarly to macroscopic siliceous material pre-
senting the same density. This work opens the route to the
local characterization of the mechanical properties of nano-
structured hydrophobic material and certainly to a more de-
tail description of the specific mechanical contribution of the
grafting.
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High pressure set up

Experiments were carried out with a cylindrical cell
(1I9PL10ALS, figure 1A and 1B ) specifically tailored to our
needs. The cell is made of an aluminum alloy with optimal
mechanical properties (7049, MgZn?2 precipitation) enclosing
a lightly alloyed aluminum insert with 3% magnesium (AGS3,
5754, figure 1A) maximizing neutron transparency. The cell
can be operated up to 100 MPa with temperature up to 50°C.

The insert was designed to accommodate both SANS con-
straints and the rheological behaviour of the dense wetted
powder behaving as a paste. The insert comprises a shal-
low parallelipipedic slit containing the sample. As a result,
the sample presents a plane geometry which avoids correc-
tions needed in cylindrical geometry. To simplify the filling
of the slit the insert is open along its outer lateral cylindrical
surface. Such an aperture is also of interest to maximise the
width of the sample (which is equal to the diameter of the
insert) Filling of the insert is done by using a spatula to force
the wetted paste within the parallelipipedic slit. The insert is
oriented within the high pressure cell so that to maximise the
intensity of Bragg picks. The entire measurement system is
shown in figure S2.

Figure S1: A) Schematics of the cell and of the insert and pic-
ture of the insert filled with the wetted MCM-41 powder be-
having as a paste. B) Picture of the cylindrical high pressure
cell mounted on the diffractometer above the fluid separator
and pressure sensor.
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Figure S2: Picture of the setup with the pressure-regulated
syringe pump (right hand side) and the thermally regulated
chamber enclosing the cell.

Thick-wall pore deformation

From the fundamental law of thermodynamics

%u
vl =V-(0)+ fo

where u is the displacement, ¢ is the stress tensor and ﬁ, are
volume forces. Using Hooke’s law,
o = Mr(e)l + 2ue

the Navier equation results, which expresses the mechanical
balance according to the displacement u 2
02— (W2 ¥ (V) —pT A (T ) +

where A and y are the Lamé coefficients. In absence of vol-
ume force and at equilibrium
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For a cylinder submitted to axisymmetric forces, the dis-
placement is independent of the azimuthal coordinate. In
absence of buckling, the radial displacement u, is a func-
tion of the radius r only and the longitudinal displacement
1, is a function of the longitudinal coordinate z only, that is
V A#i = 0. This implies V - # = constant. In cylindrical
coordinates this means
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As the first term is a function of r only and the second term a
function of z only this implies
o(ruy)

or
du;
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where a and c are two constants. After integration:

= constant
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where b and d are two integration constants. The correspond-
ing strain are:
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and off diagonal components are zero. Using Hooke’s law,
one obtains
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with off diagonal components equal to zero, and with

A=2(A4+pu)a+Ac
B =2ub
C=2Ma+ (A+2u)c

That is
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Using the expressions of A and y according to the Young
modulus E and the Poisson ratio v
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one gets:
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For a tube with thick walls submitted on its outer wall and
on its annular base, to a uniform outer pressure p, and on its
inner wall to a pressure p; (which can be related to surface
stress contributions®%), the boundary conditions leads to
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where A corresponds to the averaged axial stress accounting
for interfacial and contact line forces®. Consequently
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The relative radius variation of the outer surface is finally -2
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The pressure p; (or more rigorously the normal component
of the surface stress on the surface of radius r;) is obtained
combining by the Gurtin-Murdoch condition (for solid /fluid
interfaces) and the Laplace law of capillarity (for fluid/fluid

S2



interfaces). For empty lyophilic ungrafted mesopores (ne-
glecting wall fluid wall disjoining pressure):

where f; is the surface stress on the bare internal wall. For a
lyophilic pore covered with a fluid pre-wetting film of thick-
ness t

Vv _&
T’i—l’ T

ot =ty (i (1t
A_2<ri+'nv 2 -1+

where 7, is the liquid/vapor surface tension, f;; is the sur-
face stress at the solid /liquid interface and p; is the pressure
within the liquid film which can be expressed, at thermody-
namical equilibrium from the chemical potential fixed by the
vapor pressure py.

For a lyophilic pore filled in liquid
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For an empty lyophobic grafted pore (neglecting the mechan-
ical contribution of the inner vapor pressure p,) with a silane
layer of thickness t; (assumed to be constant) immersed in
liquid at pressure p
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where 7, is the surface tension of the silane/vapor interface,
fsg is the surface stress at the solid/silane interface, pg is the
pressure within the grafting agent layer and IT the disjoining
pressure associated to the silane layer.

For a filled lyophobic grafted pore
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where 7, is the surface tension of the silane/liquid interface.
The difference in A values between the filled state and the
empty reference state comprises a disjoining pressure term
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(11, = 11,)(1 — r§/ r?) across the silane layer that is negligi-
ble with respect to the surface tension term. The difference in
disjoining pressure can be estimated from the derivative of
the surface energy with respect to the thickness of the silane
layer IT) — ITy = —d(7vg — 1g0)/dtg = —d(pintrg/2)/dtg. To
get an order of magnitude, we compare our results with the
one by by Lefevre et al!!. In their sample the thickness t, was
estimated to be 0.5 nm for a coverage density of 1.3 nm~2
corresponding to a radius r; = r; — t; = 1.3 nm and a mea-
sured intrusion pressure of 60 MPa. As our coverage density
is twice less than the one of Lefevre et al we estimate crudely
that for our sample the effective thickness is ¢ ~ 0.25nm and
rg = r; — tg ~ 1.5 nm, while the measured intrusion pressure
is 45 MPa. Consequently we find IT; — IT, ~ —16 MPa. Con-
sequently, as 7, is close to r;, the term (IT; — IT, ) (1 — ré/rl-z) is
expected to be one order of magnitude smaller than the term
(r)/gl - ’)’gv)/rg(l +1’§/1’7»2) = pint(l +r§/r1‘2)/2'

Pore size characterisation

The inner pore radius of the pristine material is deduced
from nitrogen adsorption using a Derjaguin-Broekhoff-de
Boer analysis®>~”. At low relative pressure a pre-wetting film
of thickness t < r is supposed to cover a pore of radius r.
The grand potential () in this pre-wetting regime depends on
the film thickness. The equilibrium of the liquid film corre-
sponds to a minimum of the grand potential or dQ)/0t = 0 at
fixed chemical potential”. In the framework of the Derjaguin
approximation, we consider a surface potential Wy, term in
Q) to model the vapor solid interactions through the liquid
film. Following several previous studies, the surface poten-
tial is expressed as an exponential decay Wy, = Sexp(—t/¢)
where S is the spreading parameter and ¢ an interaction
length. With such a form for W, we calculate the film thick-
ness t(py) so that Q is minimum®10. The thickness is ex-
pected to jumps from t < r to t = r when Q(t < r) = Q(r)
that is the thermodynamical equilibrium defining capillary
condensation.

The fluid amount in a pore of radius r and length L at pres-
sure p, can be approximated by the liquid amount in this
pore V(py,7) = mLr?(1 — (1 —t(r, py)/7)?). Considering a
bundle of cylindrical pores with a Gaussian distribution of
average radius r; and standard deviation ¢

r—r;

V(py) = AL/mz <1 — (1 —#(r, pv)/r)Z) [(E) dr (1)

with A a dimensionless parameter such that the total volume
of the pore V, is

rero\ 2
Vp = AL /rZe_(fTﬁ) dr

In our analysis the experimental value of V), is defined as the
volume reached at the end of the condensation jump. Based
on this model fitted on our experimental points we obtained
the continuous red curve, in the inset of Figure 2A) of the ar-
ticle. This model has four independent parameters. We find
S = 0.068 + 0.002 J/m? and & = 0.20 + 0.01 nm mostly fixed
by the pre-wetting regime, r,, the average pore radius fixed



by the position of the condensation jump and o associated to
the width of this jump. The characterisation of the pristine
material leads to o /r;; = 0.13 associated to a certain polydis-
persity of our material.

Concerning the grafted material it has been characterised
by water porosimetry (Figure 2B) of the article). The intru-
sion pressure, modelled by the Laplace law of capillarity, is
expected to vary as the inverse of the pore radius. In presence
of polydisperse pores, large pores fills before smaller ones. A
point within the intrusion plateau is characterised by a vol-
ume V of intruded water and a liquid pressure p such that

—rm

) ar

r
V(p) :/\wL/ (r—tg)Ze_(
, 2
/ -1
= Aol /r ") 2 ( ﬁ> dr'

with tg the average thickness of the grafting agent muffle,
rq the average pore radius of the grafted material, r'(p) =
—27v,cos0/p (with v;, the water surface tension and 0 the
contact angle) and AL = Vi/ [ r'exp(—(r — rg)/ (V20)dr'
(with V, the total intruded volume). The thickness t, was
estimated to be 0.5 nm by Lefevre et al'l for a coverage
density of 1.3 nm™2. As our coverage density is twice less
than the one of Lefevre et al we estimate that for our sample
te ~ 025 nm and rg = r; — tg ~ 1.5 nm. As we measured
an average intrusion pressure p;;; = 45 MPa we estimate
0 = arccos(pinstg/ (271p) = 117°. As expected this value is
smaller than the value measured by Lefevre ef al for similar,
fully grafted, material. Assuming this value to be the same
in all pores, we expect that
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Combining Eq. 2 and 3 the expression of V according to p
is used to plot the red dashed curve in Figure 2B) of the ar-
ticle. The good agreement between the experimental points
and this theoretical curve suggests that the variation of the
intrusion pressure during the intrusion process can be inter-
preted as a signature of the slight polydispersity of the mate-
rial and reversely this good agreement confirms the estima-
tion of the polydispersity of the material from the sorption
isotherm analysis.
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