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Chapter I: Scientific Case
|.LA. Introduction

The study of the novel properties of matter at the nanoscale has led to an intensive
research activity over multiple scientific disciplines giving rise to the term renowned as
nanosciences. In the same aspect, the reduction of the volume accessible to molecular fluids via
confinement in pore widths equivalent to a few molecular diameters has proven capable of the

drastic modification of their static and dynamical properties compared to the bulk counterparts.

Nanoconfinement has retained a constant attention during the last decades both for a
fundamental-scientific and industrial-technological interest. The manipulation of fluids in
nanochannels and their behavior at the nanoscale plays an intrinsic role in many phenomena
offering opportunities in many applications such as: oil recovery, catalysis, separation
processes, sensors, biotechnology and nanofabrication.!'! Moreover, confinement has also been
reported important for many applications in lubrication, adhesion and drug delivery.!
However, despite the large interest and multiple approaches, no thorough understanding of the
behavior of nanoconfined systems has been achieved yet. Hence, with the little scientific
background on this topic, the design and control of such processes remains largely empirical.
This brings the scientific community to reconsider a set of problems in condensed matter

regarding the topic of confinement.

Recent studies have supplied prevailing evidence that the properties under spatial confinement
shouldn’t be accounted in terms of the bulk analogs. It has been shown that the change in the
thermodynamic balance between enthalpy and the system’s disorder induces structural
frustration and surface phenomena leading to the radical alteration of the liquid’s spatial
correlations and dynamics.l> 4 Thus, restricted geometries have been reported to have
remarkable consequences on first-order phase transition behavior (melting, freezing, solid-
solid) leading to either a plain temperature shift, a change in the nature of the transition or the
complete introduction-disappearance of phases.” /It has also been reported to modify the fluid
dynamics in terms of structural relaxation and glassy behavior. ["") Furthermore, confinement-
induced structural modification has also been described in the literature. Recent studies have

shown that nanoconfinement caused changes in density and heat capacity (which are static
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properties) ! as well as the formation of interfacial macroclusters and new self-assembled

phases in nanoassociating mixtures.[!>-13]

Two main perspectives were approached in the attempt of understanding the influence of
nanoconfinement on the behavior of molecular condensates. The first is based on the surface
effect through the introduction of a wall interface leading to a competition between liquid-wall
and liquid-liquid forces. The nature of these interactions and their balance is a critical element

for the development of new surface-driven phases under confinement.!' 151

The other perspective is the so-called finite size effect. It emphasizes that restricted geometries
imply “cut-off” effects on the growth of any correlation or cooperativity lengths which is
bounded by the pore size. This is a topic of unsettled debate as this simple view gets more
complicated by additional parameters such as surface effects, low-dimensionality and disorder
[16.17]in addition to experimental artifacts. Moreover, when confined within a pore with a typical

size of a few molecular diameters, both static and dynamical properties can be strongly altered.

A possibility not accounted for in many studies.

To put our project in this context, we present below the current state of knowledge on topics
related to our work. The detailed advancements in the research field of nanoconfinement have
been reported elsewhere.[> ¢ 1% 191 In this contribution, it is not my intention to achieve a
comprehensive review but rather address a selection of examples on confinement studies with

a particular emphasis on the structural and dynamical aspects of the confined molecular phases.

I will initially address confinement effects on phase transitions (melting-freezing), dynamics
(glass transition, relaxation times) and structure (density, self-assemblies). The confinement-
induced physical phenomena will then be interpreted in terms of surface and finite size effects
which will be thoroughly discussed. I will then proceed to highlight some studies on binary
mixtures under confinement. Light will be particularly shed on some recent studies that
demonstrate pieces of evidence on microphase separation of binary mixtures under confinement
either at the proximity of the bulk phase separation or, more interestingly, in fully miscible
systems. The inspiring studies in this aspect will facilitate the introduction of the aim of the

study and the detailed structure of the thesis will finally be concluded.
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|.B. Confinement Effects

|.B.1. Effect on Phase Transitions
I.B.1.1. Melting /Crystallization in Confinement:

In the recent decades, confinement effects on the liquid-solid phase transitions have
been intensively studied.> '8 2% 21l Experimental as well as theoretical approaches have
indicated that the confinement of liquids in small pores has enormous impact on their first-order

thermodynamic properties and phase transitions. !

Remarkable decrease of the melting temperatures have been witnessed over a broad range of
confined organic compounds.?*) These pioneering studies have been measured by DSC in silica
pores (Controlled Pore Glasses GPC) of variable sizes 1** 24 and showed that the melting
temperature in the pores is reduced with diminishing pore size (Fig. I-1). In most studies the
melting temperature variation (ATm) is negative and in a direct proportionality with the inverse
of the pore diameter. A behavior which is in agreement with model predictions based on

macroscopic thermodynamic considerations.

40.0 —r T ————T— -
) cis-decalin
.. @ trans-decalin
30.0 | *7 cyclohexane )
r M benzene
g + A chlorobenzene v
E 20.0 } < naphthalene ~ o y
=] [ heptane ]
- A 4
10.0 i
DD i L i M -y i i i "
0.00 0.01 0.02 D.03

1/d (A~ 1)
Figure I-1: Experimental values of ATm for different molecules as a function of the inverse pore
diameter. The lines through the data are linear regression fits used to calculate the values of 6. [}
The Gibbs-Thomson formalism is the simplest method used to interpret the melting point
depression (ATm) under confinement where ATm = Tconfined- Toulk. This model predicts that

ATm is given by equation (I-1):

~=
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40,4 T
AT, = dAleI >
Ps

(I-1)

Where osl is the energy of the solid-liquid interface, Tm is the bulk melting temperature, d is

the pore diameter, AHr is the enthalpy of fusion of the bulk liquid and ps is the solid density.

Even though the Gibbs-Thomson formalism succeeds to reproduce and interpret the results of

many studies in the literature,!> '8 20

it fails to explain certain cases where the melting
temperature was shifted to higher values. The limitation of this approach is its founding on
macroscopic aspects that can’t be valid at the molecular scale and its non-explicit consideration
of the interaction between the confined phase and the porous matrix. A subsequent introduction
of a parameter a which accounts for the ratio of the matrix/fluid and fluid/fluid interactions was
able to explain the increase in the melting temperature under confinement in terms of strong

surface interactions.!?]

Moreover, changes in ATm seem to obey the formalism for pores equivalent to at least 20 times
the Van der Waals diameter.”®! A remarkable deviation from this prediction is however
observed, for the smaller sizes between 10-20 times the molecular diameter. For instance, for
small pores, the distinction between the interface and bulk-like phases is not possible anymore
and surface effects span over the entire volume of the confined system. This has been illustrated

in the neutron diffraction studies on confined benzene in MCM-41 and SBA-15 (Fig. 1-2).["]

Crystal and vitreous benzene at T=70 K

0.3 IIIIIIIIIIIIIII|III|III|III|III|IIIIIII

[ b) Bulk ———-

— I D=654, W=364 |
IL B i
'—I|m 02 [~ -
(..i - -
Q i i
© i |
E | ]
-~ 0.1} .
g s A /\ ’\-M I
G )‘ I \/" AN
i 1 N ,h T

i rl rfk v k .

O_O l 'JI-\-‘III\IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
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QA

Figure 1-2: S(Q) of benzene at 70 K (dashed line) and confined in various matrices of diameter D
(solid lines) 17
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The Neutron Structure Factor S(Q) for the confined liquid at 70K permits the discrimination
between crystalline and amorphous phases upon tuning the pore diameter by moving from

MCM-41 to the larger pore-sized SBA-15.

In sufficiently large pores (D= 6.5nm), the stable bulk crystallization is reproduced in the
confined benzene with a slight peak broadening due to defects and finite-size effects. As the
pore size diminishes (D= 3.3nm), a highly defective structure appears leading to an amorphous
solid for the smallest pore size (D= 2.4nm). In this region the structure of the confined phases
generally remains amorphous (even at very low temperatures) and crystallization in that range

(1627 This phenomenon also correlates with the glassy

is either partially or totally suppressed.
dynamics observed upon the cooling of the confined liquid, with an apparent signature of a

dynamical arrest at lower temperatures.

Thus, the suppression of crystallization in nanopores and the formation of amorphous structures
upon decreasing temperatures grants a rare opportunity to extend the liquid state’s stability
range and allows the observation of a new transition: the glass transition. Moreover, this
phenomenon has raised many questions regarding the relaxation processes in confined

geometries and their potential link to the dynamics of deeply super-cooled liquids.

|.B.2.Effect on Dynamics
[.B.2.1. Concept of Glass Transition

As mentioned in the previous section, cooling a liquid below its melting point does not
necessarily lead to crystallization. The system could rather persist in a metastable equilibrium
state, becoming a super-cooled liquid. Upon further cooling, the viscosity and structural
relaxation time () can vary over 14 orders of magnitude. The super-cooled state will eventually

cease to exist reaching a state which deviates from equilibrium; i.e., the glassy state.

The glassy state is characterized by a relaxation time that significantly exceeds the characteristic
time of the experiment. The glass transition is not thermodynamic in nature, but rather kinetic;
therefore, it noticeably depends on the conditions of handling, especially the cooling rate which
is demonstrated in Fig. I-3 (A) where the cooling of the liquid either led to crystallization or to

two glassy states (a) and (b) with the cooling rate of (b) being faster than that of (a).!**]
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Figure I-3: The change in volume or enthalpy versus temperature; (B): the evolution of the viscosity as
a function of Tg / T, Angell diagram (right). **

Glass-forming materials can be classified according to the change of their viscosity (or

relaxation time) with Tg/T into two main categories: “Strong” liquids following an Arrhenius

behavior and “Fragile liquids”. The latter comprise many organic systems and are characterized

by deviations from simple Arrhenius and Debye laws to a “super-Arrhenius” behavior,*”!i.e.,

they witness an escalation in the activation energy of their main relaxation time around the glass

transition temperature which is represented by the Angell diagram in Fig. I-3 (B).?*!

Super-cooled liquids hold a remarkable property having the decay of their structural relaxation
function distinct from the simple form of the Debye-type (exponential). This decay is rather
expressed in terms of the stretched-exponential (Kohlrausch) relaxation function.?*=3!l This
non-Debye type of relaxation, can be interpreted by two approaches: either the relaxation of the
relaxing units is intrinsically non-exponential and homogeneous at low temperature, or the
relaxing units follow a Debye mode but each has a different relaxation time. The latter time

distribution being attributed to the heterogeneity in the dynamics of the liquids.** 3

Adam and Gibbs suggested a model in an approach to explain the behavior of liquids in the
vicinity of the Tg temperatures.** This model introduced the concept of cooperative
rearrangements in the relaxation modes of molecules present in different parts of system. The
salient thermodynamic and kinetic features were then interpreted as an outcome of the
cooperative nature of the relaxation modes of super-cooled liquids expressed at the nanoscale

30, 35

in terms of spatial/temporal dynamical heterogeneities [** 33! demonstrated in Fig. I-4.
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time scale

r
‘oo...

length scale

IC—7| &her

Figure 1-4: Temporal fluctuations and length scale of dynamical heterogeneities in supercooled
liquids. B

The collective dynamics concerning a few molecules is affiliated with a characteristic distance
known as the cooperativity length &net. The size of such a Cooperative Rearranging Region was
estimated by Donth to be in the nanometer range and equivalent to a few molecular diameters.
[36] The presence of such a characterization length implied that samples bearing dimensions
equivalent to this CRR (example: in the case of spatial nanoconfinement), may encounter the

so-called finite size effects, a topic that will be addressed in the following section.

The pursuit of understanding the cooperative dynamics of the glass transition motivated the
introduction of the concept of confinement of super-cooled liquids. In this aspect, various
experimental methods (quasielastic neutron scattering, dielectric spectroscopy...) and MD
simulations with extended accessible timescales (1ps to 1000s) have been performed to study
the distinct signatures of confinement on the relaxation processes of the glass transition.[?”- 37
401 This approach turned out to be elusive as these studies revealed that the Tg and the molecular

dynamics may vary significantly under different confining environments.['®: 27 Nevertheless, it

has introduced a new phenomenal field of research with its own fundamental interest.
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[.B.2.2. Dynamics of Confined Super-cooled Liquids
I.B.2.2.i. Finite size Effect

The study of the dynamics of confined super-cooled liquids although inconclusive,
provided a general trend of Tg decrease. This has been illustrated by the study of salol in coated
porous glass where the relaxation rates were reduced in the confined geometry compared to the
bulk (Fig. I-5).4" This can be interpreted in terms of the influence of the finite size effect on

the cooperativity of the molecular reorientations of the glass-forming liquids.

104 %
| \G
= o, o
T ) bulk 7.55.0 2.5
. ;4
-
= s
o0 e
=) o®e
- xc% e
2 o® 4 .
#°~ 8
00 J.
¢ *
T T T T T T T T T T T T T T I T ! 'J' I+
3.0 32 34 3.6 38 4.0 42 44 4.6 438
1000/ T K]

Figure I-5: Activation plot for salol confined to coated pores: O: 7.5nm, @: 5nm, @: 2.5 and * for

the bulk. The arrows indicate the calorimetric glass transition temperatures for the different pore sizes
and bulk salol.™*"

At high temperatures the cooperativity length is less than the diameter of the pores granting
equivalence between the bulk and the confined geometry. Upon decreasing the temperature the
noticeable deceleration in the glassy dynamics is attributed to the growth of cooperative
rearrangement regions also known as frustration limited domains.** ** This is an observation
associated to the super-Arrhenius behavior of the relaxation time of fragile liquids. The
correlation length of these CRR units keeps on increasing with the decreasing temperature until
the finite-size effects imposed by the confining matrix limit their extension beyond the pore
size. Therefore, due to this ‘‘cut-off effect’’ the structural relaxation of the confined liquid is
accelerated compared to the bulk where the dynamics are increasingly retarded due to the
unhindered growth of the cooperativity length.[*! However, this outcome is not systematic and
no general conclusions can be withdrawn as some studies have reported constant or even
increasing Tgs. An observation that can be attributed to the liquid’s interaction with the pore

wall (surface effects).[!8: 20,27, 43, 44]
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I.B.2.2.ii. Surface Effect

MD simulations were performed in an approach to disentangle the effect of the surface
roughness on the relaxation times of confined liquids.*®! A significant outcome of this study is
the witnessed increase in Tg close to the wall in the case of interaction with the rough surface.

On the other hand, a reduction in Tg has been detected in the proximity of the smooth wall.

(k) T, (z)
smooth surface 1
L 10
A particles, g=7.2

L 107

Oy | LU :

L 10!
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Figure I-6: Relaxation time as a function of particle distance from the wall for (a) rough and (b)
smooth surfaces at different temperatures. The large diamonds are the bulk values and the long
dashed curves and the solid ones show the simulation fits. **

The propagation of this boundary effect as a function of the distance from the pore wall has
also been investigated. The study revealed the gradient recovery of the bulk behavior as we go
further from the wall into the inner-pore (Fig. I-6). This distribution of relaxation times is
commonly interpreted as a consequence of the surface induced dynamical heterogeneity in the
system related to the spatial extension of this surface-wall effect which leads to a magnification

of the non-Debye character of the structural relaxation process.7 3411

The nature of the surface morphology (roughness, chemical nature, structure) and the resultant
fluid-wall interaction, can determine whether the acceleration or deceleration of the dynamics
of the interfacial liquid molecules takes place. The situation gets even more complicated with
the introduction of other confinement effects such as the finite size of the confining matrix.
Hence, the attitude of liquids under confinement is often ambiguous and related to complex
phenomena with several convoluted effects which in turn lead to non-systematic results in the

literature preventing the extraction of any definitive conclusions regarding this topic.['® 2038
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1.B.2.2.jii. Competition between the Different Effects

As mentioned earlier, the current level of understanding of the dynamics of glass-
forming liquids in confinement doesn’t permit the extraction of universal behaviors of the glass
transition. This is demonstrated by the study of the glass transition of toluene as a function of
the pore size of a series of mesostructured porous silicates (Fig. 1-7)."]
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Figure I-7: The Glass transition versus the pore diameter for toluene confined in MCM-41 and SBA-15
nanopores. Dashes illustrate the Tg of bulk toluene, the points represent the average bulk Tg at the same
density in the pore and the arrows represent the Tg region. !

The non-monotonic variation of Tg certainly emphasizes the presence of competing size and
surface effects in the confined geometry, of which the relative contributions is system
dependent. For instance, in small pores a remarkable increase in Tg is observed favoring
interpretations based on the surface boundary effects. In such pores (widths equivalent to a few

molecular diameters) most of the confined molecules can interact with the corrugated walls that

act as blocking boundary conditions causing the reduction of their mobility.

In larger pore sizes, Tg is reduced to a value smaller than that of the bulk (<120 K). This is a
common signature of another effect that has been discussed earlier i.e., finite-size effect. The
latter would restrain the growth of any cooperativity lengths and compete with the surface-
induced effects, thus moderating the retardation of the dynamics and inducing the observed
decrease in Tg. The general trend observed in this study (i.e., the decrease of the glass transition
temperature for large pore sizes) suggests the dominance of the finite-size effects over surface
effects on the dynamics of toluene in this range. Therefore, our comprehension of the influence
of confinement on the liquid behavior is still primitive and based on many macroscopic

approximations that are not necessarily true at the nanoscale.
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|.B.3.Effect on Structure
[.B.3.1. Density Change

A general assumption is often made that the bulk static properties persist upon
confinement. Even though this approach proved intrinsic for relating confinement effects to the
correlation length of cooperative dynamics, a growing body of literature gives direct evidence

to the change in structural properties inside the nanopores of mesoporous systems.[* 44431

For instance, a method has been proposed to document the variation of the average density of
the liquids confined in MCM-41 and SBA-15 silicates.!* * It is based on relating the Bragg peak
intensities of the hexagonally ordered mesoporous materials obtained from neutron diffraction

experiments to the liquid density by implementing contrast matching methods (Fig. I-8).
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Figure I-8: Temperature dependence of the density of bulk and confined toluene. Pore diameter: A: 2.4
nm, m: 3.5 nm, ®: 4.7 nm. !
Tg causes a modification in the thermal expansion from the liquid to the glassy state which is
detected by a slope change of p versus temperature. The study revealed that the density of the
confined toluene may significantly deviate from that of the bulk at the proximity of the Tg.!"!
A phenomenon mostly prominent in the smallest pore size where the density of the confined
liquid doesn’t coincide with that of the bulk. In this case of extreme confinement (D= 2.4nm),
which is equivalent to a few molecular diameters, Tg occurs at a much higher temperature
indicating a higher thermal energy and volume than the bulk. Regarding larger pore diameters
(D= 3.5nm, 4.7 nm), the thermal expansion of the liquid in these confining geometries is lower
than that of the bulk leading to a smaller expansion jump resulting in Tgs comparable to the
bulk values. This indicates that the density of the confined toluene is smaller than that of the
bulk even for pore sizes as big as 10 molecular diameters (D= 4.7nm) where the effect is feeble

yet persistent displaying a trend of density change under confinement.
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[.B.3.2. Self-assemblies in Confinement

Density is not the only characteristic affected by confinement. In fact, the structure of
H-bonding fluids is more susceptible to confining geometries. This is due to their ability to form
networks leading to the development of intermediate range orders (IROs) of a few nanometers
in the liquid state (a characteristic which can be hindered by finite size effect for example).
Moreover, associative liquids tend to form H-bonding bridges with the interfacial hydrophilic
silanols.*8! This surface character is of a great practical significance since it is usually
encountered in many popular porous silica materials (SBA-15, MCM-41, Vycor...) granting

peculiar features [*” and new structures in the confined geometries (layering, self-association...).

I.B.3.2.I. Inter-pore Layering
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Figure 1-9: (A): Radial p profile of methanol in silica nanopores. Open circles: local p of methanol. Dark
shaded area: average number of H-bonds, bounding a methanol and a silanol. Light shaded area: average
number of H-bonds linking two methanol molecules. Solid line: average number of H-bonds per methanol
molecule; (B): MC simulation of radial p profiles vs molecular orientation with respect to the surface. [**)
The structure of nanoconfined methanol was investigated by MD simulation. The study
revealed the spatial non-homogeneous distribution of the density of methanol inside the pores
of the mesoporous silica. This phenomenon of layering is demonstrated in Fig. [-9 (A) which
shows the oscillation of the radial density of methanol’s carbon atoms around the typical liquid
density (p= 0.014 nm>) across the pore.[**! The evolution of these layers in the pore reflects the
propagation of a translational order from the pore surface towards the center breaking the bulk’s
translational uniformity. Moreover, the orientational order of the confined methanol shows
unusual features as the liquid loses most of its typical isotropy (equal probability of orienting
in different possible directions). This is elucidated in Fig. -9 (B) which displays the radial
density profile as a function of the molecular dipole’s orientation with respect to the pore
surface. It shows that the interfacial layer is anisotropic, with a maximum corresponding to the

molecular axis being normal to the surface.!*?!
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I.B.3.2.ii. Self-Association

Self-association is yet another phenomenon that can be influenced by confinement.
Being an outcome of the balance between hydrophilic and hydrophobic forces, one might
expect that the introduction of an additional fluid—substrate interaction through confinement
can modify the equilibrium of these forces. Furthermore, confinement in MCM-41 and SBA-
15 molecular sieves offers the possibility of H-bonding with the interfacial silanols resulting in
the formation of new surface-induced self-assemblies.
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Figure I-10: Neutron structure factor of liquid TBA in bulk and confined in MCM-41. (A): Bulk liquid
(blue line), liquid in MCM-41 with D = 3.5 nm (black line), liquid in MCM-41 with D = 2.4 nm (red
line), and intramolecular form factor (dashed line); (B): magnified view of the low-q region. [**)

The study of tert-butanol (TBA) in MCM-41 mesoporous silicates is a typical example of the
structural studies on associating liquids under confinement. The structure factor S(q) of TBA
reveals significant changes in the low q region suggesting that the local order of the liquid phase
is greatly disturbed by nanoconfinement. The major confinement-induced change is the
disappearance of the pre-peak associated to supermolecular assemblies (q= 0.8 A™!) indicating

that the supermolecular clustering of TBA is suppressed in the pores (Fig. I-10).[4"]

Many interpretations have been approached to explain the absence of the pre-peak in the
structure factor of the confined TBA. The first emphasizes the spatial restriction introduced by
the porous geometry (pore size and shape) which inflicts severe constraints on the expansion of
medium-range ordered nanostructures. The second is based on the fact that the vicinity of the
pore wall often promotes specific arrangements in the interfacial fluid (layering, hexatic six-

fold orientational order, linear aggregates...) which can compete with the bulk liquid structures.
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|.B.4. Phase Separation of Binary Liquids

So far, we have only discussed the case of simple liquids confined in nanopores. However,
the study of the structural and dynamical properties of binary liquid mixtures under confinement

6,50 Theoretical studies have focused on

has been increasingly gaining interest in many fields.!
the capillary condensation of a mixture of liquids in cylindrical pores. They revealed that for
systems with different interactions, the wetting of a component over the other in the pore surface
is predominant.>" 32 A more recent theoretical study indicated the possibility of the binary
system to present partially de-mixed thermodynamic states under confinement with several
possible configurations: partial wetting leading to the formation of caps, capsules or tubes

(complete segregation) with one liquid at the surface and the other being located in the pore.[**

This segregation in porous media was observed for binary mixtures bearing a miscibility gap in
their bulk state.>**81 A pioneering example of such studies is that of Formisano and Teixeira
on the de-mixing of hexane and n-perfluorooctane imbibed into mesoporous Vycor.’*! They
developed a model to explain the intensity increase prevailed in their small angle neutron
scattering (SANS) results. In their model, they attributed the sharp increase in the scattering
intensity at low Qs to concentration fluctuations and associated the appearance of another peak
at Q= 0.05 A™! to the introduction of a new characteristic length related to the formation of an

adsorbed layer richer in one of the liquids (B) over the other (A) at the pore wall (Fig. I-11).[%
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Figure I-11: A logarithmic plot of the intensity scattered from the dry Vycor (stars) and from the samples
at the lowest (open symbols) and highest (full symbols) temperature. From the bottom: HD (circles), H
(diamonds), and D (squares). [*%
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In a similar approach, Findenegg and coworkers investigated the temperature-induced
microphase separation of the binary iso-butyric acid+ heavy water mixtures (iIBA + D20) in
CPG silica glass.!3% 37 5% 6% Their SANS results have shown a strong temperature dependence
as evident in Fig. [-12. A quantitative analysis of the data using a model similar to that of
Formisano and Teixeira relates the rise in intensity with decreasing temperature to growing
concentration fluctuations. Furthermore, the decrease of the diffusion coefficient (measured by
neutron spin echo experiments) with decreasing temperature was explained by the
immobilization of the concentration fluctuations at the pore wall upon reaching pore size and

their breakdown into microdomains forming a tube-like structure at low temperatures.
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Figure I-12: SANS curves obtained for the 54 wt.% iBA+D,0 sample. !
The existence of these nanosegregated regions was interpreted as a consequence of a
competition between diverse effects leading to the preferential adsorption of one of the two
phases to the host (wetting). However, quenched disorder effects inflicted by the strongly inter-
connected pores of Vycor hinder a complete phase separation by trapping the system in a

dramatically slowed down critical fluctuations regime deep inside the miscibility gap.

Since the topology of the porous host seems to have a remarkable influence on the phase
separation process, new approaches were conducted in an attempt to overcome this effect. This
was achieved by the replacement of the interconnected and disordered Vycor and CPG matrices
by more ordered materials (Anodic Aluminum Oxides, MCM-41...). For instance, Lefort and
coworkers investigated the radial nanostructure of trimethylamine (TEA) /water (D20) binary
mixture confined in the cylindrical pores of anodic aluminum oxide (AAO) membranes as

represented in Fig. I-13 (A). B8
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Figure I-13: (A): Schematic representation of cylindrical pores either empty, filled with a homogeneous
liquid, or filled with a core-shell structure of a binary solution; (B): A scheme of an ideal core-shell
phase separation. The binary solution is supposed to demix in a pore of radius Rpore into a core with
radius Rgnen and of neutron scattering length density pin, surrounded by a shell of scattering length
density psnen and surrounded by the AAO matrix of scattering length density paios.

The small angle neutron scattering data measured on the confined mixture indicate the existence
of a concentration inhomogeneity in the pores well below the bulk phase separation
temperature.>®! This inhomogeneous structure was analyzed by the model shown in Fig. 1-13
(B) considering a simple core-shell structure. Two scenarios were taken into account the first
assuming that the interfacial shell layer is pure D20 with TEA residing inside the pore and the
second assuming the exact opposite configuration. The best agreement was evident for fits with
the core-shell model depicting the preferential affinity of water to the AAO pore walls with a
TEA-rich phase in the core (as illustrated in Fig. [-14).
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Figure I-14: Best fits of the ratio p(Q) = Ixi(Q)/Lempry(Q) of the SANS intensities of filled and empty
AAO. The solid lines and dashed lines show the best fits obtained when assuming that this interfacial
shell layer is pure D20 and rich in Triethylamine respectively. °*)

In general, it was found that the structure of the nanosegregated phase depends on the
confinement geometry and the affinity of one of the two liquids to the pore wall, in particular

in the case of possible H- bonding with the surface.
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Interestingly, there are recent clues that confinement could induce micro-phase separation of
fully miscible binary liquids.[!%°! This situation differs significantly from the studies discussed
earlier which have been performed in the vicinity of phase separation or in the two-phase region
of critical or non-miscible mixtures. The origin of the phase separation in the former is related
to the selective interaction of one of the components with the pore surface rather than the

presence of a miscibility gap and critical concentration fluctuations.

An illustrative example on such inspiring studies are the ones conducted by Swenson and
coworkers who investigated the dynamics of miscible binary liquids confined in MCM-41.
Their studies reveal the non-monotonic dependence of the alcohol dynamics on the water
concentration in the binary mixture. A behavior far from an ideal solution and can be explained
in terms of the preferential H-bonding of water with the silanol groups at the pore surface and
the clustering of the other component in the core leading to phase separation.!®'-®31 This
segregation illustrates that at low concentrations, most of the water resides at the vicinity of the
pore wall and doesn’t interact with the core liquid. It is only at very high water concentrations
that a retardation of the dynamics of the alcohol is witnessed due to the partial remixing of the

liquids. The arrested dynamics can be then attributed to the anti-plasticizing effect of the rigid

5 [61,63]

network formed by the different H-bonding entities at high water concentration
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Figure I-15: (A): The density profiles of water (blue), glucose (red) and the silica matrix (grey); (B):a
schematic presentation of the pore showing the preferential adsorption of glucose at the pore surface. *¥

Different conclusions stem out of recent MD simulation studies performed on similar binary

64,651 These studies show the preferential adsorption of the other H-bonding liquid

systems.!
(glucose or ethanol) at the pore surface and the clustering of water at the center of the pore (Fig.

I-15). An observation which contradicts with the scenario proposed by Swenson et al.
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|.C. Aim of the Thesis

The disparity of the results obtained by the different techniques in the study of confined
binary liquids is one of the main motivations of this work as the possible origin of such
divergence is the fact that the mixtures studied comprise two H-bonding liquids. Therefore it
would be highly interesting to control such structuring by tuning the affinity of the liquids to
the pore wall. The idea is choosing a binary mixture composed of totally miscible liquids in the
bulk conditions. However, only one of the components should be capable H-bonding with the
interfacial silanol groups and the other should be aprotic. For this reason we chose the
notoriously associative tert-butanol (TBA) and toluene (Tol). Under such conditions one might

expect the selective adsorption of TBA at the surface and the residing of Tol in the core.

This study has also been motivated by two significant observations: the first is the formation of
interfacial H-bonded clusters in alcohol-alkane binary mixtures when in contact with
hydrophilic surfaces!!®1% 66711 and the existence of stable supermolecular clusters at the
nanoscale in the bulk state of the binary liquids, though fully miscible and homogeneous at the
macroscopic scale.l”>741 Moreover, such mixtures (TBA/Tol) have shown the formation of
supermolecular assemblies under confinement in MCM-41 type materials, suggesting a surface-

induced nanosegregation of the components (core-shell structure).

Since this nano-segregation phenomenon is linked to the nature of the solvent-solute-solid
interactions, any modification of the confining matrix in terms of size or chemical nature could
lead to different structural and dynamical properties of the nano-segregated systems. Therefore,
a main objective of this thesis is altering the pore size and surface properties in an attempt to

understand both effects on the phase separation process.

Primarily, tuning the pore size by replacing MCM-41 (D= 3nm) by the larger pore-sized SBA-
15 (D= 8nm) would give an insight to the stability of this nanostructuring and its survival in
larger nanochannels. Moreover, tailoring the chemical nature of the surface by going from the
strongly hydrophilic MCM-41 and SBA-15 to the hydrophobic carbon porous materials CMK-
3 (their graphitic replica) would allow the study of the surface effect and highlight the

significance of H-bonding (which is absent in this case) in the formation of such structures.

Another strategy allocated to this thesis is the modification of the liquids in the binary mixture

in an attempt to understand the effect of some liquid properties on the nanostructuring. For
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instance the impact of steric hindrance can be explored through the substitution of TBA by the
smaller methanol/ethanol molecules. Another interesting effect is that of the aromaticity which

can be investigated through the replacement of toluene by cyclohexane.

A key objective of this thesis is to achieve a comprehensive vision on the molecular dynamics
of the nanosegregated mixtures in order to disentangle the main structural relaxation from the
putative distinct modes arising from the different nanosegregated regions. The combination of
Quasielastic Neutron Scattering techniques: Backscattering and Time of Flight is essential for
the extension of the dynamical range and resolution to cover the broad distribution of relaxation

times induced by mixing and confinement.

|.D. Organization of the Thesis

The thesis consists of five chapters, the structure is as follows: following this
introductory chapter, Chapter II presents the liquids used: tert-butanol, toluene, methanol,
ethanol and cyclohexane and describes the different porous materials used in the literature
rationalizing our choice (MCM-41, SBA-15 and CMK-3) in terms of pore size and topology. It

then proceeds to illustrate the synthesis and characterization of these materials.

Chapter III is a comprehensive structural study on macroscopically miscible mixtures (TBA/Tol
and TBA/ cyclohexane), combining SANS and isotopic contrast effect. We will illustrate our
studies on bulk mixtures with different compositions to have an insight on the concentration

fluctuations caused by the preferential interactions between similar molecules.

In Chapter IV the mesoscopic scale order of binary liquids in the confined geometry will be
addressed. The results suggest the spontaneous nanosegregation of the components of the
binary mixtures confined in SBA-15. The SANS measurements will be discussed in the frame
of the predictions of a simple core-shell model. Different alcohols, including bulky TBA and
the smaller and more hydrophilic methanol and ethanol molecules will be considered in order

to discriminate between the interfacial layer scenario and the complete separation of the liquids.

Chapter V focuses on the dynamical properties of binary mixtures under confinement. The
study is based on the analysis of Elastic Fixed Window Scans and Mean Square Displacements
acquired from Neutron Backscattering measurements. Different TBA/Tol mixture
compositions confined in MCM-41(D= 2-3 nm) and SBA-15 (D= 8-9 nm) materials will be
compared. HD selective isotopic effects will also be used in order to disentangle the dynamics

and relaxation modes coming from the distinct segregated regions.
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Chapter Il: Liquids and Materials

II.LA. Introduction

The most important materials in our daily life happen to be molecular liquids.
Surprisingly, the degree of structure and property understanding of these systems barely
matches up with their abundance and significance. Therefore, the study of molecular fluids has

been a topic of intensive research during the last decades.

More recently, with the development of ordered mesoporous materials, an increasing interest
has emerged in the properties of these liquids when confined in nanometer-scale geometry !
either for a fundamental interest or due to their technological significance and possible
application in many scientific areas including microfluidics in biotechnology, engineering of

nanomaterials, geology, oil and chemical industry (cracking, catalysis...).

From a fundamental point of view, the nanoscale confinement (introducing fluids into a
restricted geometry of a typical size of a few molecular diameters) drastically modifies many
of their physical and/or chemical properties compared their bulk counterparts (structure,

molecular dynamics, phase transition, reactivity). >/

To further understand the effect of confinement many studies have been conducted on a variety
of porous materials which differ in pore size, pore geometry, pore surface regularity, chemical
nature... Different approaches for the classifications of porous materials have been suggested;
however, the most acknowledged one was conducted by [IUPAC (International Union of Pure
and Applied Chemistry) according to the pore size into three main categories: microporous
(pore diameter between 0.3 and 2 nm), mesoporous (pore diameter between 2 and 50 nm), and

macroporous (pore diameter greater than 50 nm).*!

We describe in the following chapter the features and characteristics of the different types of
liquids and porous materials used in our studies and justify the choice of the systems studied in

terms of the objectives of the thesis.
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I1.B. Liquids

Lower aliphatic alcohols are a prototype of complex molecular liquids which have
retained a constant interest throughout the last decades. Their significance originates from their
role as very common chemical substances abundantly used as solvents, reagents and raw
materials in industries. Although simple in chemical structure, they exhibit a remarkable
amphiphilic character bearing both a polar hydroxyl group and a nonpolar alkyl tail. This
duality contributes to the complexity of their intermolecular structure as the presence of a
hydroxyl group enables them to exhibit a multiplicity of intermolecular orders related to their
H-bonding ability. 22! The balance between hydrophobic and hydrophilic interactions is a
major driving force of an association of different length scaled microstructures in the liquid

[23

state.*) This equilibrium plays an important role in many biological and chemical processes

such as the assembly of proteins and the self-organization of microemulsions.[>* 2*]

In alcohol-water solutions, a strong deviation of physiochemical properties from ideal mixture
approximation is observed which is attributed to the incomplete mixing of the diverse

26291 Despite the complete miscibility of such

interacting molecules at the microscopic level.l
binary solutions at the macroscopic scale, their heterogeneities are identified in terms of
supermolecular alcohol clustering at the microscopic scale. The preferential configuration of
alcohol clusters in binary mixtures corresponds to pair combination of tail-to-tail hydrophobic
alkyl groups, an arrangement that resembles the micellar structures formed by surfactants in

water.?% The existence of H-bond interactions between the hydroxyl groups at the periphery

and water molecules is a critical factor contributing to the stability of such microstructures.

Different strategies have been conducted in the aim of isolating supermolecular aggregates
associated by H-bonds in the liquid state. A growing body of experimental results on binary
alcohol-alkane solutions suggests that these types of binary liquids would preferentially form
spatially separated nanophases. The addition of an aprotic liquid (none H-bonding) acting as a
hydrogen bond diluent, is an efficient way of modulating the interaction between these

supermolecular aggregates.!3!-3

This phenomenon of segregation was also studied by nanoscale confinement in mesoporous
media for liquids that exhibit a miscibility gap i.e., in the presence of a macroscopic phase

e. 34361 However, it is striking that the study of the segregation of

separation in the bulk phas
fully miscible binary systems in confinement is very scare in the literature.[*’3%! This has guided

our choice of systems to conduct a thorough study of the mesoscopic structure when mixing
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alcohol with an aprotic diluent in bulk and under confinement. In this section we shall describe

the physicochemical properties of the chosen liquids.

II.B.1. Tert-Butyl Alcohol

Tert-butyl alcohol (tert-butanol) is the simplest, yet most widely investigated
prototypical molecule of many systems exhibiting micelle-like supramolecular clusters related
to H-bonding in the liquid state.[*> *!I It is a model system to fundamentally explore the

microscopic mechanisms linked to self-association in condensed matter.

A variety of micro-heterogeneous structures have been witnessed for large, cluster forming tert-
butanol molecules.['> 1619211 According to the abundant literature on the topic the formation of
these clusters is attributed to the amphiphilic nature of tert-butanol bearing both hydrophilic
hydroxyl moiety and hydrophobic butyl extremity.l!* 17-2l- 42] These micellar clusters are
centered about the hydroxyl H-bonding groups and surrounded by the tert-butyl hydrophobic
parts of the molecules. They involve four to six molecules similar to what is observed in various
H-bonding liquids.?> *!) The formation of these supramolecular assemblies has been linked to
the frustration of the H-bonding system by steric hindrance due to the bulky repulsive part of

the molecule, 1> 16 19-21]

In many large peripheral group bearing associating liquids *!! (tert-butanol, phenol), the cluster
correlations could be demonstrated by a unique experimental signature in their pair correlation
functions which is the appearance of a pre-peak in the static structure factor obtained by neutron

diffraction , X- ray or molecular simulation !!% 13:20:21.401 (See Fig. II-1 for tert-butanol).!??]

a) b)
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Figure 1I-1: (a) Cluster of four tert-butanol molecules in the liquid state. **! (b) Structure factor of tert-
butanol in bulk (solid line) and under confinement (dashed line).!"®!
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Tert-butanol is a mono-alcoholic tertiary organic liquid at room temperature, (above the melting
temperature of 25 ° C). It was chosen for its extreme simplicity and the large number of studies
that have been devoted recently for the pure compound in bulk or under confinement.!'$: 22 A
limitation of this choice, regarding the studies in bulk, is its very low capacity to be kept in the
super-cooled state. Crystallization usually takes place only a few degrees below its melting
point. This area can be extended through working in confined environments which proved
capable of eliminating this problem (through crystallization suppression) allowing to work over

a wider temperature range.

In this study, tert-butanol in its hydrogenated and deuterated forms was used. This has proven
particularly important for neutron diffraction measurements to modulate the coherent scattering
cross section of the system. It is generally considered that, in a molecule of this size, the isotopic

effect on the structural properties of the liquid may be considered negligible.[!”!

[1.B.2. Methanol

Methanol with a molecular formula of (CH3OH) is the simplest H-bonding organic
liquid. It is considered to be a typical system for the investigation of the short range order of a
liquid either under confinement or in the presence of a substrate. The structure of bulk liquid
methanol has been widely studied by diffraction methods (neutron or X-rays) [ 1% 4l and MD
simulations.['!: *! Experimental as well as computational studies have suggested that methanol
mostly forms chain-like network structures rather than mesoscopic aggregates attributed to the

prevailing hydrophilic interactions in the low molecular weight alcohol.[-!!-20.21]

Phase transition and glassy behavior of methanol confined in MCM-41 and SBA-15 silicates
have been investigated by X-rays ! and neutron scattering.['?! A detailed description of the
variation of the experimental structure factor with the pore diameter showed the existence of

strong contributions arising from methanol-silica spatial correlations.!'?!

These studies that emphasize the strong interaction between methanol and silica and more
importantly, the smaller size of methanol compared to tert-butanol have guided our choice in
this particular molecule. The significance of the small size of methanol is that it could allow us
to discriminate between the scenario of having one molecular layer of alcohol at the pore surface

and that of complete segregation of the mixture upon confinement due to its short alkyl chain.
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[1.B.3.Ethanol

Ethanol (EtOH), along with other alcohols with chemically simple molecular
composition have widespread use in chemical industry as primary solvents and reagents.
Moreover, ethanol has multiple applications in environmental processes, industries and biology.
From a more fundamental perspective, it has also proven to be attractive in chemical physics
due to its strongly associating (H-bonding) nature. The structure of bulk ethanol is not a trivial
subject to investigate as many studies show that it exhibits winding chains in the liquid state,

the same unique structure which has been suggested to methanol.

Many studies have been conducted on the alcohol in confinement both in the pure % 47and in
binary states”®” *®) in a pursuit of understanding its behavior at the nanoscale. We chose this
molecule in our studies due to its resemblance to methanol in terms of structure and chemical
composition. The idea is to move from the simplest aliphatic alcohols (methanol) to the slightly
more “hydrophobic” ethanol and eventually the most bulky tert-butanol in an attempt to study
the effect of the molecular and alkyl tail size on the associative capacity of the liquid and thus

its behavior when in mixture with aprotic diluent under confinement.

[I.B.4. Toluene

The system chosen as the aprotic H-bond diluent of the alcohols used in this study is
toluene. It is an aromatic organic liquid of a hydrophobic nature, weakly polar and none H-
bonding. The main expected interactions between toluene and tert-butanol, methanol and
ethanol are therefore of Van der Waals nature. More specific interactions between the hydroxyl
group of the alcohol and the quadrupole moment bearing electron-rich aromatic ring of toluene,
shall be considered as well. This aromatic ring gives the liquid the capability of non-covalent

n—m stacking which gives it additional stability over its non-aromatic analogues.

Regarding its dynamical properties, toluene is a renowned glass forming liquid which
undergoes a highly non-Arrhenius like change in its viscosity with temperature in the super-

cooled range. Hence, it is considered among the most "fragile" liquids.

An additional element that guided our choice for this system, other than its hydrophobic
properties, is the fact that the tert-butanol and toluene are miscible in all proportions at the
macroscopic level.*”) This adds another value to the nanophase segregation phenomenon as

most of the binary systems investigated under confinement so far have been immiscible.
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Toluene is easily vitrified and maintained in its supercooled state. However, its crystallization
in alcohol mixtures for the compound in bulk limits its study to some extent below room
temperature (depending on composition) and to a wider temperature range under confinement
(due to crystallization suppression in confined media). This allowed us to conduct a
comprehensive study of the structure and dynamics of the mixtures, in confinement, in the

supercooled and glassy states in a temperature range between 2 and 320K.

I1.B.5. Cyclohexane

This system was chosen for being a non-aromatic analogue of toluene (both being aprotic
and hydrophobic liquids with very similar structures (see Fig. II-2). According to a previous
bulk study on tert-butanol-toluene and tert-butanol-cyclohexane binary liquids, an enhanced
stability of the TBA multimeric clusters was achieved in an aliphatic solvent compared to
toluene.’’! This was attributed to the existence of slightly stronger interactions between the

aromatic ring of toluene and the hydroxyl group of TBA.

Therefore, in this approach we aim to test the influence of the n-electrons on the interaction
between tert-butanol (TBA) and the aprotic solvent which could possibly affect the final

structure of the mixtures under confinement.

Figure 1I-2: Structures of the aromatic toluene (a) and the non-aromatic cyclohexane (b).
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II.C. Confining Materials
II.C.1. Types of Porous Materials

[.C.1.1. Microporous Materials
I1.C.1.1.i. Zeolites

Microporous systems are typically systems with a pore diameter ranging between 0.3
and 2 nm.[® Zeolites are a widely renowned type of microporous materials with a central
position among the most important materials in contemporary technologies as they have
tremendous applications in industrial, petrochemical !’ and many other fields of chemistry in
addition to their application in gas separation and storage.l*”l Moreover, zeolites are among the
most commercially important classes of catalysts [°*) with catalytic activities related to their
acidic surface and their distinctive properties. For instance, their porosity yields relatively large
internal surface areas and the uniformity of their channel sizes and pores accounts for their
catalytic selectivity. Moreover, their pure inorganic nature makes them extraordinarily robust.

A quality which makes them particularly convenient for catalysis under extreme conditions.

The general formula of the zeolite is Mxn [(A102) x (Si02) y] .zZH20, x and y being integers and
y/x ratio being greater than or equal to 1, n is the valence of the monovalent cation (M) and
finally z is the number of water molecules in each unit cell. Zeolites are crystalline compounds
with a 3D structure formed by TOs4 tetrahedra, T being either one of the three ions Al, Silicate
or phosphate forming a microscopic unit cell.°!! These unit cells connect again in a secondary
structure: truncated octahedron, consisting of 8 octahedral faces. This assembly strongly
depends on the ratio between Si and Al. Based on this criterion we can differentiate between
two commercial zeolites, type A with a ratio of Si/Al=1 and type X and Y having a ratio between

one and five, illustrated in Figure II-3.

Zeolite A Zeolite X

Figure 1I-3: Two types of zeolites, A and X, with a Si/ Al ratio 1 and 1 to 5 for A and B respectively.
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II.C.1.1.ii. Metal Organic Framework

Besides zeolites, a brand new generation of microporous materials, MOF (Metal-
Organic Framework) has emerged and advanced extensively during the past years. MOFs are
inorganic/organic hybrid materials comprising a self-assembly of coordinating centers of
metal ions linked with bridging organic ligands producing adjustable porous host materials. The
strong nature of their coordination bonds make them robust solids with high thermal/

mechanical stability and a well-defined geometrical and crystallographic framework structure.

This new family of materials with the 'reticular design' concept enabled the tailoring of novel
solids with regular porosity from the micro to nanopore scale. Various architectures can be
designed and assembled from a variety of molecular building blocks with different interactions
to form a network.[** This remarkable feature allows facile optimization of the pore structure,
surface functionalization and other properties for specific applications which is quite a disguise
from zeolites which have steady porous structures and are restricted by rigid tetrahedral oxide

skeletons making them difficult to be altered.

MOFs are a vividly explored domain due to their significant properties in many fields including
optics, molecular recognition, catalysis and drug delivery. °>-*8 Moreover, their most promising
applications yet to come is gas storage and separation thanks to their large surface areas,

adjustable pore sizes and tunable surface properties which qualify them to be ideal adsorbents.
[1.C.1.2. Mesoporous Materials

Ordered mesoporous materials have attained a great role of importance due to their
numerous applications as catalysts and adsorbents in different technological fields (chemistry,
biochemistry, environment....). The mainly renowned models of mesoporous materials are
oxides (silica, alumina), porous silicon and polymeric membranes. Silica-based mesoporous
materials, have particularly attracted further attention in material science due to their textural
and morphological properties (large pore volumes, high specific surface areas, narrow pore size
distribution and regular pore structure). In this part, we will shortly go over different types of

mesoporous materials and highlight the ones used in this study.

Silica aerogels are extremely porous disordered silica (80 to 99% porosity) obtained by
hydrothermal condensation of a silica precursor. A limitation of these materials is that although
a large variety of sizes is available, they exhibit disorders both in topology and pore size

distribution. Aerogels are formed by highly interconnected nanosilica filaments forming a
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complex network with a fractal geometry at large scales.>*'This structuration is very interesting
in the study of the effects of quenched disorder on phase transitions as well as the study of
fundamental aspects of statistical physics: super fluidity of helium, spinodal decomposition,

criticality of phase transitions in binary mixtures and liquid crystals. . .[6% 6!l

Vycor is a silica obtained by spinodal decomposition of a SiO2 and B203 mixture. It is a
disordered system of interconnected channels yet regular diameter. Another type of materials
is Porous silicon (SiP) and anodic aluminum oxide (AAO) which are membranes bearing
parallel straight channels among them. The former has a relatively large poly-dispersity with a
significant surface roughness and is interesting for studying the effects of unidirectional

quenched disorder on the criticality of phase transitions in liquid crystals.[6* 6]

While the physics of the molecules confined in zeolites is essentially dominated by the molecule
/ adsorbate interaction, confining in mesoporous systems allows exploring a whole new
situation, for which the reminiscent collective properties of the bulk phase (cooperative

dynamics, phase transitions, and medium-range order) are present in the 'nanophase’.

New families of mesostructured porous silicas have emerged in the beginnings of the 90s.The
major innovation in this field was the synthesis of M41S series, including MCM-41 (Mobil
Composition of Matter No. 41).1%* %1 More recently, other related families of materials (SBA-

15 in 1998 )% and their carbon replica CMK-3 "l were introduced.
I1.C.1.2.i. MCM-41

MCM-41 molecular sieves, the best known representative member of the M41S family
of crystalline mesoporous materials have gained enormous interest in the past decades. Their
significance is based on their simple, firm yet flexible structure of honeycomb-type lattice with

a uniform hexagonal array of parallel cylindrical pores.

This type of mesoporous materials is synthesized via an original hydrothermal synthesis known
as the 'template method'. They are obtained by the condensation of amorphous silica (SiO2) in
water assisted by the self-assembled micelles of the cationic CTAB surfactant in a basic
medium. The resultant pore geometry is obtained from the imprint of the surfactant’s liquid-
crystal hexagonal template phase. The synthesized materials exhibit specific surface areas,
well-defined morphologies and narrow pore size distributions with adjustable pore diameters

in the range of 2 to 8 nm. These exceptional structural properties, as well as the precise tuning
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of pore size, grant MCM-41 many possible applications in different technological fields:

catalytic bulky molecule conversion, adsorptions, separations, host—guest chemistry...

It is considered to be an ideal system for the investigation of the behavior of our confined fluids
due to its cylindrical, highly monodisperse and easily tunable pore structure.[** 8 In addition,
its pores are aligned and straight with no intersections. Since it is in the powder form, then it
has no macroscopic alignment (like AAO or PSi); however, a compensating advantage is the
availability of a large amount of the material which is required for QENS experiments. Another
major advantage of this material is the crystalline arrangement of its pores on a lattice, which
is a key ingredient for SANS experiments and structure determination of the confined mixtures.
Furthermore, it has a meso-size (not micro) which allows bulk reminiscent behaviors of the

confined liquids.

Therefore, we chose MCM-41 to be the matrix in which we confine our binary liquids to explore
their behavior at the lower mesoporous region (D= 2-4nm) which accounts to a few molecular
diameters. The details of the synthetic procedure used in this thesis and the characterization of
the materials obtained are given later.

I.C.1.2.i.SBA-15

An astonishing turning point in the synthesis of ordered mesoporous materials has been
attained by Zhao et al. who managed to synthesize SBA-15 type materials, a brand new type of
hexagonal Micelle-Templated Silicas bearing large BET surface areas, large pore sizes (5 to 30
nm), thick pore walls (3.5 to 5.3 nm) and narrow pore size distributions. Such materials are
prepared by a template-based sol—gel synthesis where a silica precursor (TEOS) is polymerized
in an acidic medium around an amphiphilic nonionic triblock copolymer (Pluronic Pi23):
(EO)20(PO)70(EO)20 as a template. Thus yielding two-dimensional long range hexagonally

ordered (p6mm) silica structures. [66 6]

The produced solids are subjected to hydrothermal treatments. The judicious choice of thermal
parameters can determine the geometrical properties of the resulting SBA-15.17%! For instance,
the pore diameter can be easily tuned by varying the temperature of postsynthesis hydrothermal
restructuring procedures.!”!! These thermal treatments supply SBA-15 with larger pore sizes
and thicker pore walls compared to their MCM-41 opponents which provides them with extra
mechanical and hydrothermal stability. Furthermore their larger pores make them superior over

the latter in catalysis and separation applications.
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Nevertheless, several recent studies have shown that SBA-15 silica does not represent such an
ideal matrix. Their cylindrical mesopores are renowned to have a complex wall structure,
modelled by corrugated pore walls and/or a microporous region close to the pore wall often

denoted as a ‘microporous corona’.[’#7!

The use of SBA-15 type materials in this thesis is of great importance as the larger pore diameter
(D= 8-9 nm) could allow us to distinguish between the scenario of 1 interfacial layer of the
hydroxyl-bearing liquid at the pore surface and the total segregation of the liquids confined in
the pore. This was difficult in MCM-41 whose diameter (D= 2-4 nm) is equivalent to a few

molecular layers which is not sufficient for a true discrimination between the two models.
I1.C.1.2.iii. CMK-3

CMK-3 mesoporous carbon is the hydrophobic replica of SBA-15 retrieved using
sucrose as the carbon source.[”® The structure of the carbon comprise a hexagonal arrangement
of 1-D carbon rods. The large mesoporous SBA-15 channels are interconnected through smaller
pores randomly located perpendicular to the unidimensional pores. Due to the complex 3-D
structure, SBA-15 silica can be converted to the negative carbon replica exhibiting the same
kind of structure. Our aim is tuning the chemical nature of the pore walls to change the type of

liquid-surface interactions which could result in different nanostructuration.

II.C.2.Synthesis
[1.C.2.1. Synthesis of MCM-41

The porosity of MCM-41 (crystalline arrangement of pores and pore size) is directly
linked to the chemical nature and in particular the length of the carbon chain of the surfactant

used, as well as the optional addition of organic substances such as 1, 3, 5-trimethylbenzene.!””!

In our case the structuring material used as a template is hexadecyltrimethylammonium bromide
(Aldrich Ci16TABr 98%) a water-soluble cationic surfactant whose chain is formed of 16
carbons with CH3 (CH2) 15N (Br) (CH3) 3 as a molecular formula (Fig. I1-4). It is in the form of
a white powder which forms micellar aggregates when dissolved in water. Tetracthoxysilane
(TEOS Aldrich 98%) has a molecular formula of Si (OC2Hs)4 and is a colorless liquid used as
the silica source. In addition, an aqueous ammonia solution NH4OH (Aldrich 32%) was used

as a base catalyst for the chemical reaction of condensation of the silica mesophase.

The samples of MCM-41 used were obtained from a protocol to prepare about 5 g of the porous

medium.[”® 4.8¢g of C16TABr was dissolved in 240 ml of distilled water; the mixture was stirred
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at a speed of 700 rev / min (rpm) for 15 to 20 minutes until a clear solution was obtained (pH ~
5.4). To accelerate the chemical reaction the mixture was slightly heated to about 40 °C. 16 mL
of aqueous ammonia solution were then added to catalyze and regulate the pH of the reaction
(pH ~ 11) followed by 20 mL of TEOS as the silica source. The temperature was maintained at
around 40 °C for two hours to ensure that the reaction is complete. To collect the white
precipitate obtained, Buchner filtration was done upon simultaneous washing with distilled
water (300 ml) to get rid of the remaining base and any excess reactants. The powder was then
oven dried at 90 °C for 17 hours to ensure the evaporation of the remaining water. The final
step was calcination to eliminate the reminiscent surfactant. It was carried out by rising the
temperature gradually from ambient to 550 °C in a 5 hour ramp, followed by a plateau of

calcination at 550 °C for another 5 hours.

[1.C.2.2. Synthesis of SBA-15

The structuring material used as a template for SBA-15 synthesis is the nonionic triblock
copolymer (Pluronic P123) (Aldrich) (Fig. II-4) which is in a viscous gel form. TEOS (Aldrich
98%) is used as the silica source and HCl (Aldrich 38%) is the acid catalyst for the silica
condensation reaction. SBA-15 was prepared using the original procedure reported by Zhao et
al.[®1 with a few modifications in the thermal treatments during synthesis based on the study of
Brodie-Linder et al. on the effect of hydrothermal treatment on the final structure of the

mesoporous silica.[”"!

A typical synthesis of a SBA-15 material was carried out using the following procedure.
Pluronic (4.0 g) was dissolved in a solution of distilled water and concentrated HC1 38% (125
and 25 g, respectively). After stirring for 3 h at T1=40°C, TEOS (8.6 g) was added. The solution
was vigorously stirred for 10 min. Then the flask was stoppered and aged for 24h at the same
temperature (40°C). At this point, the temperature was adjusted to T>= 100°C and the mixture
was aged again for 24 h under reflux in static conditions. The resulting white solid was Buchner
filtered while being washed with 300ml of water (to eliminate the acid and excess reactants),
dried at room temperature for 24 h then placed in a furnace where it was heated under air at

550°C for 18 h. A white powder of SBA-15 was thus collected.
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CisTMABr Tetraethoxysilane Pluronic P123
NH,OH(aqu.) ) HCI (aqu.)
,01: Br OCH,CH,
WV VaVaVaVaVava\ i i in | 4 HO-(CHyCH;0)uyr(CH,CHO)5o-(CH;CH;0)H
e CH4CH,0— Si—OCH,CH, A
CHy
OCh,CHy 1. Stirring
1. Stirring 40°C-24hrs
HEedry 2.Static aging
100°C-24 hrs
Micelle Formation
and Silica polymerization
around Template
Hexagonally Arranged Pores
Obtained after Drying
and Calcination at 550°C

Figure I1-4: A scheme for the synthesis of MCM-41 and SBA-15. Some of the figures are taken after [’*"

[1.C.2.3. Synthesis of CMK-3

CMK-3 mesoporous carbons were prepared from SBA- 15 template and sucrose carbon
source.[”® In a typical CMK-3 synthesis,[’® 1 g of SBA-15 was added to a solution obtained by
dissolving 1.25 g of sucrose and 0.14 g of H2SO4 in 5 g of water. The mixture was maintained
in an oven for 6 h at 100 °C. The temperature was then increased to 160 °C for another 6 h. To
guarantee full polymerization and carbonization of sucrose within the pores, 0.8 g of sucrose,
0.09 g of H2SO4 and 5 g of water were added again to the pretreated sample. Afterwards, the
sample was subjected to the same thermal treatment. Pyrolysis of the template-polymer
composites was carried out at 900 °C under Nitrogen flow to avoid any oxidation reactions.
These conditions were maintained for 6 h to ensure complete carbonization of the polymer. It
should be mentioned that the last step in the typical synthesis (to eliminate the silica network)

was not performed in order to preserve the ordered hexagonal framework of the SBA template.
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[I.C.3. Characterization

Five techniques were conducted to characterize the structure and properties of the porous
media. Nitrogen adsorption isotherms help us to determine the area of the specific surface, pore
volume, pore size distribution and the pore diameter. TEM (Transmission Electron Microscopy)
and SEM (Scanning Electron Microscopy) give us a direct vision of the pore channels in terms
of organization and morphology of the crystallites of MCM-41 and SBA-15 on complementary
spatial scales (from 10 nm to 100 nm). Finally neutron scattering and X-rays reflect the
crystalline nature of the hexagonal arrangement of these pores resulting in Bragg peaks which
allow us to gain direct access to information about the unit cell parameters. The parameter

values obtained are reported in a summary table at the end of this chapter.

[1.C.3.1. Microscopy
II.C.3.1.i. SEM (Scanning Electron Microscopy)

SEM is a microscopy which allows to provide an insight on the surface topology of the
object studied with a resolution of several tens of nm. The image is formed after the
bombardment of the sample by a focused electron source. The electron beam interacts with the
atoms in the sample causing their excitement and thus emission of secondary electrons which
are collected by a detector to form an image. Fig. II-5 shows the images of MCM-41 (A, B, C)
and SBA-15 (D, E, F), as measured by scanning electron microscopy (SEM) after calcination.

— iPm F1 Lot 8 R 1Pm F4 LB - g LT
SBEA1S- TKU ®5,.000 1S5Smm a-2:1:F & X198,.0088 i 5B = He@a.a88 1S5Smm D

Figure 1I-5: SEM images of MCM (A, B, C) and SBA (D, E, F) zoomed 5000X, 10000X, and 20000X.

]
42 |

~=



Chapter I1: Liquids and Materials

This measurement was conducted at the microscopy platform (CMEBA) of the University of
Rennes 1 in collaboration with Joseph Le Lannic. The upper images corresponding to MCM-
41 crystallites show the shape and size of the agglomerates suggesting that they are hexagonal
(image C) with a size of about 1pm. The SBA-15 images in the bottom show aggregates in the
form of braided needle-like rods with "welded" end to end whose lengths (approximately
1,5um) inform about the length of the pore. Although this technique gives us a concrete vision
on the morphology of our materials, it lacks enough resolution to observe pores <10nm, which

led us to resort to transmission electron microscopy for complete microscopic characterization.

1I.C.3.1.i. TEM (Transmission Electron Microscopy)

TEM creates images with a much higher resolution than SEM, allowing in some cases
to achieve atomic resolution. The measurements for MCM-41 were conducted at the Institute
of Materials of Nantes (IMN), as part of a project supported by the Nanofonc network, in
collaboration with Nicolas Gautier. As for SBA-15 the measurements were conducted in the

Nanobiomedecine center in Poznan in collaboration with Grzegorz Nowaczyk.

Fig. II-6 shows TEM images of MCM-41 (A, B) and SBA-15 (C, D) obtained after calcination.
Parts (A, C) are a parallel viewing direction to the axis of the MCM and SBA channels
respectively. The former shows the hexagonal arrangement of MCM in the plane perpendicular
to their main axis. The latter is; however, a low magnification image where only overlapping
of several crystallites is observed. Parts (B, D) are a perpendicular observation to the channel
axis of MCM and SBA showing the linear arrangement of the pore channels along their lengths

showing that pores in both matrices are aligned in a parallel manner.

o Py =

Figure 1I-6: TEM images os MCM-41 (A, B) and SBA-15 (C, D) with A and C being parallel to pore
axis and B and D being perpendicular.
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[1.C.3.2. Diffraction
II.C.3.2.i. X-ray Diffraction

X-ray scattering has been used extensively in the last century as the most effective
method for accurate determination of the structure. The advantage of setting at small angles is
the ability to probe matter at nanoscale (1 to 100 nm). X-rays interact elastically with the
electron cloud of the material and the scattered photons through the material give information
about fluctuations in the electron density. The samples studied are hexagonally ordered
mesoporous MCM-41 and SBA-15. Therefore the electron density changes from near zero

(empty core) to that of silica resulting in a very intense signal of the porous network.

The first Miller index (hk) in a hexagonal lattice is 10, which provides direct information on
the long-range order on the organization of the network of pores. It allows the determination

the interplanar spacing (dio) using the Bragg relationship (II-1):

2dsin® =nA

-1
And sin 0 = Qﬁ (I-1)

2nT

Thus d = —
Q

For hexagonally packed pores, the interplanar spacing (dio) allows the calculation of the unit
cell parameter a which is the distance between the centers of two adjacent channels according

to the equation (11-2) (see e.g. Kruk et al.) ”°l:

d(hi0) = =——
f;(h +k”+hk)
(11-2)

Therefore, a = %

The pore wall thickness is thus deduced as a difference between the unit cell parameter a and
mesopore diameter. The measurements were performed at the Institute of Physics of Rennes |
in collaboration with Cristelle Mériadec and Franck Artzner at ENSCR on a small angle rotating
anode device. The conditions at which the experiment was conducted are: A= 1.54A, distance
to sample=423.25mm, T=25 ° C, I=40mA and V=40K. A radial integration allows to measure
the diffracted intensity versus scattering vector Q or the scattering angle. Calculations were

performed using the "Fit2D" software (developed at ESRF).
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The powder X-ray diffraction patterns (see Fig. II-7) obtained for the synthesized SBA-15 and
MCM-41 materials exhibit reflections due to the (1 0), (1 1), (2 0) and (2 1) planes which is
what to be expected for a hexagonal array of mesopores. The Bragg peaks of MCM-41 appear
at higher Q values which indicates the more compact lattice they exhibit. This is related to their

smaller pore diameters and thinner walls therefore resulting in a lower unit cell parameter (a).

SBA-15 (B) was measured by X-rays. Its diffraction pattern possess several Bragg reflections
characteristic for the psmm symmetry. CMK-3 was synthesized from this SBA-15, its diffraction
pattern shows well defined (1 1) and (2 0) reflections. This indicates that the hexagonal structure
is not altered by the modification of the SBA surface. However, a decrease in the absolute
intensity (the difference is in the order of 5, not shown here for clarity) and the disappearance

of the 4" order Bragg peak (2 1), indicates a somewhat lower structural ordering.

It is worth noting; however, that the last observation could also be caused by a coincident zero
value of the pore form factor (P(Q)) at the same Q position of the 4™ Bragg peak. The latter
being indeed modified by the carbon coating. Moreover a shifting to higher Q values is
witnessed which indicates a shrinking in the matrix due to the carbon layer formation at the

pore wall and the high temperature pyrolysis of the template- polymer composites (900°C).

1e+2 T — T T T ———
—— SBA-15(B)
CMK-3

te+ - —— MCM-41

(10)

1e+0 A

1e-1 4

1e-2 o

1e-3 4

Normalized Intensity (au)

1e-4 4

1e-5 e
03 0.4 05 0.60.70.8.91 2 3 4 5 67891

Q (nm™)
Figure 11-7: XRD patterns of and SBA (B) (red), CMK-3 (light blue) and MCM (dark blue). The

intensities are normalized to the 1st Bragg peak (Log scale). 4 Bragg peaks are shown for MCM-41
indexed (1 0), (1 1), (2, 0) and (2, 1).
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II.C.3.2.ii. Neutron Diffraction

Two different instruments were used for the collection of the diffraction patterns of
the materials. MCM-41 was measured on G6.1 spectrometer LLB (Saclay) with an accessible
momentum transfer range (Q) of 0.12 to 1.79 A"!. SBA-15 samples were measured on PAXY
a SANS instrument at LLB with a Q range (3x107 A'< Q <1 A™). Isotropic integration was
done by an LLB software (Regiso) and the normalization was done using a python script. The
detailed information about the theory of the technique as well as the data corrections will be

thoroughly illustrated in the corresponding chapters.

Measuring the intensity distribution of MCM-41 and two batches of SBA-15 (A and C) is
illustrated in Fig. II-8. Neutron diffraction gives four Bragg peaks which are identified in the
spectrum for the three porous media. These peaks confirm their hexagonally ordered crystalline

arrangement, ! which is in accordance with X-ray data.

It should be mentioned that the resolution is worse in the case of neutrons due to a broader
wavelength dispersion, making x-rays superior to neutron diffraction with a better resolution of
the individual diffraction peaks without overlap.[”! Nevertheless, we used neutron diffraction
thoroughly in our studies due to the ability of the manipulation of the scattering length through
H/D mixtures. This allows us to highlight one component over the other, a quality of neutrons

superior to X-rays.

Normalized Intensity I/lo

Figure II-8: Normalized static structure factor of SBA-15(A) (red) and SBA-15(C) (pink) and MCM-
41(blue). The offset shows the 1%, 2" and 3" order Bragg peaks of the two SBA batches.
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[I.C.3.3. Adsorption Isotherms

The prolific discovery of ordered mesoporous materials, unleashed new possibilities in
the evaluation of surface area and porosity. The new well-defined MCM-41and SBA-15
molecular sieves are particularly suitable as model adsorbents. The reason why these solids
are highly adequate for adsorption measurements is because they exhibit a tunable pore size,
reproducible surface properties and most importantly highly ordered hexagonal geometry

of their uniform cylindrical pores.

The term "adsorption" was created in 1881 by Kayser, which is defined by the increase in
the fluid molecular concentration (gaseous or liquid) along the walls of a solid. It is a surface
phenomenon that takes place at the interface of a solid adsorbent on one side and a fluid on

the other side, as noted by Fontana and Scheele in 1771.

Adsorption is based on the vapor condensation at the surface and the inside of the pores via
surface interaction. For a sufficiently large pore size, which is the case of nitrogen /MCM-
SBA systems, it takes place as a capillary condensation phenomenon. The latter is
associated with a phase change which is reminiscent of the gas -liquid transition appearing
at the saturated vapor pressure for the same system in bulk. Capillary condensation takes
place at a pressure P smaller than the fluid saturation pressure Po at a given temperature.!)
The value of P/Po at which the phenomenon takes place depends on the geometry and size
of the pore, the liquid-interface tension as well as the forces of interaction between the fluid

and the wall surface.

Figure 1I-9: A schematic representation of the steps of gas adsorption in porous materials.

We performed nitrogen adsorption studies at 77K on ASAP Micromeretics type equipment.
These measurements were done in collaboration with Odile Merdrignac and Nathalie
Pontais at the Institute of Chemical Sciences of Rennes. Before the measurement was
conducted, the sample was degassed under vacuum for several hours. The measurement was

performed by successive injections of a calibrated amount of nitrogen after a balance test
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up to the saturated vapor pressure Po. The resulting adsorption isotherms (a representation
of the adsorbed amount of N2 in terms of the relative pressure) for MCM-41 and SBA-15
are shown in Fig. I[I-10. Their general profile can be interpreted as expected considering the
different regimes in the case of adsorption in a cylindrical mesopore and can be summarized

in 5 steps denoted (A) to (F) ' as demonstrated in Fig. I1-9.

In (A), the rapid growth of the amount adsorbed at low pressure is relative to the adsorption
of a monolayer of nitrogen localized on the inner surface of the pore. This regime ends with
the appearance of phase (B) in which the adsorbed amount of N2 increases slowly. This
second stage is associated with the formation of multilayers of the gas. An abrupt increase
in the adsorbed amount then appears between (C) and (D). This observation is the signature
of the capillary condensation phenomenon which is triggered in the pore center, after
reaching a critical thickness of the vapor adsorbed. After point (D), a plateau appears up to
saturation pressure, which indicates the complete filling of the pore volume. The desorption
curve (marked by the down arrow) is coincident with the adsorption curve in all regions
except that corresponding to the capillary condensation. The latter takes place at a lower
pressure during desorption, between the points (E) and (F). The existence of a hysteresis
loop is characteristic of capillary condensation in the mesopore system and is generally

associated with the nature of the first order transition.

1.2

Volume of N, adsorbed (cm®/g) at 77K

00 T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Relative Pressure (P/Po)

Figure 1I-10: Adsorption isotherms of MCM-41 (blue), SBA-15 (A) (red), and SBA-15 (C) (pink).
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[I.C.3.4. Analysis of the Adsorption Isotherms

The analysis of the adsorption isotherms is abundantly used in materials science for the
characterization of the porous media: the specific surface area measured in m*/g, the pore
volume measured in cm?/g and the size distribution of the pores as a function of the average

pore diameter.

The total pore volume can be deduced from the amount of adsorbate (gas nitrogen in the
most common case) expressed cm® STP (standard pressure and temperature conditions)
measured by the BET theory (Brunauer, Emmett and Teller).[®> 811 The use of this model
allowed us to determine the specific surface and pore volume of our materials (summarized
in a table at the end of the chapter). Furthermore, the analysis of the part corresponding to
the capillary condensation according to the Barret, Joyner and Halenda (BJH) theory

allowed us to obtain a first estimate of the value of the pore diameter of MCM-41.132]

In addition to BJH, it is also possible to combine diffraction data and adsorption isotherms
for determining the pore diameter. This method was developed by Kruk et al. "> %3 and is
particularly recommended for mesoporous systems with a hexagonal crystalline order
(MCM-41 and SBA-15 ). We used the improved version of the KJS method dedicated for
the pore size analysis of larger SBA-15 molecular sieves to determine the pore sizes of our
samples.[®¥ In the following section we will focus on the theoretical framework of these N2

isotherm-based approaches for sample characterization.
I1.C.3.4.i.Specific Surface Area (BET):

The Brunauer - Emmett - Teller theory (BET) in 1938 is the most commonly used
method to determine the specific surface area from measuring an adsorption isotherm.® It
is based on the theorem of Langmuir assuming that the adsorption corresponds to the filling
of an entire monolayer on the surface of the pores which allows the calculation of the
specific surface area. The BET model applies to other cases in which successive multilayer
stacks occur. The values of the specific surface BET (m?/g) for MCM-41, SBA-15 (A) and
SBA-15 (B) are mentioned in a characterization table at the end of this chapter. These values
were deduced from the model by calculating the amount of the nitrogen adsorbate required

for forming a single monolayer, according to equation (I1I-3) defined by:

_ Vm.0.N, 435V, (cm’STP)
BET m.V, m(g)

S (1-3)

IR
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Where Vi is the volume of the adsorbate (N2) to adsorb to a monolayer, ¢ is the specific
surface area occupied by a gas molecule (onx2= 0.1620 nm?), Na is Avogadro’s number, m

is the mass of the porous sample and Vo is the molar volume of nitrogen.

Application of the BET model is based on several fundamental assumptions: first, the same
forces involved in the condensation of the gas are responsible for the binding energy (in the
case of multimolecular adsorption). On the other hand, it assimilates the condensation rate
of the gaseous molecules on an already adsorbed layer to the evaporation rate of that layer.

By adding an infinite number of layers we can deduce the equation (I1-4).[%%]

1 1 c-1P
VA * [(PO/P) - 1] - C'Vm Vm. C 'PO (”-4)

In equation (II-4), Va is the adsorbed nitrogen volume measured at a given pressure, C is a
constant characteristic of the pore surface/adsorbate interaction and Vm is the volume of gas

necessary for the formation of a monolayer.

Plotting the isotherm in the new set of coordinates suggested by equation (II-4) gives a
straight line in the range of validity of this hypothesis. The values of Vm and C parameters,

are thus deduced from the slope and y-intercept of this line respectively.
I1.C.3.4.ii. Pore size distribution (BJH):

The (BJH) method developed by Barret, Joyner and Halenda (1951) is based on the
Kelvin equation, which relates the pore size with the capillary condensation pressure. Thus,
it can be successfully implemented to virtually all types of porous materials having their

adsorption isotherms within a pressure range corresponding to capillary condensation (such

as MCM-41 and SBA-15).

A correction to the Kelvin equation was introduced in BJH due to the increased awareness
of the importance of thin film formation on adsorption. This model is therefore based on
the assumption that the pores have a cylindrical shape and that the pore radius is equal to
the sum of the Kelvin radius and the thickness of N stacked layers adsorbed on the pore
wall. This method allows modeling the variation of the thickness as a function of the relative
pressure. Hence, it is a direct link between the geometric pore data and thermodynamic data

deduced from the adsorption isotherms.
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This method can also account for pore size distribution, taking into account the fact that the
capillary condensation doesn’t take place at a single pressure but rather in a domain of pressures
associated to the different pore sizes. Therefore, the volume desorbed at a given relative
pressure P either comes from the gas condensed in the smaller pores (capillary condensation
pressure<P) or the decrease in the thickness of the adsorbed layer on the surface of the larger
pores which have been already emptied of the condensed gas (capillary condensation
pressure>P) as expressed in equation (II-5). The thickness of the multilayer adsorbed (t) is

defined in equation (II-6).1%¢]

dVdes = dvcond Tt Spore (||_5)

1/3

t=354|——— (11-6)

Fig. II-11 shows the narrow pore size distribution of SBA-15 (A) sample obtained from the
adsorption and desorption branches of the material. The broadness of the pore size distribution
in SBA-15 can be attributed to two factors: The 1% is the heterogeneity of the average diameter
of the different channels in the structure and the 2" is the variation of the channel diameter

along single channels.
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Figure II-11: Pore size distribution of SBA-15(A) obtained from the desorption and adsorption branches.
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11.C.3.4.iii. KIS Method

KJS named after Kruk, Jaroniec, and Sayari (KJS) who developed in 1997 a simple
method for pore size analysis of ordered mesoporous materials.[”®! This method is based on
the BJH algorithm.®?! The main development that has been implemented in BJH is the use
of XRD measurements and nitrogen adsorption isotherms of hexagonally ordered
mesoporous materials in an approach to provide accurate relations for the pore width as a
function of the capillary condensation pressure and for the statistical film thickness as a

function of the equilibrium pressure.

A major improvement of the KJS method over other methods is the independent evaluation
of the pore diameter through its direct relation with the inter-planar spacing equation (I1I-7).

1/2
Psio,- Y, >/

-7
1+p5102'vo ( )

Dp = 1.213d10<

Where Dy is the pore diameter, dio is the inter-planar spacing (deduced from the first
reflection of the diffraction data), Vo is the mesopore volume evaluated from the as-plots
extracted from the adsorption isotherms,’®! (could also be extracted from BET) and psio2
being the density of the silica in the pore wall which is generally assumed to be the same as

that of the amorphous silica at atmospheric pressure; i.e., equal to 2.2 (g.cm™).
I1.C.3.4.iv. Improved KJS method

The KJS method was initially developed and calibrated for the pore size analysis of
small pore widths in the range of 2 to 6.5 nm (characteristic of MCM-41). Therefore its
accuracy is highly jeopardized in the characterization of SBA-15 which possesses large pore
diameters (D= 8-12 nm). This limitation provided the urge for KJS improvement to extend

its applicability to ordered mesoporous silicates with large cylindrical mesopores.

For this purpose, small-angle X-ray scattering (SAXS) structure modeling was used. This
permitted an accurate reproduction of experimental diffraction patterns hence allowing an
accurate determination of the pore width.[®”! An analogous expression to the old KJS method
was developed with three adjustable parameter fits where a, b, and ¢ represent the best-fit
parameters and are equal to 1.15, 0.875, and 0.27 respectively, (t) is the thickness of the
adsorbed multilayer and is calculated according to equation (II-9).

Thus, the resulting equation (II-8) can be used to estimate the pore width of various MCM-

41 and SBA-15 samples.[*¥
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0.3968
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Figure 11-12: Improved KJS analysis (determination of capillary condensation relative pressure (A)

and its application in (B) ™ to obtain the pore diameter.

[1.C.3.5. Characterization of the Matrices

Table II-1: The dioo, 0, specific surface and pore widths obtained by different techniques.

unit cell Specific Pore
d100(nm) parameter (o) Surface | Yolume Pore diameter
(nm) (m?¥/g) (em/g) (nm)
Xrays Neutron Xrays Neutron BET (Ads.) at BJH | KJS KJS
Diffraction Diffraction P/Po=0.95 | (Des.) Improved
MCM-41 3.8 3.93 4.39 4.54 1106 0.67 2.9 3.9 3.9
SBA-15 (A) 8.4 9.67 822 1.02 5.7 8.7 8.3
SBA-15 (B) 9.52 10.99
SBA-15 (C) 9.66 11.1 857 0.99 5.6 8.9 8.5
CMK-3 8.7 10.07
[ =)
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Chapter Ill: Supermolecular Order in Bulk

IIl.A. Introduction

Many alcohol containing binary mixtures display a strong deviation from ideal mixture
behavior which can be attributed to the incomplete mixing of the distinct interacting molecules
at the microscopic level.l'*¥ Although these solutions are sometimes macroscopically miscible,
supermolecular alcohol clustering is witnessed due to hydroxyl H-bonding at the microscale.
Different strategies were perceived for the isolation of such supermolecular aggregates in the
liquid state. The addition of an aprotic liquid, for H-bond dilution, is efficient for modulating

interactions between these agglomerates.[>”]

The segregation and self-association processes have been studied for tert-butanol (TBA) -
toluene (Tol) and TBA- methyl cyclohexane (MethCyc) systems (the latter being the aliphatic
analogue of Tol).[®! For this purpose, two techniques were applied: Raman spectroscopy (to
quantify the size distribution of the clusters) and neutron diffraction (to investigate the
correlation between such agglomerates). Raman results have shown that the self-association of
TBA is dominated by tetramers in the pure form. This trend was gradually reduced upon
toluene addition leading to the vanishing of the clusters at low TBA concentrations (Fig. I1I-1
(A)). Complementary diffraction results reveal a suppression in the inter-cluster correlation
pre-peak at TBA concentrations less than 0.7 molar fraction. A signature of the loss of

correlation between the different clusters. 8!
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Figure I1I-1: (A): Population fractions of H-bonded clusters as a function of composition for TBA-Tol
mixtures obtained by Raman spectroscopy. (B): Experimental neutron coherent cross section of TBA-
Tol mixtures at as a function of the molar fraction of TBA (x). Inset: pre-peak region after (%,
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A comprehensive view of the dilution and solvation effects of toluene on TBA is illustrated in
Fig. I1I-2(A) which shows monomeric dominance at low TBA concentrations and it is only at
xtBA>0.4 that non-correlated tetramers dispersed in Tol prevail. At very high TBA
concentrations x>0.8 the TBA clusters segregate in pockets and correlations among them
appear. The influence of dilution in this case seems to be more remarkable than in the case of
the aliphatic nonpolar MethCyc where tetramers persist even at very high dilution xtsa=0.1
indicating an exceptional stability of the clusters and supporting the hypothesis of a specific
interaction between the hydroxyl groups and the aromatic nucleus of toluene. Therefore this
crossover from diluted clusters to diluted monomers expresses how the cluster stability is

influenced upon tuning from a solvating to an inert solvent (Tol and MethCyc respectively).
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Figure I1I-2: Cluster size (filled diamond) and pre-peak intensity (open circle) of (A) TBA-Tol and (B)

TBA-MethCyc mixtures as a function of the molar fraction of TBA (x). The 3 different microstructures

are located by shaded areas. They are separated by two distinct crossovers in the variation of the cluster
size and pre-peak intensity respectively as a function of the dilution after (!

In this chapter, we intend to extend the study of the segregation phenomenon towards a lower
Q-region through small angle neutron scattering (SANS). This complementary method
addresses the inhomogeneity of the mixtures in terms of concentration fluctuations, which are

signatures of single-component-rich domains triggered by selective molecular interactions.

Different H/D isotopic compositions are used to vary the scattering length density of the
components of the binary liquids, which amplifies the contrast between domains of different
compositions. The characteristic correlation length of the inhomogeneities has been determined
using the Ornstein-Zernike model. The formalism of Bhatia and Thornton has been applied to
disentangle the different correlation functions related to density and concentration from the

total neutron structure factor. Our analysis is based on the assumption that the structure of the
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solution can be approximated by a continuous variation of the scattering length density at the
mesoscopic scale. This is associated to the variation in the local composition (the different
components have different scattering length densities). These fluctuations have been quantified
by the evaluation of the Kirkwood-Buff integrals (KBI). In this approach, only the forward
scattering is used, so no real structural information can be deduced about the nature of the
different molecular aggregates but rather their influence in terms of formation of static domains

with different concentrations which might be present in the solution.

The aim of this study is to shed light on the different phenomena, expressed in terms of self-
association, long-lived multimers and concentration fluctuations that contribute to the complex
microstructure of prototypical alcohols mixed with aprotic solvents. Different systems have
been considered to vary their molecular interactions. First, the alcohol-solvent interaction has
been tuned by comparing TBA-Tol and TBA-cyclohexane (TBA-Cyc) mixtures. Moreover,

the amphiphilic alcohol character has been varied, going from TBA to ethanol and methanol.

111.B. Methods

[11.B.1. General Background

SANS is an experimental technique implementing elastic neutron scattering at small
angles to inspect the mesoscopic structure of matter and determine the time averaged shape
and arrangement of particles or agglomerates in a given medium. In a SANS experiment, a
beam of collimated radiation is directed to a sample where a part of the incident beam is
transmitted by the sample, another is absorbed and the rest is scattered. A detector cell having

dx, dy dimensions positioned at a distance L and scattering angle (20) from the sample records
dx dy

) (Fig. 111-3).

%)
N
h’\ G
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Figure I1I-3: Schematic representation of a SANS experiment.
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The typical momentum exchange (quantifying the reciprocal space lengths) for such
experiments, is between 107 and 1A™! allowing structural investigations from nm to a few
hundreds of nm length scales. Such scales do not allow the discrimination between individual
atoms. The quantity which is therefore assessed is the scattering length density distribution in

the sample (pb) defined by:

p.-Na

b = E b.. -
p T (11-1)
Where bi is the scattering length of the different nuclei in the sample, p is the bulk density of

the scattering center and Mw is its molecular weight.

[11.B.2. Experimental

Small-angle scattering experiments were performed on the SANS diffractometer
PAXY (LLB, Saclay). The sample detector distance chosen was 1.6m and the neutron
wavelength used was 3.5A allowing the measurement of the diffracted intensity in a

momentum transfer range (0.04 < Q <0.5A™).

The samples were prepared from hydrogenated fert-butanol TBAH mixed with deuterated
toluene TolD or with cyclohexane CycD as well as their opposite isotopic compositions: the
four types of mixtures are later denoted TBAH-TolD, TBAH-CycD, TBAD-TolH and TBAD-
CycH respectively. Methanol and ethanol hydrogenated samples were also prepared with

deuterated toluene; i.e., MethH-TolD and EthH-TolD mixtures.

The bulk samples were prepared in volume fraction covering the concentration range x= 0—1
(x being the volume fraction of the alcohol). The measurements were conducted at room
temperature with a thermal bath regulator set to 22°C. The solutions were filled in 1 mm thick

quartz Hellma cells.

[11.B.3. Data Reduction

The determination of the beam’s center and the radial isotropic averaging of the

different cells were all performed by the Regiso software developed at LLB.

The samples in our experiments were contained inside a container. Therefore, it is crucial to
subtract the empty cell contribution from the measured intensity. Both contributions were
properly divided by their own measured forward transmission in the aim of correcting for the

beam attenuation effects according to:
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| |
[= K.S(Q) _ ( sample _ emptyce11> (|||-2)

Tsample Temptycell

The obtained intensity is proportional to the neutron beam incoming flux Io and the sample’s
static structure factor S(Q). The subsequent normalization of S(Q) to absolute units is usually
performed in two different ways: the first consists of measuring the incoming flux Io after the
removal of the beam-stop and placing an attenuator (to avoid overexposure of the detector). It
should be noted that, in this case, the transmission of the latter should also be calibrated and

corrected for. Applying this procedure, S(Q) can then be derived from I according to:

detector area

I
== 0.e50Q = () a5 (111-3)

(o)

Io being the flux, e being the cell thickness and Q signifying the solid angle obtained by the

division of the detector cell area by the sample-to-detector distance (L).

In our data treatment we implemented a second method which consists of normalizing the
intensity of all the spectra with respect to a standard sample having a high flat signal with a
known value of its incoherent cross section (Z(20) /4n= .445cm™!). We also used the same
method (normalization with respect to hydrogenated water) for the correction of the systematic

variation in the efficiency of the different cells of the multidetector.
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I11.C. Results and discussion

[1.C.1. TBA-Tol/ Cyc Systems
[1.C.1.2. Experimental Results

The results of the SANS experiments show an increase of the scattering intensity at low
Q for all the binary solutions (Fig. I1I-4). Without further analysis, this firmly indicates that the
molecular distribution in the liquid is heterogeneous. This inhomogeneous scattering length
density distribution causing this increase in the coherent scattering is usually caused by the
appearance of domains due to a selective attractive interaction between similar species. These
domains seem to be concentration dependent and normally have characteristic sizes in the
nanometer range. It should be mentioned; however, that SANS is a low-resolution method,
therefore we do not anticipate to attain precise (near-atomic resolution) structures but rather

information about the mesoscopic order.
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Figure I1I-4: SANS intensities of TBA-Tol mixtures (A, B) and TBA-Cyc mixtures (C, D), comprising
hydrogenated TBA with deuterated Tol and Cyc (A and C respectively) and vice-versa (B and D
respectively). The different curves correspond to eleven values of the TBA volume fractions x from 0
to 1. The plotted solid lines are fits to the Ornstein-Zernike model.
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[11.C.1.3. Ornstein-Zernike Analysis

The Q-dependence of the scattered intensity depends on the structural arrangement of
the scattering centers. Binary mixtures are usually known to bear medium-range fluctuations
in composition (and to a lesser extent in density), which eventually diverges for non-miscible
systems on approaching phase separation. The scattered intensity obtained by a Fourier
transform of the scattering length density distribution in such systems is a Lorentzian function
known as the Ornstein-Zernike model.”’! This formalism is known to accurately reproduce the

10, 11

scattering intensity of many non-ideal binary mixtures ['> ') and can be defined as:

1(Q) = B (111-4)

——+
1+ Q2%g?

A expresses the amplitude of the coherent scattering, B represents the Q-independent
background and & is the correlation length characterizing the spatial extension (correlations) of
the scattering length density fluctuations. Such a formalism can be applied for the description
of the scattering intensity at zero angle which originates from the distinct scattering length

density domains caused by density and concentration fluctuations.

The coherent forward scattering intensity lcon(0) can be obtained from the fitted parameter A.
The latter doesn’t properly account for contributions from the compressibility term (whose Q-
dependences are negligible at moderate temperatures, so they are effectively included in the

background parameter B). Therefore Icon(0) can be obtained by adding these terms to A:
[0 = A+ p? k Twrb? (11-5)

A fit of the coherent intensity with an Ornstein-Zernike type model was performed and plotted
as solid lines in Fig. I11-4. The parameters of the Lorentzian (correlation length, amplitude and
background) were obtained for the different samples and plotted (Fig. III-5, 6). The correlation
length seems to remain almost constant for all compositions in all the samples (¢= 2A: close to
the molecular scale) and the background increases linearly as expected with the increased
Hydrogen content due to the incoherent scattering. Regarding the amplitude, the general trend
is characterized by a maximum reached around intermediate compositions and vanishing

values are confirmed for pure liquids with no heterogeneities in the scattering length densities.
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Figure I1I-5: Parameters (amplitude, correlation length and background) obtained from a fit with the
Ornstein-Zernike model of the SANS intensities of fert-butanol-toluene mixtures, comprising
hydrogenated TBA with deuterated Tol (left panel) and vice-versa (right panel).
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Figure I1I-6: Parameters (amplitude, correlation length and background) obtained from a fit with the
Ornstein-Zernike model of the SANS intensities of zerz-butanol-cyclohexane mixtures, comprising
hydrogenated TBA with deuterated Cyc (left panel) and vice-versa (right panel).
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[11.C.1.4. Bhatia and Thornton Analysis

Following Bhatia and Thornton the zero angle coherent scattering of a binary mixture

can be expressed as a linear combination of distinct fluctuation terms: [

Icoh (O)

= b2Syn(0) + (by — b3)?Scc(0) + 2b(b; — by)Syc(0) (11-6)

p is the number density of the molecules, b1 and bz stand for the sums of the coherent scattering

lengths of the atoms constituting the two molecules and b = x 1b .t (1-x 1)b 5

Scc(0) represents the fluctuations in the concentration of one molecular type, Syn(0)
describes the fluctuations in the molecular number and Syc(0) represents the correlation
between the two other fluctuations. The latter terms are linked to the S¢(0) at zero limit of the

scattering intensity with relations that can be illustrated as:

Snn(0) = p kgTir+8? Scc(0) =87 Scc(0) (11-7)
Snc(0) =56 Scc(0) (111-8)

Kt being the isothermal compressibility, 0= p(vi-v2) being the dilatation factor defined as the
product of the average number density p and the difference of the partial molar volumes per

molecule of the two components (vi and v2) and finally kg is the Boltzmann ‘s constant.

The slight dependence of vi and v2 on the mixture composition, which arises from the excess
volume was neglected in our calculation. We checked the validity of this assumption for the
mixtures and compositions where these excess quantities were available. For instance, in the
case of TBA-Tol mixtures, the excess volume found in the literature is: Vexcess<0.5 cc/moll!>!
and the molar volumes of TBA and Tol are 95 and 105 cc/mol respectively (i.e., AV= 10
cc/mol). Therefore the excess volume is less than 5% of AV which is within the precision of

our measurements and can thus be safely dismissed.

Furthermore, Scc(0) can be calculated from the forward coherent scattering using the

following equation, which is obtained after insertion of eqgs. (III-7) and (III-8) into eq. (I11-6):

Leon(0) =p?kpTicy. b2 + p[b8 — (b; — by)]” Scc(0) (111-9)

The fluctuation terms in the solutions were obtained from the amplitude of the Lorentzian fit

combining equations (III-5 and I1I-9), which gives:
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A
o[68 — (b, — by)]”

Scc(0) = (111-10)

No significant density fluctuation takes place upon adding the diluting liquid, as shown in Fig.
ITI-7 (Snn(0) remains small). On the other hand, we witness an increase in the concentration
fluctuation term Scc(0) which is directly related to the particle clustering in the mixture. This
can be illustrated by the fact that TBA molecules interact preferentially by H-bonds leading to
the formation of TBA-rich and Tol-rich regions. The typical volume associated to the local
variations of the solute concertation could be estimated from the correlation length deduced
from the Ornstein-Zernike analysis. It is striking that it remains close to the molecular scale,
which signifies that the concentration fluctuations roughly scale with the size of the multimeric

species already characterized by Raman spectroscopy.®!

Another point of interest is that two systems with the opposite isotopic compositions; i.e.,
TBAH with TolD versus TBAD with TolH should present the same fluctuation terms Snn(0),
Scc(0) and Snc(0) although they exhibit different SANS spectra (Fig. 11I-4). In fact, this
statement is true as long as the isotopic effects on the liquid structure are negligible, which can
be safely assumed. Interestingly, Fig. I1I-7 confirms that the computed fluctuation terms fulfill
this requirement, which validates the method and especially the appropriate correction for the

isotopic effects on the values of scattering length densities.

A noticeable solvent effect is worth mentioning when comparing TBA-Tol and TBA-Cyc
systems (Figs. I1I-7, 8). The heterogeneous character of the mixture is prevalent around x= 0.4
for TBA-Tol systems (highlighted by a maximum in Scc(0)). This position is shifted to lower
composition (about x= 0.3) for the TBA-Cyc systems. This observation goes in line with the
spectroscopic study mentioned previously, which showed that TBA tetrameric clusters are
stable to extreme dilution conditions in aliphatic solvent (x= 0.2) and to a lesser extent in Tol
because of a competition between TBA-TBA association and TBA-Tol interaction.’®! Again,
the phenomenon underlines the link between concentration fluctuations and the existence of

multimeric species.
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Figure I1I-7: Bhatia-Thornton fluctuation terms of tert-butanol-toluene mixtures, comprising
hydrogenated TBA with deuterated Tol (left panel) and vice-versa (right panel). Scc(0), Sxn(0)
and Sxc(0) correspond to concentration fluctuation, density fluctuation and the cross-correlation
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[11.C.1.5. Kirkwood-Buff Analysis

The Kirkwood-Buff theory ' illustrates the trends of molecular interactions in a

solution via the Kirkwood—Buff integrals (KBIs) which can be expressed as:

Gy = f (gij(r) — 1) 4mrdr (111-11)

It is based on the pair correlation functions (gij, gii and gjj), which relate the probability of
finding a particle at a given distance from another one, appraising the solute-solute, solute-
solvent, and solvent-solvent interactions. The KBIs provide the tendencies of domain formation
around a certain type of molecule, by integration of the pair correlation from the molecular to
the infinite distance. It is usually applied to investigate domains growth in phase separating
systems. SANS has proven to be a suitable technique for a reliable KBIs determination in
binary mixtures,!!: 1> 1l where the KBIs can be expressed as linear combination of the different

fluctuation terms:!7!

1 2 1 1

G = 5 (S @+ 5 5@ + 350 - ) (1-12)
1 2 1 1

Gy = 5 (SNN 0) — C S\ (0) + X2 S (0) — g) (11-13)
1 X, —X 1

Gy = (S @+ SO S ©) (I11-14)

The KBIs (Figs. III-9, 10) remain generally very small (10 to 100 times smaller than for phase
separating binary liquids)!'®), with a weak tendency of TBA segregation for low concentrations
(revealed by an increase in the magnitude of G22 at xtBa <0.2). This observation agrees with
the homogeneous character of these mixtures at large scales (i.e., significantly exceeding &).
The attractive interactions between TBA molecules seem mostly limited to the formation of H-
bonded multimeric clusters. As for TBA concentrations close to one, an apparent weak negative
interaction between the aprotic Tol or Cyc molecules is observed, which might indicate the
presence of solvation effects of the aprotic solute diluted in TBA (though no other experimental

indications to support this assumption exist).
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Figure 11I-9: Kirkwood-Buff integrals of fert-butanol-toluene mixtures, comprising hydrogenated TBA
with deuterated Tol (left panel) and vice-versa (right panel). Gy, is the Tol-Tol KB integral, G2, is the
TBA-TBA KB integral, and G is the TBA-Tol KB integral.
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Figure I1I-10: Kirkwood-Buff integrals of fert-butanol-cyclohexane mixtures, comprising hydrogenated
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[11.C.2. Meth/Eth-Tol Systems

Intending to tune the amphiphilic character of the H-bonded molecules, a
complementary study has been performed in order to follow a series of alcohol molecules with
decreasing alkyl group size: from tert-butanol (TBA) to ethanol (Eth) and methanol (Meth).
The comparison between the three alcohols is performed for alcohol-toluene systems. The
SANS spectra of Eth-Tol and Meth-Tol shown in Fig. III-11 exhibit an analogous increase in

the intensity at low Q, supplying evidence of aggregation in these solutions too.

METH (H) - TOL (D) 04 ETH (H) - TOL (D)

—e— x=0
—0— x=0.1

Q) (em™)

0.00 T T T T 0.00 T T T T
0.0 0.1 0.2 0.3 0.4 0.5 0.0 0.1 0.2 0.3 0.4 0.5

QA" QA"

Figure I1I-11: SANS intensities of methanol-toluene (left panel) and ethanol-toluene (right panel)
mixtures, comprising hydrogenated alcohol with deuterated Tol. The different curves correspond to
eleven values of the alcohol volume fractions x from 0 to 1. The plotted solid lines are fits to the
Ornstein-Zernike model.

The parameters obtained from fits with the Ornstein Zernike model of the SANS spectra (lines
in Fig. III-11) are shown in Fig. III-12. Contrary to the TBA systems, the correlation length
extracted from the fits varies with the concentration. It is the largest for highly diluted alcohol
mixtures and gradually decreases with the increasing quantity of the alcohol. It is also
noticeable that the values of the correlation lengths for methanol and ethanol are twice as large
as for TBA despite their smaller molecular size. The largest values of the correlation lengths

are obtained for the smallest alcohol molecule (methanol).

This different behavior is mostly determined by the balance between hydrophobic and
hydrophilic interactions, which depends on the chemical nature of the molecule. A possible
interpretation is the formation of extending linear H-bonded clusters in methanol and ethanol,

while TBA is known to form cyclic multimers with limited size (typically 4 molecules). [ 1]

Indeed, experimental and computational studies have reported that methanol forms mostly

chainlike structures comprising up to ten molecules. 224} They have been related to the
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prevailing hydrophilic interaction of small alcohol molecules. A situation that evolves for
larger aliphatic groups like TBA where the frustration of the H-bonding network by steric

hindrance promote the formation of cyclic micellar multimers.
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Figure 111-12: Parameters (amplitude, correlation length and background) obtained from a fit with the
Ornstein-Zernike model of the SANS intensities of methanol-toluene (left panel) and ethanol-toluene
(right panel) mixtures, comprising hydrogenated alcohol with deuterated Tol.

The fluctuation terms emphasize the observation of an aggregation process leading to large
concentration fluctuation quantified by Scc(0) shown in Fig. III-13. It also reveals that the
heterogeneous character of the structure of ethanol-toluene and methanol-toluene solution
prevails at lower concentrations (about x= 0.2) than for TBA. To understand this result, it is
worth mentioning that the strength of the H-bond interaction increases with decreasing the
alkyl size of the alcohol, which enhances the stabilization of H-bonded multimers of Eth and
Meth diluted in toluene. Hence, the systematic evolution of Scc(0) with the self-association
tendency going from TBA, Eth to Meth supports the idea that concentration fluctuations are

dominated by the formation of the multimeric clusters themselves.

Moreover a change in the density-density fluctuation Snxn(0) is also witnessed in high dilution
conditions following the same trend as Scc(0). This observation can be easily interpreted as the
coupling between concentration fluctuations and density fluctuations for binary mixtures with
constituents having different molar volumes; i.e., large dilatation factor d according to equation
(III-7). This phenomenon was much weaker for TBA-Tol mixtures, both components having

comparable molar volumes so their density did not depend significantly on the concentration.

The Kirkwood Buff theory seems to go well with the precedent analysis. Fig. III-14 shows an
increase of G22 at low alcohol concentrations, demonstrating strong alcohol-alcohol

interactions. A phenomenon which is more prevalent in the case of the chain-forming Meth/Eth
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molecules compared to the tetrameric bulky TBA. Otherwise, no preferential interactions seem

to appear neither between the alcohol nor toluene in the concentration range (Xalcoho™>0.6).
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Figure 11I-13: Bhatia-Thornton fluctuation terms of methanol-toluene (left panel) and ethanol-toluene
(right panel) mixtures, comprising hydrogenated alcohol with deuterated Tol. Scc(0), Ssn(0) and
Snc(0) correspond to concentration fluctuation, density fluctuation and the cross-correlation term,

respectively.
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111.D. Conclusion

It is a long-established agreement that alcohol binary liquids are not homogeneous but
rather exhibit peculiar molecular organizations. The structural complexity of such systems
reflect the interplay between different phenomena related to the H-bond association, the self-

aggregation (H-bonded clustering) and mesoscopic correlations or concentration fluctuations.

Different aspects have been assessed in the present study. The SANS experiments performed
for a series of TBA-Cyc and TBA-Tol mixtures with different concentrations and isotopic
compositions exhibit a systematic increase of the scattered intensity at low-Q indicating a
heterogeneity in the liquid’s molecular distribution. The characteristic correlation length of the
inhomogeneities has been determined using the Ornstein-Zernike model and was found to have
values close to the molecular size. The separation between the density and concentration
correlation functions has been performed by the application of the Bhatia and Thornton
formalism. The behaviors of both the Ornstein-Zernike correlation length and Bhatia and
Thornton concentration fluctuation Scc(0) support that concentration fluctuations do not arise
from fluctuations of the size and arrangement of the domains of aggregating TBA micellar

clusters but rather from the micellar-clusters themselves.

While these conclusions seem to generally apply for the smaller ethanol and methanol alcohols,
systematic variations are observed. First, a shift of the maximum concentration fluctuations to
smaller alcohol composition could relate to higher H-bond interactions. Moreover, the smaller
the molecular size, the larger the values of the correlation lengths. This effect on the
concentration fluctuations could be related to the different microstructures, more often
expressed in terms of extending linear H-bonded clusters in methanol and ethanol, while TBA

is known to form cyclic multimers with limited size (typically 4 molecules).

Therefore, it would be extremely interesting to attempt to manipulate and tune these
microstructures through the introduction of a hydrophilic surface. This new condition can be
attained by the confinement of the binary mixtures in the straight and monodisperse rigid
channels of mesoporous MCM-41and SBA-15 silica molecular sieves and would lead to the

formation of new supermolecular ordering which will be the topic of the next chapter.
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Chapter IV: Local Order of Confined Binary Liquids

I\VV.A. Introduction

The properties of molecular fluids under confinement interest a wide range of
technological applications and are subjected to a pronounced number of fundamental studies.
It is a well acknowledged fact that, at the nanoscale, the physical and chemical properties
(structure, dynamics, phase transitions...) of the molecular species depend on the size of the
studied system. A case that ceases to exist at the sufficiently large macroscopic scale. A widely
open question, which is the core of this chapter is to describe and understand how the
manipulation of fluids in nanochannels is likely to induce new supramolecular organizations.
As demonstrated in chapter III, associated liquids are naturally likely to form highly ordered
supramolecular structures. It has been shown that the formation of clusters in the studied binary
mixture models can be modulated by the dilution of an amphiphilic compound (alcohol) in an

aprotic solvent (toluene/ cyclohexane).

The objective of this chapter is to illustrate the phenomenon of the spontaneous nanostructuring
even more remarkably observed under confinement in nanochannels. In this situation, the
nanosegregation of the components inside nanochannels leads to a core-shell tubular structure.
These nanostructurations may amount to an interface induced nanodemixion, although the
mixtures studied (tert-butanol/toluene, tert-butanol/cyclohexane, methanol/toluene and
ethanol/toluene) are all miscible in all proportions at the macroscopic scale. Interestingly, there
is recent dynamical evidence that confinement in MCM-41 could induce micro-phase
separation of fully miscible binary liquids.['*) This nanosegregation phenomenon has been
already shown in MCM type materials.[* In this study, we intend to particularly investigate the
relevant characteristic lengths associated with the stability of this core-shell organization. This

could be conducted through a controlled change in the pore diameter (from MCM to SBA-15).

Besides the fundamental significance of this phenomenon in terms of grasping the original
states of matter at the nanoscale, the observation of such structures could provide possible
applications for selective adsorption or self-assembled material synthesis in nanochannels

(nanowires, nanotubes)...
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IV.B. Methods and Principles

V.B. 1. the Concept of Contrast variation:

The structure factor of a liquid is related to the coherent scattering length of its atoms
(b), which is a characteristic of each element in the molecule. Similarly, the b value can vary
between isotopes of the same atom. One of the most significant examples is Hydrogen (H) and
its isotope, deuterium (D), with b=-0.374.10"'2 cm for H and b=0.667.10"'2 cm for D. Therefore,
the substitution of H atoms by D in a given molecule, causes a modification in the molecular

structure factor of the molecule without significantly altering its physicochemical properties.

This phenomenon is exploited in a method known as the isotopic contrast effect which can vary
or even cancel the contribution of a specific chemical entity to the total structure factor
measured (contrast matching). This can be done by the simple adjustment of its scattering

length through a manipulation in its H/D isotopic composition.

This method provides access to some partial structure factors for different spectra measured
with different isotopic compositions. An exclusive characteristic of neutron diffraction which

allows unique structural studies of complex systems, especially in soft matter and biology.

V.B.2. the Contrast Effect

In the case of empty SBA-15, the contrast is given as the difference between the
scattering length densities of the atoms in the pore and the atoms forming the walls of the
matrix (silica) (if empty, pbempty= 0). The latter is obtained, while assuming that the silica

forming the walls has a density equal to that of amorphous silica (p=2.2 g.cm™).

The structure factor of empty SBA measured by PAXY small angle neutron scattering
spectrometer at LLB shows four Bragg peaks indexed in a triangular lattice (10, 11, 20, 21) as
shown in Fig. IV-1. These peaks represent the organization of the pore channels in a
honeycomb-like hexagonal lattice. The most intense peak (10) being related to the interplanar

distance, offering direct access to the center-center distance of two neighboring pores.
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Figure IV-1: The Structure Factor of empty SBA-15 which shows the 4 Bragg peaks corresponding to the
hexagonal arrangement of the pores. A triangular lattice is shown at the upper right of the figure.

Filling the empty matrix does not change the position of the Bragg peaks of SBA; however, it
leads to a significant variation in their intensity due to the contrast effect. Indeed, the intensity
of the Bragg peaks is proportional to the square of the contrast, the latter being defined as the
difference in mean scattering length density of coherent scattering centers (pb) between the

wall and the inside of the pore according to the equation (IV-1).

When SBA-15 is filled with the liquid, the intensity of the Bragg peaks of the mesoporous
materials becomes proportional to the square of the difference in the scattering length density

between the liquid (in the pore) and the silica.

B 2
Ipeak(empty)) =k [(pb)SiOZ - 0]
(IV-1)

_ _ 2
Ipeak(filled)) =k [(pb)Sioz - (pb)liquid]

Where Ipeak is the intensity of SBA-15’s (10) peak measured by neutron diffraction, k is a
constant, p is the density of the molecule constituting the studied medium, b is the sum of all
the coherent scattering lengths of the atoms in the molecule and (pk_)) is the molecular scattering

length density.
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According to equation (IV-1), the intensity of the Bragg peaks is proportional to the square of
the difference in scattering length density between the pore walls and the confined liquid. The

latter can be modulated by adjusting the H/D isotope ratio of the molecules.

A special case is obtained when we choose an isotopic composition so that the scattering length
density of the liquid becomes equal to that of the pore walls. The liquid is then in a contrast-

matching condition (CM) with the matrix and the Bragg peak intensity is expected to vanish.

The “no contrast” compositions can be simply calculated from the liquid’s density and

chemical formula. (Fig. IV-2) shows the variation of the Bragg Intensity as a function of the

liquid density.
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Figure IV-2: The evolution in the scattered Intensity as a function of the liquid’s scattering length density

relative to the density of silica. The empty pore corresponds to a scattering length density= 0.

This method has been used to determine the variation of the liquid density as a function of
temperature for fully deuterated systems.> ¢ In our approach, the purpose isn’t to tune the
liquid density but rather adjust the scattering length (B) through the modification of the H/D

composition of the liquid mixtures involved.
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I\VV.C. SANS Measurements on Confined Mixtures

IV.C.1. Sample Preparation and Data Treatment

SBA-15, diameter ~ 8.5nm was synthesized following the procedures described in
Chapter II. Heating at 120 °C under vacuum for 24h prior to the experiments was performed
to remove possible traces of water molecules or other volatile molecules adsorbed. The matrix
was then packed into a Hellma quartz cell of 1mm of thickness. The cell was filled SBA
compacted so that the dispersion of the powder is homogeneous in the cell. The height of the
porous medium (50mm) must be larger than the diameter of the neutron beam (7.6mm). Thus,
knowing the total height of SBA and its mass, we were able to estimate equivalent quantity of
the empty matrix for later normalization. The measurement was conducted at a wavelength A=

6 A and sample-detector distance= 1.5m.

For each of the 4 binary systems studied (TBA-Tol, TBA-Cyc, Meth-Tol, and Eth-Tol) eight
samples with different concentrations and isotopic compositions were prepared:
.1-Two samples with one component (alcohol or solvent) each prepared with a specific H/D
composition to tune the scattering length so that the scattering length density is equal to that of
silica (i.e. in CM condition with the matrix).
.2-Two binary mixtures with scattering length densities equivalent to that of the matrix
(hydrogenated alcohol + deuterated solvent and deuterated alcohol + hydrogenated solvent).
.3-Two symmetrical systems with the exact same concentration composition but different
isotopic composition having the same overall scattering length densities. One of the
components is deuterated and the other is contrast matched with the silica matrix.
.4-The last two samples have a constant 30-70 alcohol-solvent composition. Again one of the
components is deuterated and the other is contrast matched with silica. It should be mentioned
that all eight samples were prepared in volume fraction. The different binary mixture samples

studied and their corresponding HD compositions are illustrated in Table I[V-1.

Table IV-1: The HD compositions of the different samples and systems measured.

Binary Systems TBA-Tol TBA-Cyc Meth-Tol Eth-Tol
Contrast-Matched TBAH37TolD63 TBAH46CycD54 MethH37TolD63 EthH37TolD63
TBADS51TolH49 TBAD57CycH43 MethD52TolH48 Eth49DTolH51
Symmetrical TBAD43TolCM57 | TBADS53CycCM47 | MethD49TolCM51 | EthD46TolCM54
TBACM43TolD57 | TBACMS3CycD47 | MethCM49TolD51 | EthCM46TolD54
alcohol30-solvent70 | TBAD30TolCM70 | TBAD30CycCM70 | MethD30TolCM70 | EthD30TolCM70
TBACM30TolD70 | TBACM30CycD70 | MethCM30TolD70 | EthCM30TolD70
( ]
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The different samples were injected into the SBA containing cells with volumes about 90% of
the pore volume measured by nitrogen adsorption (Chapter II). Filling the empty matrix does
not change the position of its Bragg peaks, it rather causes a significant change in the total
structure factor, typically concerning the intensity of Bragg peaks especially noticeable for the

most intense (10).

Immediately after the injection of liquid into the cell containing the empty SBA, the imbibition
kinetics were followed through the variation in the measured Bragg intensity with time at room
temperature. Fig. IV-3 shows the evolution for contrast matched Tol versus time. As observed
in the figure, the adsorption of the liquid in SBA and the filling of the pores over time is
accompanied by a progressive decrease in the Bragg intensity to a stable value reached after 6
hours indicating that the density in the pores has reached a state of equilibrium corresponding
to the complete filling of the pores. This allowed the measurement of the characteristic time of

adsorption and the definition of a well-adapted procedure for the subsequent samples.

Tol CM
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Figure IV-3: Evolution of the total structure factor S(Q) of SBA-15 filled with toluene in contrast
matching condition as a function of time. The shaded area represents the beam stop.

Therefore, after the injection of the mixtures, each sealed cell was maintained for a minimum
waiting period of 6 hours at room temperature in order to assure that the impregnation has
reached a steady state and that the system is thus in equilibrium. This is important to ensure
that the change in the measured intensity is connected to the nanostructuration of liquids
confined in the pores of SBA rather than the adsorption kinetics. We have also verified that for
each sealed cell there was no loss of liquid by evaporation, by sample weight control before

and after the measurement.
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Finally, regarding the data treatment, it was applied using the standard procedures thoroughly
explained in Chapter III where the spectra were corrected from the empty cell contribution
(transmission corrections), normalized to the right amount of SBA-15 and corrected for
detector efficiency (through the normalization to a constant incoherent diffuser: H20) to

eventually obtain intensities in absolute units.

IV.D. Experimental Results
IV.D.1. Contrast effect of the mixture of one single isotope liquid (D / H)
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Figure IV-4: The structure factors of empty SBA (red), SBA filled with TBA in CM (blue) and Tol in
CM (purple) where a total suppression of the Bragg peaks is observed.

As mentioned earlier, a suppression in the intensity of the Bragg peaks is expected for
isotopic mixtures having their scattering length densities equivalent to that of the pore walls.
Such a measurement was performed for an isotopic D/H mixture of tert-butanol (TBA) with a
composition of 55/45% and toluene (Tol) with an isotopic concentration of 54/46% both being

in CM conditions with the confining matrix.

Fig. IV-4 shows the structure factor of both mixtures in comparison to the empty matrix. A
total extinction of the Bragg peak intensities of SBA is witnessed validating the zero contrast
condition as well as the appropriate choice of the density of silica (2.2g.cm™). This observation
also demonstrates that the sample preparation protocol allows the achievement of a complete

and homogeneous filling of the pores in the case of pure liquids.
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IV.D.2. Contrast Effect in Binary Mixtures Satisfying CM Condition

The CM method has been verified by the total extinction of the Bragg peaks of SBA
filled with an isotopic mixture of pure liquids (Tol or TBA) in CM condition. In the current
approach, we want to verify the validity of zero contrast for isotopic mixtures of two different
liquids. For this purpose, we used a binary mixture of hydrogenated tert-butanol (TBAH) and
deuterated toluene (TolD) and another with TBAD and TolH so that the scattering length
densities of both mixtures is equal to that of silica. The CM condition is attained for a

TBAH/TolD composition of 37/63 and TBAD/TolH composition of 51/49.
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Figure IV-5: The structure factors of empty SBA( (re):d), SBA filled with TBAH/TolD (blue) and
TBAD/TolH (purple) both mixtures being in CM where a modulation in the Intensity is observed.
The experimental S(Q) of the isotopic mixture of the binary system in comparison to that of
empty SBA is illustrated in Fig. IV-5. The figure shows that no Bragg peak extinction is
observed in the case of the contrast matched binary mixtures. In contrary, the peak intensity
(10) of SBA filled with the H/D mixture is even higher than that of the empty matrix. Moreover,
an extinction of the 2", a strong decrease in the 3™ and a significant increase in the intensity
of the 4™ order peaks is observed in both mixtures. A scenario very distinct from that of pure
substances indicating a modulation in that form factor rather than a simple contrast related

scaling in its intensity.

This observation is quite remarkable because it provides a direct evidence that the binary
mixture doesn’t homogeneously fill the pores. This indicates the existence of a heterogeneous
distribution of the concentration of the mixture which can be associated to a structuration of

the liquids or more specifically the nanosegregation of the components in the SBA-15 pores.
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IV.D.3. Symmetrical Mixtures with Equivalent Scattering length Densities

To further investigate the heterogeneity in the pore in the case of TBA/Tol binary
mixture, a new strategy was adopted. In this approach two mixtures were prepared. In each of
the two mixtures only one of the components is visible being deuterated while the other

component is isotopically contrast matched with the matrix.

The significance of these mixtures is that they are chemically equivalent bearing the exact same
composition. In addition, and probably the most interesting characteristic of the symmetrical
mixtures is the fact that they have the same scattering length density .i.e. they should give the
exact same diffraction patterns in the case of uniform filling and can therefore give a conclusive

evidence of heterogeneity otherwise.
25
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Figure IV-6: The structure factors of SBA filled with TBADTolCM (red), SBA filled with TBACMTolD
(blue) both mixtures having the same composition 43/57 and same scattering length densities.

This has been demonstrated in Fig. I[V-6 where the symmetrical mixtures peculiarly give very
distinct structure factors with that of TBADTolCM having almost a total extinction of all but
the 2™ order Bragg peak (even though the system is not in CM) while the other sample displays
high intensities in the 1% and 3™ order Bragg peaks. This different modulation of the intensities
and alternation between the 2" and 3™ order Bragg peaks between the two samples
unambiguously indicates the non-uniform filling and heterogeneity of the binary mixtures

inside the pore.
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I\VV.E. Structural Models
IV.E.1. Choice of Model

To reveal the nature of the nanostructuring in confinement we have developed a
theoretical model. The aim of the latter, described in the following paragraphs, is to predict
quantitatively the Bragg peak intensity for a given structure in order to estimate the density
distribution within the pores for phase-separating mixtures. Different forms of binary liquid
nanostructuring in cylindrical pores were predicted theoretically.l”) Even though these
predictions were developed for mixtures with a miscibility gap (a case distinct than ours), they
can identify different possible structures and can still be relevant to our study. Three
microstructures corresponding to different thermodynamic states (capsules, plugs and tubes)

were considered as shown in Fig. IV-7.
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Figure IV-7: Prediction of the phase diagram of the different visible structures as a function of the reduced
temperature (t) and the inverse pore radius (ro) (case of a de-mixed mixture with a non-wetting component.

It is important to note that this nanosegregation must have a component that modulates the
concentration profile in the radial direction; i.e., perpendicular to the pore axis, to affect the
Bragg peak intensity. A simple modulation of the concentration in the direction parallel to the
pore axis may give an additional diffuse component but wouldn’t influence the intensity of the
Bragg peaks. For instance, in neutron scattering, the plug should not have any effect on the
intensity of the Bragg peaks and would be difficult to detect because it doesn’t lead to a
concentration modulation in the (xy) plane perpendicular to the channels in which lies the two

crystallographic axes of the hexagonal array of SBA. The only possibility for detecting this
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plug structure is if the cap positions along the z axis are correlated from one channel to another
forming a 3-D ordered structure. However, this possibility may be eliminated because it is
highly improbable to have sufficient interactions between liquids in adjacent channels,
separated by a silica wall. On the other hand, "capsules" and "tubes" generate a radial
modulation concentration upon an average projection on the (xy) plane. However, since the
two structures lead to the same type of average radial concentration profile they are
experimentally indistinguishable contributing to the same core-shell type profile. This
cylindrical symmetry profile is characterized by two domains: one corresponding to a

peripheral layer, located at the pore surface and another at the pore center.

Confined liquids are known to be highly susceptible to geometrical as well as surface effects.®
191 Interfacial phenomena induced by a strong interaction of one of the components with the
pore surface are likely to lead to core-shell like concentration profiles. Launching from this
idea together with the cylindrical symmetry induced by the pore shape, a preferential
interaction of the liquid with the pore wall may facilitate its adsorption at the surface leaving

the pore core free for the second liquid (with lower affinity to the pore surface) to reside in .

In order to grasp the essence of the physical phenomenon revealed by the diffraction
experiments, we chose the simplest model with the least number of adjustable parameters. The
latter assumes that a liquid is completely adsorbed on the surface and the second is located at
the center i.e. confinement induced complete segregation of the two components (core-shell
structure). The local molar fraction thus passes strictly from x= 0 to x= 1 upon crossing the two
segregated regions. This nanoscale organization could itself be considered as a thermodynamic
phase, having a non-homogeneous distribution of its concentration (and not a two phase
system) as the characteristic sizes involved are comparable to those of an interface between

two separated liquids.

It is obvious that this extremely simplified model is not designed to quantitatively reproduce
the data. In fact, in the case of an interfacial segregation, it is expected that the concentrations
in the two fields are not strictly 0 and 1, but rather correspond to mixtures more rich in one
constituent or the other. Moreover, the existence of such a sharp interface between the two
regions, at the atomic scale, is very simplistic. However, this model has the enormous
advantage of having no adjustable parameters and therefore having a predictive nature.
Furthermore, the robustness of this model will allow us to extract the main physical elements

leading to this nanostructuring phenomenon.
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IV.E.2. Theoretical Background

The intensity measured by neutron scattering is proportional to the product of the form

factor of the object (pore) and the structure factor (pore distribution) using the formula:
I(Q) = KS(Q)- [F(QI* = KS(Q). P(Q) (IV-2)
For a perfect 2-D hexagonal array of cylindrical pores, the structure factor S(Q) is given by:

S(Q) =é 2k Mk 8(Qni) (IV-3)

Mk being the multiplicity factor of the diffraction peaks where Mk =12 for diffractions of
mixed Miller indices (hk), and Mk =6 for (h0) and (hh), Q is the scattering vector and §(Qpy)
are Dirac (0) functions at specific reciprocal lattice points corresponding to the Bragg peak

positions obtained by:

_4m 7 7 (IV'4)
Qnk aﬁ\/(h + k* + hk)
In the case of an empty matrix:
pSiOZRporeZZ(QRpore) (lV-S)

F(Q =

2
pSi02 Rpore

2], (QRy)
(QRyp)

choice to normalize F(Q) to the total number of scatterers of the empty SBA, i.e. F(0)=1.

Where Z(QR;) = , (J1 being a first order Bessel function). In this approach we made the

IV.E.2.1. Homogeneous Filling

In the case of a matrix filled in liquid:

(pliq - pSiOZ)RporeZZ(QRpore) _ (pliq - pSiOZ) F(Q)Empty (lV_6)
pSiOZ Rpore2 pSi02

F(Q) Filled _

Filling the pores with a liquid will affect F(Q) rather than S(Q).

I(Q) is the same yet having a different prefactor (i.e., simple rescaling in the intensity). This

result is illustrated by the Contrast Matching (CM) experiments according to equation (IV-1).
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IV.E.2.2. Core-Shell Model

In this case, a simple generalization of the homogeneous filling is implemented (again

we apply the same normalization to the number of scatterers of the empty matrix).

2
F(Q)Core—Shell — — (pi — p(i—1))Ri2Z(QRi) (IV-7)
=1

1
pSiOZ Rpore

Where, pg = Psio,matrix)’ P1 = Pshell: P2 = Pcores R1=Rpore and R-R¢ore (based on the core-

shell model for a cylinder illustrated in Fig. IV-8). At the center, the shape of the pore is
demonstrated by a cylinder (gray) consisting of two liquids with different densities: core (red)
for the liquid at the center and shell (blue) for the liquid at the surface. The diagrams in the

same figure show the different possibilities for structuring liquid in the pores for this model.
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Figure IV-8: Core-shell model of a pore in the center, in the form of a cylinder (gray) formed by two
different density liquids, core (red) and shell (blue). The contrast variation depending on the variation
of the scattering length density; (a) in zero contrast, (b) the densities of the two constituents of the
binary liquid are different from each other and from that of the matrix, (¢) and (d) two symmetrical
mixtures with one of two liquids in CM condition.
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Contrast variation depending on the change in the density of the pore is illustrated for different
situations: A.: contrast matching (zero contrast condition), i.e. scattering length density of the
liquid in the pores is equivalent to that of silica (gray), B.: the case where the densities of the
binary liquid components and the matrix are all different, C. and D.: symmetrical mixtures
having one of the two liquids is in CM and the other being deuterated making the latter

selectively visible to neutrons.

Fig. IV-9 shows the distribution of the scattering length density of the four situations (A, B, C
and D). 1 and 2 are the components of the binary liquid segregated at the center and adsorbed

at the pore surface respectively, r is the pore radius and psioz is the density of the silica.
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Figure IV-9: Schematic representation of the scattering length density distribution corresponding to 4 cases
represented in Figure [V-8. Liquids 1 and 2 are respectively located in the center and at the surface of pore,

(r) is the pore radius and SiO; is the scattering length density of the silica

IV.E.2.3. Debye Waller Factor Model

In this section, we try to analyze the diffraction intensities of SBA in terms of various
structural models of the hexagonal unit cell. The different parameters of these models are the
dimensions and scattering length densities of each part in the unit cell. After choosing the core-
shell model as the simplest model possible to describe the heterogeneities in the pore, we have

to take into account the fact that our confining matrix is not ideal.[!!-13]

The positions of the cylinders in the unit cell may be randomly displaced from their ideal 2-D
hexagonal positions. This is usually due to the thermal fluctuations frozen by silica

polymerization (static lattice distortions) which are illustrated in Fig. IV-10.
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Figure IV-10: Schematic representation of the structure in terms of different models based on (a) two density
levels and (b) two density levels and a DWF. Arrows indicate a random displacement of the pore centers. ['!]

The frozen random disorder in the pore position with respect to the ideal lattice will affect S(Q).

This is approximated by the DWF in the harmonic approximation:

K (u*)Q? -
Q) = gz ) Mool F@Ie™ 2 (IV-8)
hk

< @? > is the normalized mean-squared displacement (MSD) of the cylinders.

This DWF effect can be introduced into a modified form factor P(Q) to yield the following

equation:

@?)q2 2

F(Qe =

1Q = éth Mhk 8(Quo % Lk Mhk 8(qp0- P(Q) (IV-9)

Therefore the intensities of the higher order reflections are expected to be significantly reduced

by this DWF effect.
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IV.E.2.4. Microporous Corona Model

In addition to static defects, SBA diverges from an ideal matrix in terms of pore
structure. Its cylindrical mesopores are notorious to have a complex wall structure, modelled
by corrugated pore walls and/or an interfacial microporous region denoted as a ‘corona’ (Fig.

IV-11).

Figure IV-11: A scheme of SBA pores having a lower density corona region and wall corrugations.

Therefore, a model accounting for a reduced density sponge-like corona around the pores,
following the studies of Impéror-Clerc et al.,!'!] was introduced. It is based on the assumption
that the cylindrical mesopores belong to a perfect 2-D hexagonal lattice with monodispersed
mesopores bearing a perfectly circular cross section, but surrounded by a microporous corona

of a reduced (constant) density, with dense silica constituting the outer region.

p(R)a

Figure IV-12: Four density levels model of the pore structure of SBA-15 with electron densities: dense
silica matrix po, microporous corona pi, shell p,, and the core of the ps. Ry, R,, and Rj; represent the radii
of the different shells. [1?]
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Chapter 1V: Local Order of Confined Binary Liquids

This step-density model developed by Zickler et al. ['*! is probably the simplest way to account
for this complex situation in which both the corona, the shell and the core in our core shell
model are assumed to have uniform densities. However, based on this model it is not possible

to discriminate explicitly between a microporous corona and highly corrugated pore walls.[13!

Mathematically, this model is defined by four density levels as shown in Fig. [V-12. The 1%
region represents the core in the center of the pore with scattering length density p3, the 2"
represents the shell of a uniform density p2, the 3™ region represents the porous corona of

uniform length density p1, and the 4™ representing the matrix of uniform density po- psio2.

It is worth mentioning that the corona density p1 must be considered carefully, due to the

Vmicropore )

introduction of the porosity of the microporous corona (p =
corona

When SBA is empty, p; = (1 — p)psio,; otherwise, p; = ppsurs + (1 — P)psio, Where pgyrs

is the scattering length density of the liquid occupying the microporous surface of the SBA.

As for the normalization, the same convention is applied, i.e., normalization to the total

scatterers in empty SBA which is now equal to the mesoporous volume + microporous volume:

psio,R2” + PPsio, (R1°—R2?) = psio, [PR:* + (1 — pR;%)] (IV-10)

Therefore the normalized form factor can now be expressed as:

1
F =
@ psio, [PR1% + (1 — pR2?)]

3
Z(Pi — p-1))Ri’Z(QR)) (IV-11)
i=1

And indeed, we have F(0)=1 for the empty SBA with this appropriate normalization.
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Chapter 1V: Local Order of Confined Binary Liquids

IV.F. Data Analysis

IV.F.1. Data Treatment
IV.F.1.1. Background Corrections

We recall that: a) I(Q) = %th th S(Qhk) P(Q)

The spectra comprise a background which was removed by fitting with a pseudo Voigt
function. The correction was done using Sigmaplot software where the position, width, and

height of the peaks were kept free. The experimental data, best fits and background corrected

data are plotted in Fig. IV-13.

25 SBA-15

[ Background

—@— | experimental
I | corrected Backgd
pseudo voigt best fit

N
o
1

a
1

Intensity(norm/mol.SiO,)
o

0.05 0.10 0.15 0.20
QA™

Figure IV-13: Background correction of experimental intensity.

IV.F.1.2. Analysis of Bragg Scattering

The Bragg peaks are not Dirac but rather broadened due to the instrumental finite
resolution and sample imperfections. In order to get their total intensities, they were fitted by

4 Gaussian functions in order to extract their integration, as shown in Fig. [V-14.

We fitted with the function b) I(Q)ﬁt = é th th Tthhk(Q - Qhk) + I(Q)BCkgd

Where Gy are unitary Gaussians (with weakly varying width related to the instrument

resolution), I giving a measure of the integrated intensity of the (hk)-Bragg peaks.

100

——
| —



Chapter 1V: Local Order of Confined Binary Liquids

Empty SBA-15

0.14
—O— intensity
— Best fit(4 Guassians)
0.12 +
0.10 +
0.08
N
g
X
0.06
0.04
0.02 +
0.00 s . ﬂ\ml W

0.05 0.10 0.15 0.20 0.25
Figure IV-14: Best fit (4 Gaussians) of the experimental intensity after background correction.

Comparing a) and b) one should obtain:
Thie = K. P(Qni) (IV-12)
Where K is an instrumental normalization factor. It has been determined by rescaling with

respect to (1 0) Bragg peak of the empty SBA-15 and kept fixed for all the other samples.
IV.F.1.3. Model Calculations

Our analysis was based on equation (IV-12) as we were testing the ability of the form
factor P(Q) (which carries information about the radial density distribution in the cylindrical

pores) to reproduce the extracted intensities Tjy.

It should be mentioned that for the different models the empty matrix is fitted and the
parameters obtained from the best fit are kept fixed and used conjointly with the pore radius
obtained from the adsorption isotherms in the calculation of the form factors of the filled
samples. Therefore, no parameters were kept free in an attempt to examine the capacity of the

models in the prediction of the Bragg reflection intensities for the filled samples.
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Table I'V-2: Different parameters (radii and densities) for the different models approached (TBA-Tol
systems are taken as a prototype but the same calculation was implemented on other systems).

P2= Pshell= PTol

P3= Pcore= PTBA

Model Densities of Different Values of Different Radii
Levels
Homogeneous | p1= p2= psioz R1= R2= Rypore
Core-Shell TBA | p1= prBa R1= Rpore
surface p2= PTol R2= Reore= Rpore (M)
Core-Shell TBA | p1= prBa R1= Rpore
layer p2= (X — RpizreZ)pTBAJr PTol R2=Rcore=Ri1-e
Core-Shell Tol | p1= prol R1=Rpore
surface p2= PTBA Ro= Rcore=Rpore\/§
Corona TBA P1= Psurf= PTBA R; = Rpore — 0.5t
surface p2= Pshell= PTBA R; = Rpyore + 0.5t
Py peore= Pl R = J[R2p(1=30) + (R2(1 = p)(1 — )]
Corona Tol P1= Psurf= PTol Ri = Rpore — 0.5t
surface

R2 = Rpore + 05t

-~
w
|

= J[eR2p) + (xR 21— p)]

The different calculations for the different models are illustrated in Table I, where, depending

on the isotopic composition prsa is either equal to prBap, prBan or psio2 (When satisfying the

CM conditions). The same could be applied to pro.

Moreover, the term x corresponds to the TBA volume fraction, t and p correspond to the

thickness and porosity of the corona respectively and finally the term e corresponds to the

thickness of one molecular layer of the liquid. The values of e used were obtained from the

literature and are 6, 3.8 and 3.5 A for TBA,'¥ ethanol!'*! and methanol® respectively.
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IV.F.2.Discussion of Data in Terms of Reliability of Models
IV.F.2.1.Debye Waller Factor Model
IV.F.2.1.i.Tert-butanol -Toluene Systems

The data treated by the procedures described in the previous section were fitted with
the models illustrated earlier. I shall start the data analysis with the DWF model in general and
proceed to demonstrate different scenarios within the same model. This is an attempt to
qualitatively assess the nature of the witnessed nanostructuring phenomenon. As mentioned
earlier, the models taken into account are oversimplified and are thus not designed for a
quantitative description of the data. However, the great advantage of the lack of adjustable

parameters grants the model a privileged predictive nature.

The best fit for the empty SBA is represented in Fig. IV-15 (A), the pore size was fixed by the
value obtained by the adsorption isotherms (D= 8.3nm). The value of the MSD obtained is 50
A2 which corresponds to average displacements in the order of 0.7 nm, i.e. about 7% of the unit
cell parameter (a) which is in a good agreement with the literature.l'!! These parameters, now

fixed, were used for the calculation of the P(Q) for all the filled samples.

Empty SBA-15 TBAH37TolD63 (Mixture in CM)
1e-1 le-1
i 'Bragg*c22 b IBragg*Q2
—— DWF —— TBAsurface(DWF)
—— TBAlayer(DWF)
—— Tolsurface(DWF)
Te-2 7 ¥ v Te-2 1 eneous(DWF)

1e-3

Log(1)
9
Log(l)

|! |
| | I
| 1
A. ’ | B, | U
T T T T T T T T 1e-5 T T T T —t T T
0.086 0.08 0.10 0.12 0.14 0.16 018 0.20 0.2z 0.06 0.08 0.10 0.12 0.14 0.186 0.18 0.20 0.22

A
QA Q (A7)

1e-5

Figure IV-15: DWF model predictions (solid lines) and experimental Bragg intensities ihk (circles) for
(A): empty SBA used for TBA-Tol/Cyc systems (batch1) and (B): TBAH37TolD63 (CM mixture) the
shaded area represents the undetectable intensity limit.

We recall a total extinction of the Bragg peak intensity in the case of one-component isotopic
liquid in CM, which wasn’t the scenario obtained in the case of binary isotopic mixture also

satisfying the CM condition with the confining matrix.
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In the purpose of understanding the physical phenomenon behind this behavior, the change of
the intensity of the sample was modelled by different scenarios within the DWF model (Fig.
IV-15 (B)).

First the homogeneous model was ruled out as it anticipates a zero intensity of the peaks (which
is not consistent with the experimental results). The three other models taken into account

different segregation possibilities:

-1. The 1% model (denoted TBA@surface, in red) supports the possibility of a total separation
of the liquids inside the pore with TBA (the alcohol) being at the surface of the pore and Tol

(the solvent) in the center of the pore.

-2. The second model (denoted TBA-layer, in pink color) is rather a special case of the first
model as it represents the scenario of one exclusive TBA-layer on surface and the rest of the

TBA (not constituting the layer) would, therefore, mix with the Tol inside the pore.

-3. Finally, the third model (denoted Tol@surface, in blue) considers the same segregation
phenomenon as the 1% model; however, it considers Tol (the solvent) to be at the surface and

hence TBA (the alcohol) will reside in the core.

All the models related to the segregation phenomenon successfully expect a high intensity in
the 1 order Bragg peak. The models agreement with the higher order peaks seems to be more
discriminative, as the Tol@surface model incorrectly predicts a high intensity of the 2" order
Bragg peak (which is obviously not the case), at the time that both TBA-layer and TBA@surface

models seem to properly reproduce the experimental intensities.

A clearer image emerges from the symmetrical systems having the same scattering length
density. As discussed in the experimental results section, the two samples were supposed to
give the same diffraction pattern in the case of homogeneous filling. Remarkably, the two core-
shell DWF models TBA@surface and TBA-layer seem to be in a good agreement with the
unexpected difference in the Bragg peak intensities between the two samples (Fig. IV-16 (A
and B)) and can accurately reproduce the very low intensities (near Bragg extinction) in the

TBADToICM symmetrical sample (as shown in Fig. I[V-16 (A)).
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Figure IV-16: DWF model predictions (solid lines) and experimental Bragg intensities ihk (circles) for
the symmetrical TBATol samples (A and B) and TBA30 Tol70 samples with opposite isotopic
compositions (C and D).

The most remarkable agreement is in the 1% order Bragg peak as they correctly anticipate low

and high intensities for the TBADTolCM and TBACMTolD symmetrical samples respectively.

Moreover, both models give good anticipation for the higher order peaks and explain the

alternation in the intensities of 2" and 3™ order Bragg peaks between the 2 samples as the

minimum in the models comes at to the position of the 3™ order peak in the TBADTolCM

symmetrical sample leading to its extinction and close to the 2™ order peak in the TBACMTolD

sample leading to its reduced intensity. The Tol@surface model, on the other hand, falsely

expects high intensity for the 1% order peak of TBADToICM symmetrical sample and low

intensity of the same peak in the other symmetrical sample and can therefore be dismissed (Fig.
IV-16 (A, B)).
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The TBA30Tol70 sample corresponds to TBA concentration comparable to one-layer of TBA
at the surface making the TBA@surface and TBA-layer models mathematically equivalent. This
can be illustrated by Table IV-1 (in the Model Calculations section) where in the case of one

TBA-layer Rcore= Rpore-€ (With Rpore= 8.3/2=4.15nm and ersa=0.6nm) yielding Reore=3.55 nm.
As for TBA@surface model, Reore=Rpore (1/1 — X7ga ) = 4.15(+/0.7) = 3.47nm. i.e., equivalent

core radii.

Both models seem to be in an excellent agreement with the corrected experimental data
successfully expecting low intensities in the 1% and 3" Bragg peaks and high intensities in the
2" and 4" order peaks TBAD30TolCM70 sample and reproducing the high intensity in the
(1,0) peak in the opposite 3070 sample (Fig. IV-16 (C and D)). Again the Tol@surface model
fails to reproduce the experimental intensities as it wrongly anticipates a high intensity in the
1" order Bragg peak in TBAD30TolCM70 and low intensity of the same peak in
TBACM30TolD70.

To conclude, Fig. IV-17 shows the agreement of the different models with the experimental
Bragg intensity. As shown in Fig. IV-17 (A), TBA@surface model, although not fully
quantitative, succeeds to qualitatively reproduce the main patterns in the data being able to
anticipate the main modulations in the Bragg peak intensities. In contrary, the Tol@surface
model can be safely eliminated as it falsely predicts the intensities for the (10) Bragg peak in

the measured samples.

TBA-SURFACE Core-Shell (Tol-SURFACE)

1e-1 1e-1
—— TBACM43TolD57symm —— TBACM43TolD57symm
TBAD43TolCM57symm TBAD43TolCM57symm
—— TBAD30TolCM70 —— TBAD30ToICM70

1e-2 4

1e-3

g fe3 /ﬁ
2 /
| ﬁ
1e-4 A le-4 4 ' \Wi /
(| N/
| N/
B | | illl
. \ o | | \ |
le-5 T v T T T T T T : 1e-5 T T T T T - ll — T
0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20 0.2z 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20 0.22
Q (A-1) Q (A-1)

Figure IV-17: The agreement of the different models (DWF TBA@surface (A) and DWF Tol@surface (B))
with the experimental Bragg intensities I nk 1n TBATol systems.

106

——
| —



Chapter 1V: Local Order of Confined Binary Liquids

The core shell model with TBA@surface and toluene core is demonstrated for the different

samples in Fig. IV-18 where TBA is represented in blue, Tol in red and silica in grey
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Figure IV-18: The treated experimental intensities and their corresponding (TBA@surface) core shell
schemes for the different samples measured in the TBATol system
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I.V.F.2.1.ii. Tert-butanol -Cyclohexane Systems

The main reason for the choice of this TBA-Cyclohexane (Cyc) was to test the influence
of the interaction between the TBA and the aprotic solvent. According to the bulk study
discussed in chapter I1I, [!”) an enhanced stability of the TBA multimeric clusters was achieved
in an aliphatic solvent compared to Tol. This was attributed to the existence of slightly stronger
interactions between the aromatic ring of toluene and the hydroxyl group of TBA. Therefore,
the following study on Cyc was motivated by the emerging question about a hypothetical better
segregation of the two components in confinement, allowed by a weaker solute-solvent TBA-

Cyc interaction.

The diffraction patterns obtained for the different TBA-Cyc samples are shown in Figs. IV-19.
The overall features are in general agreement with the case of TBA-Tol systems and indicate a

similar nanostructuring phenomenon inside the pore. The key-observations are the following:

-1. The absence of Bragg peak extinction for contrast matching compositions. This is
exemplified in Fig. IV-19 (A and B). Note also that the H/D and D/H contrast matching
mixtures (Figs. A and B respectively) exhibit very different patterns. The upmost signature of
nanosegeragtion is the high intensity of the (10) Bragg peak of the H/D mixture, while ten

times weaker for the D/H system.

-2. The observation of very different signals arising from the two *‘symmetrical’ mixtures. This
is shown in Fig. IV-19 (C and D) for the two mixtures with the same chemical composition
(xtBA= 0.53), the same scattering length density and comprising a deuterated compound mixed
with contrast matching one. The TBADCycCM system (Fig. IV-19 (C)) exhibits an almost
extinction of its (10) Bragg peak, although it is far from the contrast matching composition. On
the other hand, the TBACMCycD counterpart system exhibits an intense (almost 100 times
more intense) Bragg peak (Fig. IV-19 (D)). Again, this rules out the homogeneous filling which

would have predicted the same patterns.

-3. A different composition (i.e., 30/70) in Fig. IV-19 (E and F), comprising a deuterated
compound mixed with a contrast matching one also reveals interesting features that are in line

with the TBATol systems and will help distinguishing between the different models.
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Figure IV-19: The treated experimental Bragg intensities for the different samples of the TBACyc system.
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Figure IV-20: DWF model predictions (solid lines) and experimental Bragg intensities I nk (circles) for (A):
TBAHCycD mixture in CM, (B):TBAD30 CycCM70 and the symmetrical TBACyc samples (C and D).

The different predictions from the core-shell models were compared to experimental intensities
in (Fig. IV-20). First, concerning the contrast matching composition shown in Fig. IV-20 (A),
it is obvious that the homogeneous model could be again knocked out due to its failure in the

prediction of the non-zero (and indeed huge!) intensities of the CM binary mixture.

On the contrary, both core-shell models are able to predict such pattern. It should be noted also
that the predictions from both TBA@surface and Tol@surface models are practically
undistinguishable. Indeed, in this particular case (i.e., contrast-matching mixture with
composition around 50-50) the density profiles of the two models are almost the same, except
for a change in their sign. They should indeed lead to equivalent values of the form factor since

the square of the density profile entering in the equation doesn’t allow a discrimination between

different signs.
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However this distinction between the different models can be made with the two symmetrical
systems (Fig. IV-20 C and D). On the first hand, they show low (almost extinction) intensity
in the TBADCycCM symmetrical system (Fig. IV-20 (C)) and a high intensity of the 1% order
peak in the second symmetrical system (Fig. IV-20 (D)). This modulation was again
successfully reproduced by the form factors associated to both TBA@surface and TBA-layer
models and poorly reproduced by the Tol@surface model anticipating the opposite to what’s

experimentally obtained.

Finally, Fig. IV-20 (B) shows a 3™ sample that emphasized the superiority of the TBA@surface
model over its Tol@surface counterpart which is TBAD30CycCM?70. Interestingly, both the
TBA@surface and the TBA-layer models are equally capable of a quantitative reproduction of
the Bragg intensities. It is noteworthy that for this specific composition (30/70), the calculated
thickness of the TBA shell corresponds indeed to one molecular layer, so that the two models

are strictly equivalent (same illustration as for the TBA30Tol70 sample discussed earlier).

Fig. IV-21 shows the accordance of the TBA@surface model with the experimental data for 3
different samples (A) and the conflicting Tol@surface model with the same diffraction data
(B) indicating that the core shell with TBA@surface, although not fully quantitative, can still
succeed to give a plausible physical picture to the nano-induced structuration of the mixture.
Fig. IV-22 is a schematic representation of the core-shell TBA@surface model of the different

samples involved.
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Figure IV-21: The agreement of the different models (DWF TBA@surface (A) and DWF Cyc@surface

(B)) with the experimental Bragg intensities ], nk 1n TBACyc systems.
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Figure IV-22: The treated experimental intensities and their corresponding (TBA@surface) core shell schemes

for the different samples measured in the TBACyc system.
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IV.F.2.1.iii. Methanol/Ethanol —Toluene Systems

Another batch of SBA-15 was used for the methanol (Meth) and ethanol (Eth) /Tol

series of experiments (D= 8.5nm). Better fits are obtained with the DWF model than the 1%
batch (Fig. IV-23). The value of the MSD obtained from the best fit is 30 A2 corresponding to

average displacements in the order of 0.55 nm which is consistent with the literature.!

11]
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Figure IV-23: DWF model fits of the empty SBA used in the Meth/Eth-Tol systems (batch 2).

In this series of experiments we faced a major problem for some of the samples due to the high

volatility of Meth and Eth. This volatility lead to lower filling percentages when targeting 100%

porosity and lead instead to values as low as 75%. The unfilled pores normally have little

influence on high intensities. Their scattering; however, leads to a remarkable increase in the

intensity close to CM condition (Eth@surface and Eth-layer models prediction) as shown in
Fig. IV-24 (A, B).
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Figure IV-24: A and B show DWF model fits of an example of EthTol system at near CM concentration
showing an increase in intensity due to the incomplete pore filling.

——

113

—r



1e-1

1e-2

Chapter IV: Local Order of Confined Binary Liquids
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Figure IV-25: DWF model predictions for the EthCMTolD samples (A and B) and MethCMTolD
samples (C and D).

The real story was revealed by the samples that do not give a CM prediction but rather
anticipate high intensities which are resistant to the empty pore scattering effects. The emergent
image from these samples is of a great resemblance to the previous results. For all Eth-Tol and
Meth-Tol samples, the alcohol@surface and alcohol-layer core-shell DWF models give the
best Bragg intensity agreement. In contrary, the Tol@surface model fails to predict the high
(10) amplitude.

It should be noted that the main target of replacing TBA with the smaller Meth or Eth is to
check whether the smaller molecular size could favor the alcohol monolayer model leading to
a real discrimination from the total segregation (alcohol surface) model as both have been
equally good so far. An aim not fully achieved as although alcohol@surface model better
reproduces the (10) peak, the higher order peaks are slightly better reproduced with the
monolayer model (Fig. IV-25).
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IV.F.2.2.Microporous Corona Model

Many studies have shown that SBA-15 is far from being a perfect 2-D hexagonal lattice.
The presence of a microporous corona has been exploited in the literature.l!!"!3 18-21] Thig
motivated our approach of implementing a microporous corona within our core-shell model.
This approach worked quite well for the two empty SBA-15 batches giving a very good fit
(better and equivalent to the DWF fits for the 1°t and 2™ batches as shown in Fig. IV-26 (A and
B respectively).

Again, the porosity (p) and thickness (t) were fixed by the best empty fits and the pore size was
fixed by adsorption isotherms. The values of (t) and (p) parameters are 14nm and 0.13, and

10nm and 0.6 for the 1% and 2™ batch respectively.

Empty SBA-15(Batch-1) Empty SBA-15(Batch-2)

o IBragg*Q?
DWF
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Log(l)
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QA™

Figure IV-26: DWF and corona model fits of the empty SBA used in the TBA-Tol/Cyc systems (batch
1) and Meth/Eth-Tol systems.

As a general trend, an introduction of a corona leads to a shifting in the F(Q)s to higher Qs ;
I.e., same effect as a reduction in pore size. The quality of the corona model was compared to
the TBA @surface DWF model considered the most eligible DWF model with best data
agreement. Two corona models are represented: alcohol and aprotic solvent at the surface. In
both cases, we assumed that all the porosity of the corona was filled by the liquid present at the

surface, the remaining fraction of this liquid forming the shell.

For the TBA-Tol systems (Figs. IV-27), the corona TBA@surface model manages to reproduce
the main trends in the diffraction data, unlike the corona Tol@surface, which is systematically
far from agreement. Looking into more details, the corona TBA@surface anticipates low

intensities for the 1% order Bragg reflection of the TBADToICM systems (Fig. IV-27 (A and
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C)) and predicts high intensities in the (10) reflection of the TBACMTolD samples where,
indeed, the intensity is high (Fig. IV-27 (B and D)). As a first conclusion, one can state that
both DWF and corona models seem to agree on the preferential segregation of TBA at the

surface and Tol in the core.

As for the higher order peaks, it seems they are systematically better reproduced with the
simpler DWF model. For instance, in Fig. IV-27 (D), according to the corona model, the
intensity of the 2™ order peak in the TBACM30TolD70 sample should have been jeopardized
by the minimum of the form factor, which is not the case. The DWF factor for the same sample
predicts the right intensities of the diffraction peaks. In addition the general accordance of the
Bragg intensities and the form factors seems to be much more evident in the DWF model.
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Figure IV-27: DWF (TBA@surface) and corona model predictions (lines) and experimental Bragg intensities
ihk (circles) for the symmetrical TBATol samples (A and B) and TBA30Tol70 samples (C and D).
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Figure IV-28: DWF (TBA@surface) and corona model predictions (lines) and experimental Bragg
intensities I, (circles) for symmetrical TBACyc samples (A and B).

Regarding the TBACyc system samples (Figs. [V-28), again the segregation of Cyclohexane
at the surface is ruled out by the discrepancy between experiments and the predictions from the
Cyc@surface corona model. Both the corona TBA@surface and the DWF TBA@surface
models are able to reproduce the main diffraction patterns where the low intensity in the

TBADCycCM 1% peak and the high intensity in that of TBACMCycD was indeed predicted.

However, for the higher order peaks, a comparative appraisal of the corona TBA@surface and
the DWF TBA@surface is difficult to establish as their predictions decrease in quality and often
remain at the qualitative level. The most obvious differences between the two models could be
pointed out for the TBACMCycD system (Fig. IV-28 (B)), where the TBA@surface corona
model falsely predicts an extinction of the 3™ order Bragg peak. This difference seems to add

again to the figure of merit of the DWF TBA@surface model.

Finally, concerning the Methanol/Ethanol-Toluene systems, the same conclusions can be
withdrawn from the data (the agreement of both corona and DWF models with alcohol at
surface with the experimental data and the failure of the Tol@surface models in the
reproduction of any trend, in particular for the 1% Bragg peak). It should be noted; however,
that unlike the previous samples with the 1% SBA batch, the Meth/Eth systems display a slight
preference for the corona model over the DWF model as the former better reproduces the higher

order diffraction (Fig. IV-29).
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I\VV.G. Conclusion

As a general conclusion of this chapter, we propose to summarize the main implications
of this structural study. We showed the existence of a spontaneous structuring phenomenon
appearing under confinement in SBA-15 materials. This phenomenon of nanosegregation
inside nanochannels leads to a stable concentric core-shell tubular structure. This modulation
of the mixture concentration resembles a nanodemixtion induced by a preferential interaction

of one component (tert-butanol, methanol, ethanol) with the silanol interface.

These prolific results open an original field in the studies of confined binary liquids which have
conventionally focused on wetting effects and changes in pre-transitional concentrations upon
approaching phase separation or the existence of equilibrium structures in the mesostructured
biphasic domain of a non-miscible blend. In this context, we have shown that the use of isotopic
effects in neutron diffraction, combined with the use of organized porous matrices, helps

achieve a unique level of description.

Experimentally, several perspectives have been considered. In an attempt to study the effect of
the interaction of the aromatic ring with the hydroxyl group of the alcohol, toluene was
substituted by cyclohexane. However, the results have shown no true distinction between the
two cases strongly indicating that the interactions of the hydroxyl group with the silanol surface

is much more efficient than that with the ring of the aromatic toluene.

Another approach was considered in a trial to discriminate between the complete
nanosegregation of the constituents and a monolayer of the alcohol at the surface. For this
purpose the bulky TBA was replaced by the smaller methanol and ethanol molecules. In this
aspect, one would expect the preferential monolayer formation and the homogeneous filling of
the core. Nevertheless, the quality of the predictions obtained doesn’t allow a proper distinction

between the two models without any ambiguity.

It should be mentioned that a third approach had been attempted in this thesis but wasn’t
discussed in the manuscript. This approach was the replacement of the hydrophilic matrix by
the hydrophobic CMK-3 replica. The idea was to change the nature of the interfacial
interactions leading to new core shell structures. This ordeal turned illusive due to the low
intensity of the diffraction data obtained which doesn’t allow a real assessment of the quality

of the different models.
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Although some of the approaches turned out to be partially disappointing, they bring a very
strong message about the rather general character of the phenomena of nanosegregation
observed in nanoporous silicates that we were able to reproduce for a variety of binary systems.
Going beyond the structural study of these revealed original nanophases, it seems of a great
interest to study their dynamics. This perspective is the subject of the next chapter, in which
we present a study of the relaxational dynamics and glass transition of the nanostructures by

quasielastic neutron scattering.
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Chapter V: Dynamics of Confined Binary Mixtures

V.A. Introduction

The dynamics of nanoconfined glass-forming liquids has been a topic of intensive
research!!'13] due to their significance in many technological and industrial applications
including catalysis, chromatography and separation.[’l However, very little is known about the
case of nanosegregated mixtures comprising amphiphilic interactions in contact with a
hydrophilic surface. A few approaches on this topic have been recently conducted on a number

1.[1%171 These quests reveal behaviors far from ideal

of binary mixtures confined in MCM-4
solutions and supply dynamical evidence of microphase separation under confinement.
However, such studies were performed on liquids with comparable hydrophilicity which

doesn’t allow a conclusive perception on the physical behavior of confined binary liquids.

In another approach, it has been shown that tert-butanol (TBA) molecules spontaneously form
mesoscopic supramolecular assemblies when dispersed in an inert solvent toluene (Tol).!'8]
Moreover, confinement and surface-induced structuring of the fully miscible (TBA/Tol)
solutions in the straight and monodisperse rigid channels of mesoporous MCM-411"1 and SBA-
15 silica molecular sieves (D= 3.7 and 8.3nm respectively) revealed the nanosegregation of the

components into a core shell structure (as shown in the previous chapter).

This segregation mechanism induced by the amphiphilic character of TBA has raised many
questions regarding the dynamical behavior of such complex liquids in nanoconfinement. One
could speculate that the phase separation of the components could lead to spatially separated
dynamics. Therefore, a key objective of the work conducted in this chapter is to investigate by
QENS the molecular dynamics of the nanosegregated super-cooled fluids, with the objective
of disentangling the main structural relaxations related to the ‘macroscopic’ glass transition

from putative distinct modes arising from the different nanosegregated regions.
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V.B. Glass Transition Measurements
V.B.1. Tg from Differential Scanning Calorimetry

V.B.1.1. Tg in Pure Compounds

The phase behavior of the samples was determined by Differential Scanning
Calorimetry. Under the conditions of handling, all the measurements were conducted under

isobaric conditions, therefore we can consider that the heat flux is proportional to the enthalpy:

. . dH .. dT )
With m representing the sample mass, T the Heat flow, C,, the Heat capacity, o the heating

rate and f (t, T) function associated with events such as phase transitions or irreversible

processes (chemical reactions, aging ...)

DSC measurements were performed on bulk and confined TBA and Tol liquids both in the
pure state and in mixtures. The apparatus was set on a cooling rate of 10 K.min™! along a range
varying from 320 K to 100 K, followed by a rise to the same temperature at the at same rate.

However, only heat flow acquired on heating are shown on the thermograms (Figs. V-1, 2).

25
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Figure V-1: Differential Scanning calorimetry measures on TBA in bulk and confined in MCM-41

and SBA-15 where the heat flow was measured as a function of temperature.

The DSC measurements on pure components show that TBA is not a glass-former in the bulk,
it readily crystallizes on cooling, giving rise to an exothermic peak (not shown). The

transformation of the formed crystalline phase gives rise to two endothermic peaks upon
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heating, the 1° being a solid-solid transition (phase IV to phase II), the 2" being melting.
However, a true Tg appears in confinement revealed by a small step in the heat flow in both
confining matrices at around 180 K. Tol, on the other hand, is a glass-former in bulk. Its glass

recrystallizes on heating in the bulk but remains glassy or liquid in confinement (Fig. V-2).

25
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Figure V-2: DSC measures on Tol in bulk and confined in MCM-41 and SBA-15

Table V-1 shows the different Tg values obtained by the DSC measurements where Tg is
defined as the maximum of the heat flux derivative and ATg is obtained from the HWHM of

the heat flux derivative and quantifies the broadening of the glass transition.

The Tg broadening upon confinement can be interpreted in terms of dynamical heterogeneities
induced by surface interaction and the distribution of different environments. Moreover, the
non-monotonic change in the Tg of Tol in confinement is in agreement with previous studies

(1} and has been attributed to a competition between surface, size and density effects.

Table V-1: Tg values for TBA and Tol in bulk and under confinement in MCM and SBA.

Tg values Tol TBA
Bulk 121.5+/-1 K No Tg
SBA-15 118.5+/-2K 185 +/-12 K
MCM-41 127 +/-12 K 185 +/-8 K
( ]
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V.B.1.2. Tg in Binary Mixtures
Deriv. Heat Flow (W/g/K)-MCM-41

200

180

Temperature (K)

120

0.0 02 0.4 06 0.8 1.0
xTBA

Figure V-3: The change in the heat flow vs temperature and TBA fraction. (The black solid circles
correspond to the Tgs obtained by neutron scattering after *'1).

The DSC measurements, emphasized by neutron scattering density measurements of
the Tg (solid black circles), reveals the presence of two apparent Tgs: one close to the pure
confined Tol and another close to pure TBA but decreasing upon increasing the amount of Tol.
At intermediate concentrations, a large broadening and an overlap of the different signals is

witnessed (the two arrows highlight the simultaneous presence of the two Tgs).

This duality in the Tg has been demonstrated in the literature, [>2°! and is usually associated to
heterogeneous dynamics caused by the interfacial interactions in restricted geometries. In
particular, it indicates the presence of separated dynamical processes, consistent with two

distinct spatial regions corresponding to the interface (shell) and the pore center (core).

The 1* transition is faster (lower Tg) and is less affected by dilution. It could be therefore
related to the core Tol whose amplitude decreases upon increase in XtBa as a consequence of
the decreased core volume. The 2™ could be related to the interfacial TBA, slowed down by

the surface interaction. A scenario compatible with our SANS data on the core-shell structure.
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V.B.2. Dielectric Studies of Mixtures

V.B.2.1. Decoupling of the Different Modes

Dielectric measurements were performed for TBA-Tol systems in MCM-41 by Abdel
Hamid and coll.?! For each of the studied systems, the frequency at the maximum of the main
relaxation peak is used for the extraction of the relaxation times (t) which are plotted as a
function of the inverse temperature. The obtained curves can be extrapolated to =100 seconds

(corresponding to the DSC time scale) to extract the Tgs for the different systems.

DSC and dielectric measurements yield similar Tg values for Tol. On the contrary, TBA gives
very distinct values of Tgs (around 45K difference) between the two techniques (Fig. V-3).
This observation indicates a coupling of the dielectric mode to the main structural relaxation
probed by DSC for Tol and a decoupling of the modes in TBA. It is noteworthy that the
dielectric spectroscopy probes dipolar dynamics usually related to rotation modes. This arouses
speculations concerning a possible “Plastic Glass” phase in the case of confined TBA 2! where

the degrees of freedom allow the persistence of rotational dynamics deep within the glass.
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Figure V-4: (A): the imaginary permittivity &" for different
TBA-Tol concentrations in MCM vs frequency after *!).
(B): the log of tmax vs 1000/T (solid lines represent the
extrapolated fits) after 'Y and (C): Tgs obtained by DSC
measurements (heat flow derivative intensity), by neutron
scattering (solid black circles) and by dielectric
spectroscopy (solid blue squares).
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In order to validate/complement the DSC and dielectric studies, QENS with isotopic labelling
is the ideal method to disentangle the different dynamics arising from the different compounds

and the different modes (structural relaxation, rotation, secondary relaxation, etc...).
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V.C. Quasielastic Neutron Scattering
V.C.1. Theoretical Background

Quasielastic neutron scattering (QENS) represents a specific case of inelastic neutron
scattering investigating small energy (around zero) transfers with respect to the incident
neutron energy. Therefore, it refers to processes attributing to an elastic line broadening rather
than true inelastic peaks. This small energy transfer corresponds to the energies of the
stochastic translational, rotational, and vibrational motions of the atoms. Generally, in a

neutron scattering experiment we obtain the double differential cross section:

d?ld(x) k ZT[ Z ZJ —(b b e{lQR1(t)} X e{ IQR](O)}) e( lu)t)dt (V_l)

ki and kr are the incident and final wave vectors of the beam, Q is the momentum transfer

) E¢—E; . . .
vector, o is the angular frequency to energy transfer (o= fh 5), Q is the solid detection angle,

bi and bj are the scattering lengths of atoms i and j and N is the number of scattering atoms.
In the case of a single isotope, the same expression can be simply defined by:

d%c 1
dQdw  4nN

k
Ef [Gcohscoh (Q' (*)) + 0_incSinc (Q, (*))] (V-Z)

Where o}, and oj,, are the coherent and incoherent cross sections of the isotope respectively.
The dynamical structure factor S(Q, ) measured in a neutron scattering experiment is divided
into two parts, coherent and incoherent. Each obtained from the Fourier transform of the

coherent and incoherent intermediate scattering functions Icon(Q, t) and linc(Q, t) as follows:

+o0
Seon(Q @) = % f leon(Q 1) e719Vdt (V-3)

+00
Sinc (Q' (1)) = %f Iinc(Q' t) e(—iwt) dt (V_4)

The intermediate scattering functions leon(Q, t) and linc(Q, t) can be respectively expressed as:

(The < > notation present in both expressions signifies the thermal averages). [*?!
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N N

on(@D =2 Y (e2n@eieriy) (V-5)

i=1 j=1

N
Iinc(Qr t) = %Z(eiQ-ri(O)e—iQ.ri(t» (V'6)
i=1

Leon(Q, t) is related by inverse FT to the Van Hove pair correlation function 23! which illustrates
the probability the presence of a scattering particle at position r and time t given that another

particle is at position =0 at t=0:

1 too 1
G(r,t) = Wf_m e Q-0 " (Q,1)d*Qdw = N Z 5 (r —1;(0))8(r — 13 (t)) (V-7)

1

N N
=1 ]:1
On the other hand, linc(Q, t) is related by inverse FT to the self-correlation function i.e. the
probability that a scattering particle which was at position r=0 at t=0 has moved at time t to

the location r and can be expressed as:

+00 N
Gs(r,t) = # j e 1@Q-od 1 (Q,t)d3Qdw = %Z 8(r — ri(0)8(r — r; (1)) (V-8)

However, in a hydrogen-containing sample, almost exclusively the proton motions are
highlighted due to the high incoherent cross-section of Hydrogen dominating any coherent
contributions which can be, therefore, neglected. Therefore in quasielastic neutron scattering
we essentially measure the scattering intensity corresponding to the incoherent scattering
function S;,.(Q, w), allowing to probe the self-correlation of the individual dynamics of the
scattering particles. In this incoherent approximation S;,.(Q, w) is commonly expressed as:

Sinc(Q W) = o3 )[A(Q)-S(w) + (1 = A(Q))Squasi(Q w)] (V-9)

A(Q) represents the elastic incoherent structure factor emerging from restricted dynamics,
[22,24] Squasi(Q w) stands for the quasielastic response of slow molecular relaxations, and the

exponential term is the fast vibrational modes approximated by the Debye-Waller factor.
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V.C.2. Neutron Backscattering (BS)

High energy resolution QENS measurements are usually required to investigate the
large scale motions and slow relaxational processes of molecular liquids typically taking place
at ns time scales. Since the resolution of a spectrometer is restricted by the selectivity of the
monochromator, a high resolution could only be achieved through the monochromation of the

incoming and the scattered beam by adopting a backscattering geometry of the crystals.

This can be explained by the fact that the spread of the wave length AA/A = cot9. A obtained
from the differentiation of the Bragg law (A = 2sind/d) becomes zero for 29=180°. This
means that the wavelength spread becomes minimal when the beam is perfectly reflected (180°)
i.e. backscattering geometry. The latter thus optimizes the energy resolution yielding values of

FWHM=1peV for Si (1 1 1) monochromator.

Fig. V-5 shows a schematic setup of a backscattering spectrometer which illustrates its
principle. The incident neutron beam is first deflected by a low wavelength selectivity crystal
to the monochromator. The beam then reflects in a backscattering position and is afterwards
scattered by the sample to the analyzers which again backscatter. The reflected neutrons then
pass through the samples to the detector bank. A Doppler drive oscillates the monochromatic

crystals leading to the modification of the incident energy allowing quasielastic measurements.

Wh'rte |
Neutron Beam

Monochromator
Crystal
Detector Bank
' Deflector
\GYStal
Sample

Doppler

Motion

Analyser Crystals

Figure V-5: A simplified schematic setup of a backscattering spectrometer.
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V.C.2.1. Elastic-Inelastic Fixed Window Scans

Fixed Window Scans (FWS) give a quick overview over the temperature dependence
of the dynamics of the system of interest. If set to zero energy transfer (i.e. Doppler drive arrest,
AE=0), the scans are then called Elastic Fixed Window Scans (EFWS). The measured intensity
is essentially Sine (Q, ®=0) which integrates all purely elastic (A(Q)) or quasielastic
contributions slower than the energy resolution defining the “fixed window” of the

instrument’s resolution.

This integrated intensity is measured versus a chosen temperature range (as shown in Fig. V-
6). EFWS can therefore reveal the temperature range where the dynamics reach relaxation

times comparable to the resolution.

5(Q,w)=FT G(rt)

Resolution Fixed Window Scans

Measurement at HT
Measurement at LT

0 )

Figure V-6: A scheme showing the incoherent dynamic structure factor, the Quasielastic response at high
and low temperatures and the EFWS at ®=0 measured versus temperature (axis directed by the red arrow).

Inelastic fixed window scans IFWS, measure the spectral function Sinc (Q, ®) at a chosen energy
offset w=ct by allowing the monochromator to periodically oscillate at a certain speed at
alternating +vpoppler. The count rate is then recorded as function of sample temperature. A
maximum count rate at Tmax signify that the relaxation function has its maximum spectral
weight in the selected energy window. The Q-dependence of the scattering holds the

information about the nature of the dynamical processes involved (local or diffusive).
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V.D. Experimental Details
V.D.1. Sample Preparation

Sample preparation was similar for all the confined samples. A constant amount of the
mesoporous materials (MCM-41, SBA-15) was filled into a standard flat aluminum cell for
both liquid and confined samples. The liquid binary mixtures (prepared in volume fraction for
different isotopic and concentration compositions) were filled using a well calibrated
micropipette. The targeted volume of the filling is 100% of the porous volume of the confining
matrix determined by adsorption isotherms illustrated in Chap. I (0.67 cm?®/g for MCM and 1
cm’/g for SBA). An indium wire was introduced to fill the gaps of the sample holder and secure
the sealing of the sample. This was done to ensure the absence of any leakage of the volatile
liquids. Finally the samples were put in the oven at around 25 °C for a few hours to equilibrate
the system and assure the homogeneous filling of the different pores, in agreement with the

SANS kinetic measurements.

It is crucial to note that, in order to avoid multiple scattering the sample thickness was carefully
chosen to be 0.1 mm and 1mm for the bulk and confined samples respectively resulting in a

transmission of roughly 90% depending on the density and exact composition of the sample.

It should be noted that the samples were prepared with different isotopic compositions where
the dynamics of the hydrogenated constituent are specifically highlighted due to the high
incoherent cross section of the proton. This is a very powerful feature of neutron scattering and
this method was used to label one of the two components of our mixtures and specifically

follow its dynamics.

V.D.2. Experimental Conditions

The EFWS experiments on MCM-41 confined systems were performed on IN10 and
IN16 backscattering instruments at the ILL. On the other hand, the measurements on the binary
liquids confined in SBA-15 were conducted on spheres at FRMII. All the mentioned
instruments share a comparable high resolution; however, they differ in their flux, energy range
and Q grid having different number of detectors. The most significant characteristics of the

distinct instruments used in our experiments are illustrated in the table below:
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Table V-2: The characteristics of the different high resolution backscattering instruments used.

Number of Detectors | Q range (A™') | Resolution (peV) | Energy Transfer(peV)
IN10 7 0.07-2.0 1-1.2 +15
IN16 22 0.2-1.9 ~0.9 +15
Spheres 16 0.2-1.8 ~0.65 131

In our elastic fixed window scans measurements only one configuration was used with Si (1 1
1) crystals; therefore, all the experiments were performed at a fixed wavelength of 6.27 A.
Moreover, for elastic measurements, the outgoing flux was measured at the same energy i.e.
the Doppler was set to zero velocity. The elastic scattering was measured versus temperature
in a temperature range from 2 K to around 320-350 K (differing between one instrument and
another). For all the systems and on all instruments the measurements were done in cooling in

the aim of avoiding the crystallization of the liquids with a cooling rate of 0.5 K/min.

V.D.3. Data Treatment

The EFWS raw data measured are total elastic intensities at distinct Q values. For the
MCM systems, the preliminary treatment of the data was performed using the standard ILL
software sqwel. The latter successfully performs corrections for sample self-absorption and the
subtraction of the aluminum sample holder. A subsequent treatment was achieved by a home
written Scilab script which subtracts the appropriate amount of the confining matrix (by
introducing a correcting coefficient with respect to the silica mass in the empty MCM sample).
The treated intensity was then normalized to low temperature based on the assumption that the
molecules have zero-point movement at low temperatures. Under this assumption all the
incoherent scattering is contained within the elastic resolution i.e. S;,.(Q, 0),x = [ S(Q, w)dw.
Similarly, the SBA-15 data were treated using the FRM-II slaw software which converts raw
neutron counts into S(Q, ®), subtracts empty-cell contributions, corrects from the empty matrix

and normalizes to low temperatures.
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V.E. Results and Discussion
V.E.1 Pure components in SBA-15

V.E.1.1. Elastic Fixed Window Scans

EFWS measure the elastic contribution from localized motions (Elastic Incoherent
Structure Factor A(Q)) and the fraction of quasielastic contribution of both localized and non-
localized modes which is slower than the instrumental energy resolution R(Q,®), which is later

assimilated to the value of the dynamic structure factor at zero energy S(Q,0).

EFWS = f R(Q, 0)S(Q, w)dw ~ S(Q, 0)

The increases of S(Q,0) from 0 to 1 on cooling illustrates the gradual slowdown of the different
dynamical modes, which are active in the liquid and frozen in the glass or even at a lower
temperature. The Q dependence is determined by the geometry of the localized modes

i.e. A(Q) and the dispersion of the quasielastic lines i.e. I'(Q)

Q-dependence TolH in SBA-15 Q-dependence TBAH in SBA-15
1.2 12
— Q=050 A™" Increasing Q
10 }|( —— Q=0.86 A" 101 ‘?‘?‘*krﬁah'
Q=117 A" AT
08 1 y ‘”1 MM Q=1.45A"" 08 4
' — Q=168 A"
vt’" S
0.6 4 o 06
Tg Q=1.96A"1 | @
0.4 4 04
02+ U 02
I
A “Ni' “%??’“M b\ B
0.0 4 . ‘ ‘ ‘ Alm I' l\ i 'Ni'ﬂ‘nm“ | RIS 0.0 * i
0 50 100 150 200 250 300 350 0
Temperature (K) Temperature (K)

Figure V-7: (A) and (B): Q-dependence of the EFWS of TolH and TBAH in SBA-15 respectively.

The EFWS of TBA and Tol show common features including: an increase in elastic intensity
upon cooling from about 0 at high temperatures to 1 at T= 2K. Moreover, both scans show a
sigmoidal shape (step) which occurs a few ten K above Tg followed by a gradual increase upon

further cooling. Finally the intensity in both scans decreases with increasing Q.

Regardless of the resemblance, Tol and TBA are very different at the quantitative level as for
Tol the amplitude of the step is large and sharp (S(Q,0)= 0.6-0.85) at Tg and S(Q,0) is weakly
Q dependent around and below Tg (Fig. V-7 (A)). As for TBA, the amplitude of the step is
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small for the lowest two detectors (S(Q,0)= 0.2-0.4) and null elsewhere. In the vicinity and
below Tg, S(Q,0)tBA is very Q dependent as it broadly ranges between 0.25 and 0.7 at Tg as
shown in Fig. V-7 (B).

V.E.1.2. Mean Square Displacement (MSD)

The Mean Square Displacement (MSD) is a complementary way to study the Q-
dependence of the dynamic structure factor. At low temperatures, the quasielastic lines related
to relaxation processes are narrow enough not to be discriminated from a true elastic peak

within the given experimental resolution.

Moreover, vibrational modes lead to an inelastic component and a purely elastic one. The
former stands outside the energy range of Backscattering and is not observable by this
technique. The latter being convoluted with the dynamic structure factors of the other modes

appears as a damping factor, also denoted by the Debye Waller factor.

In the frame of the harmonic approximation, which is usually valid in the low temperature
range, this intensity reduction gives the opportunity of measuring the temperature dependence
of the Mean Square Displacement MSD, (u?) of the vibrational modes from the slope of the

logarithm of the elastic intensity versus Q%%

Sinc(Q0,T) _ _uiDe* (V-10)
Sinc(Q 0,5K)

In this section we report the Mean Square Displacement at the nanosecond timescale measured
by Elastic Fixed Window Scans which has proven to be a very efficient method in the
determination of the effective MSDs particularly in the context of the glass transition
investigations. In this section, MSDs were studied as a function of temperature for pure TBA

and Tol confined in SBA-15 as shown in Fig. V-8.
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Figure V-8: MSD measurements of TBAH and TolH confined in SBA-15.

The MSDs of Tol and TBA reveal remarkably distinct behaviors:

The MSD of Tol is almost linear and weakly varying up to Tg. At Tg, its value is equal to 0.2
A? and a crossover takes place with a rapid increase of a few tens of degrees above the
transition. This indicates that, below Tg, the dynamics of Tol are frozen except for modes with
very small amplitude (MSD<0.3 A?) such as vibrations and methyl librations-rotations in

accordance with the harmonic approximation.

The picture changes above Tg, as a rapid activation of many degrees of freedom of large
amplitude motions takes place (i.e. translation, molecular rotations...) coupled to the structural

relaxations and the harmonic approximation becomes, therefore, invalid.

On the other hand, TBA displays a gradual increase of MSD with a bended shape (i.e. no clear
crossover). This observation is consistent with a distribution of modes in the glass (at T< Tg)
that must be, however, localized because no diffusion occurs below Tg. Moreover the MSD of
TBA rises within the glass well below Tg and is remarkably large at Tg being equal to 0.8 A?
indicating the activation of degrees of freedom with large amplitudes and a large deviation
from the harmonic approximation in the glass. We can infer the existence of various active
modes in the glass of TBA such as methyl rotations, molecule or cluster rotations and secondary

relaxation processes....
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V.E.1.3. Conclusion

The previous observations can be interpreted in a simple picture: a distinction between
localized modes (which are still active below Tg) and slower modes coupled to the structural

relaxations and frozen upon approaching the glass transition.

It is crucial to note that below Tg, only localized modes are possible; i.e., comprising a purely
elastic component, also denoted Elastic Incoherent Structure Factor (EISF), for which the Q

dependence reflects the long-time trajectory of the localized mode.

Above Tg, both are possible, such as localized rotation and diffusive translation for instance.
However, we consider that their convolution to diffusion mode ultimately gives rise to an only
quasielastic contribution. Applying this approximation, the following equation is obtained,

where the DWF stands for the EISF counterpart of vibrational (inelastic) modes:

(u*)Q?

Sne(Q0) = el 3 ) [A0(Q.5() + (1 - A%(Q)Si0e(Q )| B [Srermx@ )] (V-11)

A°¢(Q) and S;,.(Q, w) are the EISF and the quasielastic component of the localized modes,
respectively. Spe1ax(Q, w) is the purely quasielastic contribution from modes coupled to the
main structural relaxation of the liquid. It should be mentioned that @ represents the

convolution product of the two terms.

At the glass transition:

The jump in S(Q, 0) on approaching Tg is due to the slowing down of S,¢1.x(Q, ) (Where
Srelax(Q,0) = 0 at high T and 1 in the glass). Noting that local modes remain much faster than
the relaxation modes approaching Tg ( S;,.(Q, 0) = 0). Thus S;,.(Q, 0) becomes:

(u*)Q?

Sinc(Q 0) = E<_ 3 )AIOC(Q)Srelax(Q'O) (V-12)

This means that, in the vicinity of the glass transition, the amplitude of the jump in the EFWS

is proportional to A°°(Q).
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Below the glass transition:

All structural relaxations are frozen ( Sye124x(Q, 0) = 1), therefore S;,.(Q, 0) is expressed by:

(u?)Q?

Sne(@0) = el 3 ) [+ (1-4%(Q) 0@ 0] (V-13)

This interpretation allows the understanding of the features observed in the EFWS and the

Mean Square Displacements.

Concerning Tol: the prominent jump in EISF around 120-200K, at all Q-values, reflects the
slowdown and freezing of most of the degrees of freedom, which are coupled to the structural
relaxations S e1.x(Q, @) (Fig. V-7 (A)). The behavior is rather typical for glass-forming
systems, the distributions of these modes is commonly represented by a phenomenological

Kohlrausch relaxation function.

The case of TBA: the EISF is dominated by a distribution of localized modes with large
amplitude on the entire temperature range (as observed in the MSDs in Fig. V-8 (B)).

Srelax(Q ) is highly damped by Al°¢(Q) and its jump is only accessible around 200-300K for
the lowest two Q-values (Fig. V-7 (B)).

It should be mentioned that this analysis of the origins of the different characteristics observed
in the EISF and MSD, should be complemented by TOF to study the quasielastic contribution

from these modes and shall serve as the basis for the discussion about the confined mixtures.
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V.E.2. Binary Mixtures in SBA-15

V.E.2.1. Contribution from Deuterated Components

As mentioned earlier, we used isotopic labelling to specifically highlight the dynamics
of a chosen component (which is hydrogenated) over the other (which is deuterated). This
technique is very useful and serves as a very efficient method to disentangle the different
dynamical contributions of the different constituents. Nevertheless, it might be problematic in
certain cases where the contribution of the deuterated component is significant and can’t be
neglected. In this approach we shall illustrate the degree of significance of this effect in our
systems, which will help in the interpretation of the EFWS of the confined binary mixtures in

the following sections.

Table V-3: The coherent, incoherent and total scattering sections of TBA (H-D) and Tol (H-D).

Sig Inc Sig Coh Sig Scat Tot
TBA D 20 82 103
TBA H 799 44 843
Tol D 16 84 100
Tol H 639 53 692

Table V-3 gives the coherent, incoherent and total scattering sections of TBA and Tol
(hydrogenated and deuterated). The calculations were done based on their atomic

compositions.

It should be mentioned that the intensity of the coherent contribution is modulated by Scon(Q),

while Sinc(Q) is constant. In the subsequent estimation, we neglected this Q variation (i.e. we

assumed S, (Q) = GZ—:‘ ). According to previous diffraction experiments!'®2°! one can assume
that S.,,,(Q) < % up to Q= 1.05A"!. Thus the contribution from the deuterated compound in

the binary liquid is likely to be smaller than our estimation.

Using this approximation of the coherent scattering, we were able to calculate the contribution
of TolD and TBAD to the total scattering of the sample using the following equations

respectively:
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TolD
(1-x)o tot
TolD TBAH (V-14)
1- X)Gtot + X0 .,
TBAD
X0

tot

TolclJ-I TBAD (V-15)

(1-x)o ot T X0

x represents the molar fraction of TBA in the mixture and (Gtota=GcohTGinc). The contributions

from the different deuterated compounds in the samples are illustrated in Table V-4.

Table V-4: Contribution of the deuterated liquids to the overall scattering of the different samples.

TBAH/TolD samples TBAD/TolH samples
Xvol TBA Sig TolD scatt. /Sig Tot Sig TBAD scatt. /Sig Tot
0 0.00
0.3 0.20 0.07
0.5 0.10 0.14
0.7 0.04 0.28
1 0.00

Although the EWFS curves of mixtures will be discussed in details in the next part, we would
like to have a first overview of the significance of possible contributions arising from the
deuterated component with respect to the intended incoherent contribution from the
hydrogenated counterpart of the mixture. This is illustrated for one Q value (Q= 0.86A™!") and
for different compositions of TBAHTolD and TBADTolH mixtures in Fig. V-9 (A and B

respectively).

The solid lines represent the measured EFWS and exhibit significant dependences with the
composition, which are intended to illustrate changes in the dynamics of the hydrogenated
compound. However, the scattering section of the deuterated liquids relative to the total
scattering calculated in Table V-4 was used to quantify the possible contribution to the elastic
fixed window scans arising from the deuterated component. The vertical bars at T=0 in graphs

A and B signify the level of scattering arising from TolD and TBAD respectively. Furthermore,
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the dotted curves correspond to the EFWS of pure Tol (Fig. V-9 (A)) and TBA (Fig. V-9 (B)),

scaled to the levels of Tol and TBA in the mixtures respectively.

In the TBAHToID systems (Fig. V-9 (A)): we can conclude that the contribution of TolD to
the jumps of intensity observed at high T (T>180K) can be safely ruled out, because its intensity
is expected to be extremely small in this range. However, the contribution to the features
observed at low T is possible, but only partially and therefore can’t be enough to explain the
changes observed in the EFWS. Therefore, some changes in the dynamics of TBAH have to be
invoked to explain the high T variation and the essential part of the low T variation of S(Q,0).

3 _ -1
o TBAH Systems Q=0.86 (A™) - TolH Systems Q=0.86 (A™)
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. —— TBAH m —— TBAD70TolH30
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Figure V-9: (A): the contribution of TolD and (B): TBAD to the total intensity of the EFWS where the
vertical bars at T=0 signify the level of scattering arising from TolD and TBAD respectively. The dotted
curves correspond to the EFWS of the pure components scaled to their level in the mixtures.

In the TBADTolH systems (Fig V-9 (B)): the TBAD contribution to the features observed at
high T is possible mostly for the lowest Tol composition (see red curve for xtea= 0.7) but
secondary otherwise. Therefore, changes in the TolH dynamics bring indeed the most

significant contributions to the concentration dependence of the EFWS in TBADTolH systems.
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V.E.2.2 Elastic fixed Window Scans

Our discussion of the EFWS in mixtures will be limited to two Q-values where the Q
dependence will be rather illustrated by the MSDs (the figures of the EFWS at all Q values will
be shown in the annex). The two momentum transfer values chosen are: Q= 0.86A™! which
represents the features observed at low Q and is close to the TBA pre-peak and Q= 1.45A""!
which is representative of the features observed at high Q. The latter Q value is close to the

main diffraction peak of TBA and Tol.

V.E.2.1.i. High Momentum Transfer: Q= 1.454"

TolH Systems in SBA-15 (Q=0.1.45 (A")) TBAH Systems in SBA-15 (Q=1.45 (A"))

Temperature (K) Temperature (K)

Figure V-10: FWS for (A): TBADTolH and (B) TBAHTolD systems with different compositions in
SBA-15 at Q= 1.45A"".

The EFWS of the TBADTolH samples reveal a systematic increase of intensity, above Tg, in
the high T range (150-300K) with decreasing Tol fraction which is a representative of
Srelax(Q, 0) of Tol. It seems like an emergence of a second slower (high T) component
t0 Srelax(Q, 0) which apparently increases with the decrease in the Tol fraction. However, no
effect is observed in the low T range (0-150K), below Tg, which is a signature of the S;,.(Q, 0)
in the vitreous state of Tol (Fig. V-10 (A)). The EFWS of the TBAHTolD samples display a
very different behavior which is characterized by the absence of any effect in the high T range
(185-300K), i.e. above Tg, which is representative of S;q1.x(Q,0) of TBA and a systematic
increases of intensity in the low temperature range (50-185K), which is representative of
S10c(Q, 0) of TBA. Furthermore, a sharper crossover near the glass transition is observed in the

mixtures compared to the gradual decrease in the pure TBA (Fig. V-10 (B)).
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The conclusions that could be made from the analysis of the EFWS at high Q are given is the

following part, sequentially for the two different constituents.

- Tol dynamics:

In the glass, Tol has no visible change in the local dynamics, which are essentially vibrational
and conformational, and are therefore, weakly sensitive to changes in the molecular
environment. As for the Liquid phase, a growth of a slow component coexisting with a “pure-
Tol-like” relaxation component takes place. This observation agrees with the persistence of a
rich-Tol region in the pore (core) which behaves like pure Tol (Fig. V-11). The slow component
could arise from the interfacial region (between the core and the shell), where the dynamics are
reduced by the interaction of Tol with the TBA molecules forming the more viscous shell
region. Its contribution increases with xtsa because it scales like the surface to volume ratio of
the core (Fig. V-11 (B and C)). Moreover, the vitrification of the TBA shell below 185K could

also act as an effective reduction of the confinement radius of the Tol core.

Regarding the smallest composition xtoi= 0.3, the 2 components broaden and merge, indicating
that for such small core radius, the distinction between interfacial and core molecules becomes
illusive: Rcore= Rporem = 4.1,/(0.3)= 2.2nm; i.e., equivalent to a few molecular
diameters (reference: see Chap. IV, Table IV-1). It should be mentioned; however, that for this
particular composition a contribution from the TBAD dynamics is also possible (as discussed

previously) which could enhance this broadening in temperature.

Interfacial Region

Tol Core Tol
A. . B. . c. .

TBA
» XTBA

Figure V-11: A representation of the core-shell structure in the pore where the concentric shells represent
the different liquid constituents. Where the blue, red and purple represent the TBA-rich phase, the Tol-
rich phase and the developing liquid interfacial region between the two respectively.
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Chapter V: Dynamics of Confined Binary Mixtures

- TBA dynamics:

The absence of any change in the relaxation dynamics of liquid TBA is simply because they
are not visible at this Q, being damped by the EISF of localized modes. Below Tg, a change in
the local dynamics (molecule or cluster rotation) takes place as the dynamics slow down and

become less distributed (sharper kink) upon Tol addition.

Interestingly this result is contradictory to expectations from simple mixing arguments: Tol
being less viscous than TBA, it should have plasticizing effects and the TBA relaxation should
be, therefore, accelerated. Moreover, mixing should complexify the molecular environments,

leading to a broader distribution of the relaxation modes rather than the observed sharpening.

On the other hand, all these observations are in full agreement with the core-shell structure: in
this situation the slowdown agrees with the segregation of TBA at the surface where its strong
H-bond interaction with the silanol groups limits its rotational dynamics. Moreover, the
distribution of dynamical modes in TBA could be attributed to the different environments,
comprising TBA molecules adsorbed at the pore wall with reduced dynamics and TBA
molecules located in the pore center (for pure TBA) or interacting with Tol in the liquid
interfacial region between the core and the shell (Fig. V-12 (A)). As xtBa decreases, the
population of TBA molecules located at or near the pore center decreases, and it eventually
leads to a unique population consisting of TBA molecules adsorbed at the pore surface as

shown in Fig. V-12 (B).

Interfacial Region
Tol
TBA Surface TBA
AI B.
» XTol

Figure V-12: A representation of the core-shell structure in the pore where the concentric shells
represent the different liquid constituents. Again the blue, red and purple represent the TBA-rich
phase, the Tol-rich phase and the developing liquid interfacial region between the two respectively.
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Chapter V: Dynamics of Confined Binary Mixtures

V.E.2.1.ii. Low Momentum Transfer: Q= 0.86 Aojl

The same main patterns in the EFWS are reproduced at low Q for TBADTolH samples
(Fig.V-13 (A)) indicating a similar behavior to that discussed earlier. This further supports that
the hypothetical contributions arising from the deuterated molecules, which should be
maximized around the main diffraction peak (at Q= 1.45A™"), are indeed small compared to the

incoherent scattering.

Concerning the TBAHTolD samples (Fig.V-13 (B)), the glass (T<200K) also shows the same
behavior as discussed for a high Q-value. As for the liquid phase (T>200K), new features
emerge around the small jump, which has been attributed to S;e1.x(Q,0). As discussed
previously for the pure TBAH, this relaxation mode is accessible only at low Q, being damped
by A(Q) otherwise. The step due to the slowdown of S,.1.x(Q, 0) on approaching Tg for TBA
is firstly blurred by the addition of a small amount of Tol (x= 0.3 being the smallest used).
Nevertheless, further Tol addition causes a systematic increase of a high temperature (slow)
component (see Fig.V-13 (C)), where pure TBA was removed for clarity). This non-
monotonous behavior highlights the existence of at least two competing effects that shall be

discussed again in relation with the structure.

The low Q results provide supplementary information about very interesting phenomena,
which are the following: the addition of small amount of Tol to TBA initially highlights a
conventional “plasticizing effect” of Tol on the relaxation dynamics of the confined liquid
TBA. This leads to the observed faster and broadened relaxation dynamics of TBA in the liquid
phase. This is expected because Tol is an aprotic solvent which can dilute the H-bond
interactions between the TBA molecules. In addition, Tol having a lower Tg can also reduce

the viscosity of the mixture.

Then for x10>0.3, an opposite effect emerges, consistent with the formation of the core-shell
structure. The liquid TBA dynamics is then gradually dominated by the contribution from the

population of adsorbed molecules, which are slower and spatially restricted.
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Figure V-13: EFWS of (A): TBAHTolD and (B): TBADTolH systems with different compositions in
SBA-15 at Q=0.86 A™', (C) is same as (B) but pure TBAH is removed for clarity.

These results agree with and go one step further than existing results in the literature where

studies on confined binary mixtures have shown dynamical evidence of microphase demixion

contributed to the different affinities of the liquids to the pore walls leading to the preferential

absorption of one of the mixture constituents at the surface.l’”-*"!” The labeling of the dynamics

of the different constituents by H/D isotopic effect and the correlation of dynamics to structural

determination provide a unique comprehensive view on the different intervening phenomena.
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V.E.2.3. Mean Square Displacement (MSD)
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Figure V-14: MSDs vs T for (A): TBADTolH systems and (B): TBAHTolID systems confined in SBA.

The MSD of the different mixtures have been obtained from a quadratic fit of the logarithm of
the EFWS intensity. Fits of good quality were obtained, especially in the low temperature
range, attesting the applicability of the harmonic approximation and the absence of noticeable
coherent scattering. It should be noted that the data were normalized to the lower temperature.

Therefore the coherent S(Q) contributions are removed as long as they are not T-dependent.

For TBADTolH samples (Fig. V-14 (A)), no dilution effects take place in the glass. This is
obviously in agreement with the EFWS, which emphasizes that the dynamics of vitreous Tol

mainly comprise conformational modes, which are barely sensitive to the environment.

Above Tg, the same deviation from the harmonic approximation is due to onset of structural
relaxation.?! This is true for all samples but the one with the highest dilution (x= 0.3), which
displays a smaller effective MSD. In agreement with EFWS already shown in Fig. V-13 (A),
for T< 170K, only a “Pure Tol-like” relaxation dynamics was observed. As such, it is attributed
to the Tol-rich region located in the core, which is not dependent on xrBa. The slower interfacial
component only appears at even higher temperatures (above 180K), which is a temperature
range not accessible to the MSD measurements. There is one exception for x= 0.3 where the
typical timescales of the core Tol and interfacial Tol relaxation merge, which could explain the
reduced MSD. In addition, it is important to note that for this particular sample, one should
also consider a possible contribution from TBAD to the reduced MSD (as discussed before for

the EFWS).
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Chapter V: Dynamics of Confined Binary Mixtures

Regarding the TBAHToID samples, (Fig. V-14 (B)) a systematic variation of the MSD is
observed in the temperature range 100K<T<150K. For pure TBA, the MSD variation with T
shows a gradual increase. The smaller xtBa 1s, the more distinct the crossover between the two

regimes becomes.

It is worth recalling that in this T range for TBA, the MSD is only probing the local glassy
dynamics of the vitreous state. This observation is consistent with the EFWS: the reduction of
the broadening of the population of the different local (especially rotational) modes in the
glassy TBA, as well as the reduction of their motion amplitude by the localization of TBA at

the silica surface.

V.E.3. Binary Mixtures in MCM-41
V.E.3.1. Elastic Fixed Window Scans

V.E.3.1.i. Momentum Transfers: Q= 1.45 and 0.86 A h

The same qualitative behavior has been generally confirmed for the smaller pore sized
MCM-41(D= 3.5 nm). However, these observations are blurred in the case of the latter due to

a broadening in the signal (Fig. V-15 (A to D)).

The most obvious observable feature (still identified regardless of the broadening) is the
relaxation of Tol above Tg in the TBADTolH systems (Fig. V-15 (A and C)). A systematic
increase of a second slower relaxation component appear a temperature above T= 200K,

indicating the slower dynamics of Tol molecules interacting with the TBA shell.

The two other weaker effects observed for TBAHToID samples in SBA are hardly visible in
MCM-41 ((Fig. V-15 (B and D)). The first concerns a steeper variation of the EISF related to
the local dynamics in the glassy state, which could still be perceived in MCM at Q= 1.45A""!
(Fig. V-15 (B)). The second is the change in the liquid TBA’s structural relaxation, only visible

at high temperature and low Q, whose observation is essentially within the statistical noise.

This broadening of the signals is attributed to the size reduction, leading to overlapping
(undistinguishable) contributions from pore/core and interfacial regions which become ill-

defined as the pore size decreases and approaches the molecular size.
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Chapter V: Dynamics of Confined Binary Mixtures

V.F. Conclusion

The dynamics of binary liquids confined in the straight and monodispersed channels of
MCM-41 and SBA-15 ordered mesoporous materials were investigated by elastic fixed
window scans, which are usually conducted to probe the transition from the liquid to the glassy

state and give an insight on the T-dependence of the dynamics at the nanosecond timescale.

The results obtained for TolH show a growth of a slow component coexisting with a “pure-
Tol-like” relaxation component for Tol above Tg, in agreement with a rich-Tol region in the
core of the pore. Moreover, a slow component appears upon the addition of TBA which could
emerge from a liquid interfacial region in the pore (between the core and the shell), where Tol
could interact with more viscous TBA which acts as an anti-plasticizer causing a reduction of

the dynamics of the former.

On the other hand, TBAH displays a slowdown of the liquid relaxation dynamics above Tg and
a suppression of parts of the local modes in the glass upon Tol addition. Both phenomena
generally contradict a simple plasticizing scenario, which would be expected for ideal mixing
of Tol with TBA and which could be perceived only for small amounts of Tol (x=0.3). The
slowing in the dynamics of liquid TBA and the suppression of glassy modes can be attributed

to the segregation of TBA and its H-bonding interaction with the pore surface.

The obtained observations seem to confirm the structure we proposed through modeling the
SANS data in chapter IV. They provide a rather unique comprehensive viewpoint on properties
of confined binary liquids, making the direct correlation between spatially segregated
dynamical heterogeneities and the formation of original core shell nanostructures induced by

preferential interactions.

It should be noted; however, that this dynamical image is maintained qualitative. A subsequent
quantitative analysis is therefore essential for a complete insight of the physical image of the

behavior of such complex system under confinement, an objective we are currently pursuing.
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General Conclusion

With the advancements in nanotechnology, the manipulation of complex liquids in
nanochannels has brought new opportunities for fluidic applications and the design of
nanomaterials. Therefore, the study of the effect of confinement on the behavior of molecular
condensates has been a highly active research field over the past few years. One particular
attraction of this topic, aside of its promising technological applications, is the invalidity of
many of the well acknowledged macroscale arguments at the nanolevel. In fact, many studies
have supplied prevailing evidence indicating that the properties of confined liquids can’t be
simply interpreted in terms of their bulk counterparts as confinement has proven capable of the

drastic modification of the static and dynamical properties of molecular systems.

Since the late 90s, a growing body of research has been done in the aim of understanding the
differences between the physicochemical properties of liquids in bulk and under confinement.
However, most of these studies have basically focused on relatively simple liquids. It is only
until recently that studies on more complex H-bonding liquids have emerged. These protic
liquids are associated with the formation of self-assembled microstructures often related to the
balance between hydrophobic and hydrophilic interactions in the bulk phase. Thus, the
geometrical constrains imposed by confinement, as well as the surface interactions with the
pore walls of the confining matrix can readily disturb this balance, consequently leading to the

formation of unanticipated structures and the development of new surface-driven phases.

In this thesis, we pushed this topic to a whole new level of complexity through the dilution of
the hydrogen bond-forming liquid with an apolar solvent and the confinement of the resulting
binary mixture in distinct mesostructured porous silicates (SBA-15, MCM-41 and CMK-3)
which either differ in pore size or surface nature. By manipulating these parameters, we were
able to control the formation of supramolecular structures of the mesoscopic mixtures under
confinement. This approach allowed the study of new physical phenomena related to the
behavior of binary mixtures in channels of a few nanometers in diameter. To investigate the
structure of these systems, we used neutron small angle scattering with an extended range of
momentum transfer. This allowed us to gain an insight on medium-range ordered structures

(clusters and the modulation of concentration in the case of nanosegregated systems).

The primary study of the mixtures in bulk, revealed the presence of inhomogeneities which are
usually associated to the phenomenon of aggregation. This supermolecular organization in the

alcohol-aprotic solvent binary mixtures has been illustrated in the form of clustering of the
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species of the same type upon dilution. An observation demonstrating a strongly non-ideal
behavior of the mixtures. Another piece of information acquired in this study is the spatial
extension of the resulting one-component rich-domains which barely exceeds the molecular
size, confirming that the solutions exhibit a heterogeneous microstructure but remain

macroscopically homogeneous.

An even more remarkable spontaneous nanostructuring phenomenon was observed under
confinement in nanoscale channels. This specific behavior of the nanoconfined mixture leads
to the formation of core-shell type structures. The stability of such structures is connected to
the existence of preferential interactions with the hydrophilic surface of the confining matrix
(SBA-15) which can indeed overcome the size of the alkyl part of the amphiphilic alcohol
involved (tert-butanol, methanol, ethanol). It is important to note that the formation of such
structures has been discussed so far in the case of mixtures having a macroscopic phase
separation in bulk. In the latter, the existence of a macroscopic demixing or mesoscopic
concentration fluctuations related to the approaching of this transition could be considered
necessary ingredients. On the contrary, all our studied binary mixtures are macroscopically
miscible in all proportions. Indeed, our study suggests that for certain types of mixtures,
nanostructuring can appear as a confinement effect in itself and is not related to any classical
thermodynamic phase transition. Moreover, it seems essential at this level to stress that the
study of the radial profile of the concentration is based on a quite original approach, combining
the contrast effects in isotopic neutron diffraction and the crystallinity of the arrangement of

the mesoporous channels.

Unlike the case of bulk mixtures, confinement suppresses crystallization allowing the study of
the dynamical properties of the original nanosegregated mixtures in the supercooled state at the
proximity of the glass transition. The molecular dynamics the confined binary liquids were
investigated by quasielastic neutron scattering and more specifically elastic fixed window scans
acquired on backscattering instruments which give an insight on the T-dependence of the
dynamics at the nanosecond timescale. The presence of different types of relaxation under
confinement and non-trivial dependencies of dynamical properties with the concentration of
the mixtures were observed. The global dynamical signatures obtained seem to be consistent
with the core-shell structure. For instance, TBA in the systems confined in SBA-15 displays a
general slowdown of the liquid relaxation dynamics and a suppression of some local modes

upon Tol addition. These observed phenomena contradict with a simple plasticizing scenario,
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which would be expected for ideal mixing of Tol with TBA and is rather consistent with the
segregation of TBA and its interaction with the pore surface. In addition, the dynamics of Tol
seem to be compatible with the presence of a Tol-rich region in the core of the pore and its
slowing down upon the increase in the TBA fraction in the mixture can be simply explained in
terms of an interfacial region of the two liquids (between the core and the shell) where the
viscous TBA plays an anti-plasticizing role. This general view has also been confirmed to
MCM-41 systems. Therefore, the obtained observations do not only confirm the structure we
proposed through modelling the SANS data, but rather provide a unique comprehensive
viewpoint on the properties of confined binary liquids, establishing a direct correlation between
spatially segregated dynamical heterogeneities and the formation of original core shell
nanostructures induced by preferential interactions. Furthermore, this study has successfully
validated previous speculations on the possible existence of a prolific “plastic glass” type phase
in tert-butanol. This confirmation was established through a comparison of the Tgs measured
by different techniques (dielectric spectroscopy, neutron diffraction, EFWS and DSC) which
suggested, in the case of totally associated system (i.e., neat tert-butanol), the presence of a

decoupling between the mesoscopic relaxational dynamics and the rotational dynamics.

To our knowledge, there isn’t a comparable study that examined the nanostructuring of binary
miscible blends under confinement. This work has provided a thorough overview of such a
phenomenon both from structural and dynamical points of view. It has therefore helped in the
definition and emphasis of several experimental and modelling strategies whose
implementation would highlight this phenomenon in other families of materials. We have
emphasized several aspects that seem to play a leading role in this nanostructuring and could
guide future research orientations. One particular role is that of the surface interaction in the
modification of the balance of the hydrophobic/hydrophilic interactions within the mixture.
This interaction, combined with the spatial geometry of confinement are, in our opinion, the
main triggering elements in the nanosegregation. Therefore, the modulation of these elements

could open limitless possibilities and provide new opportunities in supermolecular structuring.

A potential approach would be the tailoring the chemical nature of the surface by going from
the strongly hydrophilic (MCM-41 and SBA-15) to the hydrophobic replica which is expected
to allow the study of the surface effect and highlight the significance of H-bonding (which is
absent in this case) in the formation of such structures and might even eventually lead to new

core-shell structures. This possibility was attempted in this thesis; however, the obtained
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hydrophobic materials lacked sufficient order to be successfully modeled. A future perspective
would thus be implementing the same idea on different types of matrices with a better
crystalline order than the used CMK-3. In another perspective, we supplied a solid qualitative
dynamical image on the dynamical behavior of such nanostructures. This approach provides a
very strong motivation for a subsequent quantitative analysis in the objective of achieving a
comprehensive vision on the molecular dynamics of the nanosegregated mixtures. This
requires the combination of the quasielastic neutron scattering and time of flight data for the
extension of the dynamical range and resolution to cover the broad distribution of relaxation

times induced by mixing and confinement. An aim we are still pursuing.
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Annex: Q-Dependence of EFWS

N.A. Dynamics in SBA-15
N.A.1. TBAH TolD Systems Confined in SBA-15
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Figure N-1: Q-dependence of the EFWS of TBAHTolD mixtures confined in SBA-15, TBAH concentration decreases
from A to D. The circular shape represents the pore and the concentric shells represent the constituents based on the
color code. Where the blue, red and purple represent TBA, Tol and the interface region of the two respectively.
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N.A.2. TBADTolH Systems Confined in SBA-15
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Figure N-2: Q-dependence of the EFWS of TBADTolH mixtures in SBA-15, TolH concentration decreases from
A to D. The circular shape represents the pore and the concentric shells represent the constituents based on the
color code. Where the blue, red and purple represent TBA, Tol and the interface region of the two respectively.
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N.B. Dynamics in SBA-15
N.B.1. TBAH TolD Systems Confined in MCM-41
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Figure N-3: Q-dependence of the EFWS of TBAHTolD mixtures confined in MCM-41, TBAH conc.
decreases from A to D.
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N.B.2. TBAD TolH Systems Confined in MCM-41
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Figure N-4: Q-dependence of the EFWS of TBADTolH mixtures confined in MCM-41, TolH conc.
decreases from A to D.
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Abstract: The objective of this thesis is tuning the formation of ordered supramolecular structures
of an H-bonded liquid alcohol, either by dispersion in an aprotic solvent or by confinement in
mesoporous silicates (MCM-41 and SBA-15). In the bulk, a strong perturbation from ideal mixing
depicted in terms of clustering between similar species is observed by small angle neutron
scattering. Under confinement, a remarkable nanosegregation phenomenon of the mixture is
observed in the pores, leading to concentric tubular structures of core-shell type, which are striking
for macroscopically homogeneous and fully miscible binary systems. The molecular dynamics of
these original glassforming nanostructures is studied by quasielastic neutron scattering in the liquid
and vitreous states, revealing different types of relaxation modes under confinement with non-
trivial concentration dependencies. Isotopic HD labelling of the mixtures components provides a
unique comprehensive viewpoint on the properties of these confined binary liquids, establishing a
direct correlation between spatially segregated dynamical heterogeneities and the formation of
original core shell nanostructures induced by preferential interactions.
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