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ABSTRACT: Binary liquid mixtures can exhibit nanosegregation, albeit being fully miscible
and homogeneous at the macroscopic scale. This tendency can be amplified by geometrical
nanoconfinement, leading to remarkable properties. This work investigates the molecular
dynamics of fert-Butanol (TBA)-Toluene (TOL) mixtures confined in silica nanochannels by
quasielastic neutron scattering and molecular dynamics simulation. It reveals a decoupling of the
molecular motion of each constituent of the binary liquid, which can be followed independently

by selective isotopic HD labelling. We argue that this behavior is the signature of spatially


mailto:denis.morineau@univ-rennes1.fr

segregated dynamic heterogeneities, which are due to the recently established core-shell

nanophase separation induced by mesoporous confinement.



INTRODUCTION

The dynamics of nanoconfined liquids has been a topic of extensive research activities since the
pioneering studies of the early 90s.*® A wealth of fundamental knowledge about pure
nanoconfined liquids has been collected and are subject of review articles.®*® However, it turns
out that liquid mixtures, which are particularly relevant for applications, may exhibit uncommon
behaviors with respect to most studied pure systems. Fundamentally, a few studies on models
systems, comprising fully miscible binary liquids confined in mesostructured porous matrices have
addressed this question. The dynamics of aqueous alcohol solutions confined in MCM-41 were
studied by MD simulations, dielectric spectroscopy and calorimetry experiments.’®® These
studies provide evidence of the possible microphase separation of fully miscible mixtures in a
confined environment. More specifically, the seemingly abnormal dependence of the liquid
dynamics on the concentration has been attributed to the segregation of a part of the water
molecules at the pore surface, leading to an actually higher local concentration of solutes in the
confined solution. As a result, two important issues emerge that are yet to be addressed
experimentally: First, can direct confirmation and structural characterization of confinement-
induced microphase separation be provided? Second, can one disentangle distinct dynamics that
would be related to segregated molecules in the two distinct regions in the pore?

To answer the first question, we have recently reported the microphase separation of fully
miscible blends of tert-Butanol (TBA) - Toluene (TOL) liquids confined in the cylindrical
nanochannels of MCM-41 and SBA-15 mesoporous silicates (diameter D = 3.65 nm and 8.3 nm
respectively).1®?? We carried out extensive structural analysis using carefully designed neutron
diffraction experiments with hydrogen/deuterium isotopic substitution.? 2> The measured

inhomogeneous radial concentration profile demonstrates that the structure comprises a cylindrical



organization of two concentric core-shell regions of different compositions in which TBA
molecules segregate on the surface of the pores, forming an interfacial region surrounding a TOL-
rich core. The condition of formation of such structures was recently linked to different interfacial
interactions quantified experimentally by modelling the thermodynamics of binary gas
adsorption.? This observation was also confirmed by a molecular dynamics simulation study,

which brought a deeper insight on this phenomenon at the molecular scale.?*

This direct experimental evidence of the core-shell organization represents a unique insight to
allow the investigation of the particular dynamical properties of these novel systems. Indeed, we
evaluated the phase behavior and the glassy dynamics of TBA-TOL binary liquids confined in
MCM-41 by the combination of neutron diffraction and differential scanning calorimetry (DSC)
measurements in an attempt to examine the thermal behavior of this unusual phase in terms of
density and heat capacity.?® Our studies revealed the co-existence of two different glass transitions,
which suggests the existence of two spatially separated dynamics, likely attributed to the
subcomponents of the microphase separated mixture. Although significant, this pursue to link the
unusual structural and dynamic properties of confined binary liquids is limited by the non-specific
character of calorimetry, implying that a distinction between the dynamics of the two constituents

has not yet been realized.

In the present study, we independently measured the dynamics of TBA and TOL molecules and
interpret the observed variation in light of the core-shell structure they adopt in the nanochannels.
In addition, we extend the investigated timescale of the dynamics from seconds (glassy dynamics
around Tg) to the nanoseconds (microscopic molecular motion). To achieve this objective we
conducted high-resolution quasi-elastic neutron scattering experiments on liquids confined in

SBA-15 with different isotopic compositions. Using this technique and contrast variation, the



dynamics of the hydrogenated component was highlighted due to its high incoherent cross section,
while the contribution from the complementary molecule was minimized by deuteration. The

experimental findings are discussed in the light of recent MD simulation results.

METHODS

Samples. The hydrogenated solvents TBA and TOL (>99%) were purchased from Sigma-Aldrich
and the fully deuterated solvents TBA (C4D100, 99.8%) and TOL (C7Ds, 99.5%) were obtained
from Eurisotop and used directly, without further purification. The SBA-15 mesoporous silicates
were prepared in our laboratory using a procedure similar to that described elsewhere,® !3-26-28 with
slight modifications of the thermal treatments to optimize the final structure of the product.?’
Nonionic triblock copolymer (Pluronic P123): (EO)20(PO)70(EO)20 was used as a template to obtain
a mesostructured triangular array of aligned channels with a pore diameter D = 8.3 nm, confirmed
by nitrogen adsorption, transmission electron microscopy and neutron diffraction. The calcinated

matrix was dried at 120°C under primary vacuum for 12 hours before experiments.

DSC Experiments. For DSC measurements, SBA-15 samples were filled by liquid imbibition
with the appropriate weighted amount of fully hydrogenated TBA-TOL mixtures to allow the full
loading of the porous volume V»= 1 cm® g'!, as measured by nitrogen adsorption, and hermetically
sealed in aluminum pans. The measurements were performed on a TA Instrument Q20 DSC. The
thermograms were recorded at a heating rate of 10 K min™' after cooling the sample from 320 K to

100 K.

Quasielastic Neutron Scattering. QENS experiments were conducted on the backscattering

instrument SPHERES operated by JCNS at the Heinz Maier-Leibnitz Zentrum (MLZ) (Garching,



Germany), at a fixed incoming wavelength of 6.27 A, using Si (111) crystals as monochromator
and analyzers.*® 3! The resulting energy resolution is about 0.65 peV (FWHM) and the investigated
momentum transfer (Q)-range 0.16-1.8 At. However the analysis was limited to Q > 0.4 A*!
because of contributions at lower Q values due to intense coherent scattering from the Bragg
reflections of the mesoporous structure. Elastic Fixed Window Scans (EFWSs) with the
monochromator Doppler drive at rest were measured during a slow heating scan at a rate of 0.75
K.min? from about 5 K to 360 K, accumulating data points for elastic scattering over 2 minutes

(i.e. AT ~1.5K).

Sample preparation was similar for all the confined samples. A constant amount of the
mesoporous materials (SBA-15) was filled into a standard flat aluminum cell for bulk and confined
samples. Liquid binary mixtures (prepared in volume fraction for different isotopic and
concentration compositions) were filled using a calibrated micropipette. The targeted filling was
equal to 100% of the pore volume of the confinement matrix which was determined by adsorption
isotherm measurements (¥» = 1 cm® g'!). An indium wire was used to seal the sample cell. Finally,
the samples were allowed to equilibrate for a few hours to ensure the homogeneous filling of the
different pores, in accordance with the SANS kinetic measurements.?? In order to reduce multiple
scattering, the thickness of the sample was chosen to be 1mm resulting in a transmission of
typically 90% depending on the density and exact composition of the sample. Spectra were
grouped, corrected for detector efficiency, empty cell and empty matrices contributions according
to standard procedures using the Slaw software and internal routines. The corrected spectra were
then normalized to the intensity measured at the lowest temperature, considering that the

incoherent scattering is entirely contained in the elastic resolution under such conditions.



No sign of crystallization was observed in the DSC and QENS experiments, consistent with the
absence of bulk excess liquid outside the matrix. The pores are thus completely filled, in agreement
with previous studies using the same filling method.?*

Molecular Dynamics Simulations. The simulation method is the same as used in ref. 24. A
silica cylindrical nanopore of diameter D = 24 A with a hydrophilic surface included in a cubic
silica cell of 35.7 A was obtained by applying the process proposed by Brodka and Zerda.®? We
generated a cylindrical cavity along the z axis of the cubic silica cell of 35.7 A by removing the
atoms within a cylinder of diameter (D) 24 A. From their coordination numbers, we distinguished
bridging oxygen (Ob) bonded to two silicon atoms from non-bridging oxygens (Onb) bonded to
only one silicon and bonded to one hydrogen atom (Hnb). An iterative procedure of atom (O and
Si) removal was applied until only tetra-coordinated silicon atoms, bonded to a maximum of two
Onbs, were present in the structure. Finally, non-bridging oxygens were saturated with hydrogen
atoms to form surface hydroxyl groups. The inner surface coverage of silanol groups was about
7.5 nm~2. The silica matrix was subsequently kept rigid, except for the rotation around the Si-O
bond of the hydroxyl groups, which was allowed using the SHAKE constraints algorithm with the
distance between the oxygen and hydrogen atoms fixed at 1.09 A.

Intermolecular interactions are the sum of both electrostatic and dispersive—repulsive Lennard-
Jones contributions. The silica framework was modeled using the ClayFF force field.>® The TBA
and TOL systems were modeled using the flexible non-polarizable OPLS force field with all atoms
(AA).2* Whereas the intramolecular contributions (bonds, bending, and dihedral angles) were
conserved as original, the partial charges were calculated using ab-initio calculations. Van der
Waals interactions between TOL and TBA were calculated using the Lorentz-Berthelot mixing

rules. The LJ parameters between the silica nanopore and the TOL molecules have been optimized



to qualitatively reproduce the experimental isotherms.?* The so-optimized interactions between
TOL molecules and silica material are provided in Table 1. Force field parameters of silica
material, TOL, and TBA and crossed interactions are provided in the FIELD.txt file of DL_POLY

software.®

Table 1. Crossed Lennard-Jones parameters. CHjs is the carbon of the methyl groups of toluene,

CH the carbon of the CH groups of toluene, and C the carbon without hydrogen atoms in toluene

c(A) £ (K)
Si-CHs 3.6475 46.17061
Si-CH 3.6725 4754915
Si-C 3.6725 47.54915

The MD simulations were performed using a time step of 0.002 ps to sample 10 ns (acquisition
phase) with an initial configuration obtained from GCMC simulation at saturation vapor pressure
and at 308 K. The number of confined TBA and TOL molecules were NtoL = 84, 64 and Ntga =
98, 22 for the pure liquids and the binary mixture (Xtsa = 0.24), respectively. The equilibration
time corresponded to 10 ns. All MD simulations were performed with the DL_POLY package

using the velocity-Verlet algorithm combined with the Nose-Hoover thermostat.®® 3

RESULTS AND DISCUSSION

Differential Scanning Calorimetry. The phase behavior of the samples was determined by

DSC. The thermograms are shown in Figures la and 1b for the bulk and confined liquid



respectively. They were obtained by heating at 10 K.min, after a pre-cooling scan at the same
rate. It is well-known that under mild cooling conditions TOL generally forms a glass. The glass
transition is identified during heating by a jump in the heat flow, indicating an increase in heat
capacity, at a temperature noted Ty (121.5 K) in Figure 1a. It is followed by a sharp exothermic
peak at Tc (144 K) and an endothermic peak at Tm (180 K) during the subsequent heating, which
correspond to the cold crystallization and melting transitions, respectively. In contrast, TBA cannot
be vitrified, but crystallizes readily under normal cooling conditions. This behavior is confirmed
in Figure 1b, by the two endothermic peaks attributed, according to McGregor et al, to the
solid—solid transition between the trigonal P3 phase (phase I1) and the triclinic P1 (phase V) at Ts
= 268 K and the subsequent melting of the triclinic P phase (phase 1V) at Tm = 290 K.

The thermograms measured for the confined systems are very different from those of the bulk,
as shown in Figure la. The first observation is the absence of exo- or endothermic peak, which
means that crystallization has been hindered by confinement. The pure confined liquids TOL and
TBA exhibit a glass transition at temperatures of 7,/°X = 118 K and T, 4 = 185 K, respectively.
For TBA, the heat capacity jump is spread over a wide temperature range (more than 20 K),
indicating a broadening of the distribution of relaxation times in the confined state. This probably
reflects the inhomogeneity of the environments experienced by the molecules located from the
pore surface to the center of the pore. For TOL, a tiny step around 130 K is perceived and, if real,
could be related to the thermal response of the interfacial layer, a phenomenon which has been
already observed for ortho-terphenyl confined in SBA-15.%° For the binary liquid mixture, the most
interesting result emerges from the observation of two distinct jumps of heat capacity with
comparable amplitudes. These correspond to glass transitions centered around T, = 120 K and T,

= 158 K. This result is similar to recent observations made for TBA-TOL mixtures confined in



MCM-41 materials (3.6 nm pore size).”> They were interpreted in terms of two glass transitions
arising from the TOL-rich and TBA-rich phases, forming respectively the core and the shell of the
microphase separated liquid. It is interesting to note that the two glass transitions are sharper and
better resolved in the present case, which is possibly a consequence of the larger pore size of SBA-
15 compared to that of MCM-41. This provided good conditions for the aimed disentangling of
core and shell contributions of the molecular dynamics of TOL and TBA molecules, as discussed

below.
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Figure 1. DSC thermograms on heating of toluene (TOL, blue dashed line) and tert-Butanol (TBA,
red solid line) (a) in the bulk state and (b) in confinement in SBA-15. In (b), the thermogram of
the TBA-TOL confined binary mixture is also added (long dashed black line). The jumps in heat

capacity are underlined by thin tangential black lines just before and after each glass transition.

Elastic Fixed Window Scans. In the limit of small energy transfer, which corresponds to the
quasi-elastic range, the incoherent neutron scattering function (also called dynamic structure

factor) is commonly approximated by

(r?)Q?

Sincon(Q @) = e~ 5 [A(Q)8(w) + (1 — A(@)) Squasi(Q, )] (1)

The first term is known as the Debye-Waller factor and corresponds to the modes of vibration,
where (r?) is the mean squared displacement (i.e. twice the value of (u?), the mean squared offset

of atomic positions from their equilibrium positions), A(Q) is the amplitude of the pure elastic
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component (often noted EISF, for the Elastic Incoherent Structure Factor) describing the geometry

of localized motions and S,,,,5;(Q, ) is the quasi-elastic component.*

EFWS measurements are obtained by counting the elastic fraction of the dynamic structure factor

that is contained in the energy resolution of the spectrometer according to

JEFWS _ [S(Q,w)QR(Q,w)](w=0) ~ (S(Qw))aw 2
@ [ST=0(Q.w)QR(Q,w)](w=0) (S7=0(Q. 0w (2)

where R(Q,w) is the resolution function of the instrument and Aw is the corresponding energy
resolution width (FWHM). This quantity can be seen as the value of S(Q, @), normalized to a zero
temperature and averaged over a narrow energy range Aw (typically Aw = 1ueV) around the elastic
peak. This equivalence would be strictly valid if the resolution function was a gate function. As a
result, EFWS give the dependence of the dynamics as a function of the temperature at the
nanosecond timescale. The EFWSs values measured for the two pure hydrogenated liquids TOL

and TBA are illustrated in Figures 2a-b.
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Figure 2. Elastic fixed window scans of fully hydrogenated (a) TOL and (b) TBA confined in
SBA-15. The different curves correspond to different values of the momentum transfer Q ranging

from 0.46 At (upper curve) to 1.91 A (lower curve).

For TOL, one can notice below Tq a gradual decrease of intensity during heating, which is primarily
due to the Debye-Waller factor since the quasi-elastic contribution of most other modes is too slow
to be distinguished from a purely elastic line. Upon further heating (above 140 K, a few tens of
degrees above Ty), the intensity decreases readily to reach tiny values (< 0.1) at 200 K. This second
faster decay is attributed to the onset of quasi-elastic modes (such as molecular rotation or
translation), whose broadening exceeds the instrumental resolution. For TBA, there is a more
pronounced decrease in the elastic intensity already at temperatures below Tg, despite its higher
value compared to TOL. This indicates that the protons of TBA are already involved in fast
motions (secondary modes) deep within the vitreous state. These are likely related to methyl

rotations as well as tumbling and rotation of the whole molecule, favored by its globular shape.

Table 2. Incoherent Scattering Cross sections of the two studied molecules as a function of their

isotopic composition.

Incoherent Scattering

Cross Section (10 cm?) TOL TBA
Hydrogenated 639 799
Deuterated 16 20
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We now consider the confined binary liquids for which isotopic substitution has been applied to
label the hydrogenated molecules and magnify their dynamics. Due to the high value of the
incoherent scattering cross section of hydrogen atoms, the hydrogenated molecules are expected
to scatter much more than their deuterated equivalents, as indicated by the molecular cross sections
shown in Table 2. This effect is illustrated in Figure 3 for the case of a TBA/TOL mixture with
equimolar composition (i.e. xtsa = 0.5). Three different isotopic compositions were considered,
combining hydrogenated or deuterated molecules. They are subsequently denoted

TBA(H)/TOL(H), TBA(D)/TOL(H), and TBA(H)/TOL(D) mixtures.

From a comparison of Figures 3a-c, it is clear that EFWSs depend on the isotopic composition.
Figure 3a corresponds to the fully hydrogenated mixture TBA(H)/TOL(H), where the two
molecules contribute almost equally to the scattered intensity. The contribution of TOL is
amplified for the TBA(D)/TOL(H) sample, as shown in Figure 3b, which results in a rather marked
decrease in the elastic intensity above about 140 K, qualitatively resembling the case of pure TOL.
On the contrary, for TBA(H)/TOL(D), the decay of the elastic intensity illustrated in Figure 3c is
more gradual and extends to a higher temperature (i.e. above 300 K). This dependence of the elastic
intensity on the nature of the labelled molecule (TBA or TOL) indicates that the TBA and TOL
molecules undergo different dynamics in the liquid mixture. This is also consistent with the
observation of two previously discussed glass transition temperatures, which have been attributed
to the TBA-rich and TOL-rich regions, respectively. The curves presented in Figure 3d were
computed as the weighed sums of the EFWSs of the two pure hydrogenated systems. Their
similarity with the experimental EFWSs of the fully hydrogenated mixture TBA(H)/TOL(H)

further support that the elastic intensity of the mixture actually results from the coexistence of two
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distinct dynamical contributions, arising respectively from spatially segregated TBA-rich and

TOL-rich regions.
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Figure 3. Elastic fixed window scans of the TBA/TOL binary mixtures confined in SBA-15 with
a molar fraction of TBA x = 0.5. Keeping the same chemical composition, the mixtures differ in
their isotopic composition with (a) TBA(H)/TOL(H), (b) TBA(D)/TOL(H) and (c)
TBA(H)/TOL(D). (d) The linear combination of the elastic fixed window scans of the two pure

fully hydrogenated liquids for comparison with the actual equimolar mixture (a).

From the Q-dependence of the EFWS one can derive the Mean Square Displacement (MSD),
which is a complementary way to study the dynamic structure factor.**2 At low temperatures, the
quasi-elastic lines related to relaxation processes are sufficiently narrow with respect to the

experimental resolution and cannot be distinguished from a true elastic peak. Therefore,

Setting Sgyqsi (Q, w) = 8(w) in Eq.1, it becomes:
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- (r?)Q?
[EFW3(Q) x e s 3).

The most common procedure used to extract the MSD consists in performing a linear fit of Q2
versus In(IEFWS(Q)), where (r?) is simply deduced from the slope. This analysis is presented in
Figures 4a-b for confined TOL and TBA, for a selection of temperatures. It is well-known that this
Gaussian law is valid for purely vibrational modes, a situation which is often encountered at low
temperature, but deviations are generally observed at increasing temperatures. In our study, one
notes that this approximation works well up to about 150 K, as shown in Figures 4a-b. At higher
temperature, there is a marked curvature, due to anharmonic effects and the onset of quasi-elastic
processes. In addition, the extrapolation of EFWS to Q = 0 deviates from unity, a phenomenon

that can be enhanced by multiple scattering.

Zorn has shown that EFWSs could still be modelled at a higher temperature if the diffusion
processes were taken into account.*® In this case, the definition of the MSD is extended beyond

the simple harmonic case by

_\/7? (TZ)QZ)

[EFWS(Q) « erfex(———

“4)

where erfcx is the scaled complementary error function, defined by erfcx(X) = exp(X?)(1 —

erf(X)) = \/%exp(Xz) fXOO exp(—t?)dt .

Note that in the limit of (r2)Q? — 0, which is applicable at low temperature, this generalized
definition of IEFWS(Q) given by Eq. 4 becomes equivalent to the common Gaussian approximation

given by Eq. 3.
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Figure 4. Elastic fixed window scans of (a) TOL and (b) TBA confined in SBA-15 at different
temperatures. The log-scale of EFWS intensity plotted as a function of the squared momentum
transfer emphasizes the temperature range where the usual Gaussian approximation applies
(typically for T < 150 K). Fits with the generalized model (solid line) and its low-Q Gaussian
approximation (dashed line) are shown. For better clarity, the data shown here are averaged values

over 10 successive measurements, so that the temperature step is about 15 K.

Fit curves using this generalized approach are represented by solid lines in Figures 4a-b. Gaussian
extrapolations of Eq. 4 to zero Q are also indicated by dashed lines. Although the first allowed
better adjustments at temperatures above about 150 K, we selected the MSDs derived from the
latter procedure to evidence a trend. In what follows, we draw conclusions exclusively from the
low temperature range, where the Gaussian approximation is indeed valid and where the intensity
of the EFWS is still high (greater than 0.5), assuming that the conditions necessary to ignore
secondary contributions to EFWS, such as the coherent scattering and scattering of unlabeled

molecules, are met.

Mean Squared Displacement - Experiments. The dynamics of the H-labeled TOL molecules
derived from neutron backscattering experiments is illustrated in Figure 5 for different
compositions of the binary mixture. Isotopically labeled mixtures of TBA(D)-TOL(H) were used
in order to emphasize the mean squared displacement of the H-tagged TOL molecules and to

evaluate the effect of the addition of TBA (xtsa=0, 0.3, 0.5, and 0.7) on the dynamics of TOL.

The MSDs increase almost linearly with the temperature up to about 130 K, where they show a
strong increase. The behavior observed in the low temperature region is typical for the vibrational

dynamics of solid (glassy) systems and is consistent with the Debye harmonic approximation. The
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steep increase above 130 K indicates the onset of local modes with larger amplitudes including
librations of molecules and rattling in the neighbor's cage. An influence of the increasing TBA
content on the TOLH-MSD could not be determined within the experimental uncertainties, except
for the highest TBA fraction at which a small effect is observed above 130 K, as discussed below.
Larger mixing effects could have been expected, given that TBA is more viscous than TOL and
could have acted as a slowing additive. We infer that this can be rationalized by the concomitance
of three facts: first, the core-shell structure adopted by the TBA-TOL mixtures in confinement
limits the molecular mixing, so that the TOL environment is maintained in the TOL-rich core
region despite dilution. Secondly, the measured MSDs reflect the local dynamics, which is in fact
mostly sensitive to the short-ranged environment. Finally, interfacial effects (such as TOL-TBA
or TOL-Silica interactions) are presumably low for TOL due to its Van-der-Waals character.
Consistently, small BET constants were deduced from the adsorption isotherm experiments of

TOL in porous silica.?

To conclude the discussion of Figure 5, the observed weaker increase of the TOL MSD near 130
K for xtea = 0.7 compared to the other three compositions is particularly interesting. Indeed, this
suggests that the addition of TBA eventually slows down the dynamics of TOL, at least in the 130-
150 K region where the aforementioned precautions concerning the uncertainties of MSDs are
properly accounted for. According to the DSC study, this region is located well below the glass
transition of TBA. Therefore, we deduce that the reduced large amplitude motions observed for
xt8a = 0.7 near 130 K might be a signature of TOL molecules trapped in TBA-rich glassy
microdomains. The fact that smaller displacements of TOL are seen only for the largest fraction

of TBA, i.e. corresponding to the strongest confinement condition when considering the TBA
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surface layer, agrees well with previous observations for pure confined TOL, which indicated that

pore diameters as small as 2.4 nm were necessary to significantly affect its glassy dynamics.’

Toluene dynamics
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Figure 5. Mean squared displacement of TOL H-tagged-molecules, derived from neutron
backscattering experiments on confined TBA(D)-TOL(H) binary mixtures with different
compositions (TBA molar fractions x =0, 0.3, 0.5, and 0.7). The MSD is the result of an analysis

with the low Q approximation (see text).

We look now on the opposite labeling, the MSDs of H-tagged TBA molecules confined in SBA-
15, which are illustrated in Figure 6. A systematic decrease in MSDs as a function of TOL content
is observed in the temperature range of 100 to 150 K. This dependence can be considered as a
perfect illustration of the unusual physical behavior of microphase-separated binary fluids because

it contradicts interpretations based on simple mixing effects. TOL is a non H-bonding solvent with
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a lower viscosity than the H-bonding TBA. According to the usual dilution effects, we could have
expected a reduction of the H-bond interactions between the TBA molecules, as shown for bulk
mixtures of TBA-TOL,* resulting in faster TBA dynamics, as reported for other alcohol-alkane
mixtures (Br-butane-butanol mixtures) by NMR and MD simulation.*® However, this apparently
anomalous dilution effect can be easily rationalized by taking the core-shell microstructure of

confined TBA-TOL mixtures into account.

Tert-butanol dynamics
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Figure 6. Mean squared displacement of TBA H-tagged-molecules, derived from neutron
backscattering experiments for TBA(H)-TOL(D) confined binary mixtures with different

compositions (TBA molar fractions x = 1, 0.7, 0.5, and 0.3).
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The interpretation is illustrated in Figure 7, where the core-shell structure of TBA-TOL binary
mixtures is depicted. It is usually observed that the dynamics of nanoconfined liquids are
heterogeneous.*®*® This fact could be related to the increase in the stretched character of the
relaxation function,>® °! or equivalently to the temperature broadening (sometimes bimodal) of the
glass transition.” 3 Dynamic heterogeneities can be related to a wide relaxation times distribution
g(7), as shown in Figure 7a. While dynamic heterogeneities in supercooled liquids are often
described as the coexistence of slow and fast dynamically distinct domains, their spatial nature is
more clearly established under confinement. Indeed, surface interactions mostly slow down the
mobility of interfacial molecules. The effect of this boundary condition can propagate towards the
pore center up to a few molecular sizes.*> 5% 5253 |t can be expected that bulk-like behaviors are
recovered sufficiently far from the pore surface. Depending on the ratio between the characteristic
length of the interfacial layer and the pore size, a gradient scenario or a two-layers (two-Tgs)
scenario can be preferred.’® The resulting radial distribution of mobility is illustrated in Figure 7b,
where the darker the region, the slower its dynamics. The corresponding time trga is plotted in
solid white line. In the temperature range 0-200 K, the MSDs measured experimentally are smaller
than 3 A2, which is negligible compared to the squared pore size (D?= 7 000 A?). It means that
each molecule remains essentially in the same environment on the studied timescale and its MSD
reflects the local dynamics. A spatial average results from averaging over molecules which are
located at different places in the pore. For pure TBA, the measured EFWS is spatially averaged
over the entire pore volume, including both the slower interfacial region and the faster pore center
region. In this case a direct experimental disentanglement of both contributions is hardly possible,
whereas it is simple by molecular simulation.>® %57, However, as is illustrated by Figures 7c-d,

we demonstrate here that the H-labeling of the TBA molecules makes it possible to highlight the
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dynamics of the surface molecules of the core-shell structure which is adopted during the addition
of TOL. As a result, the EFWSs measured for TBA(H)/TOL(D) mixtures with an increasing
fraction of TOL are particularly sensitive to the slowest part of the relaxation time distribution
g(t), as sketched in Figure 7a. This also rationalizes the apparently counterintuitive “anti-

plasticizing effect” of TOL on TBA dynamics.

Heterogeneous dynamics Surface induced slowdown Surface dominated dynamics

(b)

9(7ra) (a)
1 1BA

A
TrBA

XToL

[l TOL-rich phase
[l TBA-rich phase

Core-shell microphase separation

Figure 7. Schematic illustrations of (a) the variation of the relaxation times distribution g(z) and
(b-d) the dynamical heterogeneities formed by the TBA-rich (in red) and TOL-rich (blue) regions
inside a cylindrical nanopore as a function of the volume fraction TOL XtoL. Slower (interfacial)

regions are identified by a darker red color.

Mean Squared Displacement - MD Simulation. A molecular simulation study was conducted in

order to underline our interpretation of the quasi-elastic neutron scattering experiments. It is based
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on a recently published model, capable of reproducing the microphase separation of TBA-TOL
mixtures, experimentally demonstrated when confined in silica pore D= 2.4 nm.?* The simulation
was performed at a temperature (T = 308 K) significantly higher than that of the experiments in
order to guarantee equilibration. Although it prevents us from making a direct quantitative
comparison, it allows us to identify the salient features discovered experimentally and to provide

them with a microscopic point of view.

The radial density profile of the pure TBA exhibits layering as a function of the distance r from
the pore center (cf. Figure 8a), which is a common feature of confined liquids reported by
molecular simulation studies.® 8 The spatially heterogeneous distribution of molecules was used
to distinguish the interfacial layer (8 < r < 12 A) and the central region (0 < r < 8 A). The MSDs
of TBA computed for these two regions are illustrated in Figure 8b. The mobility of the interfacial
TBA molecules is significantly reduced with respect to the core region, as indicated by an MSD
variation of about a factor ten. This observation is consistent with the schematic illustration of
Figure 7a. It emphasizes the role of surface interaction, and in particular the formation of H-bonds

with surface silanols, on the heterogeneous nature of the dynamics of the confined liquid.
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Figure 8. (a) Radial density profile of the center of mass of pure TBA confined in nanoporous
silicaat 308 K, and (b) MSD of TBA molecules as a function of their distance from the pore center,

dashed line : pore center region (0 < r < 8 A), solid line : surface layer : (8 < r <12 A).
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The structure adopted by the binary mixture (Xtsa = 0.24) is illustrated in Figure 9a by the radial
density profiles of the two molecules. Segregation of the two components is observed, leading to
a core-shell structure where the TBA molecules are preferentially located at the pore surface and
TOL at the center of the pore. This microphase separation is driven by the different strength of the

liquid-surface interactions of TBA and TOL molecules, as indicated in previous studies.

0.010
——— TBA in mixture (a)
—=== TOL in mixture
' o
=5 W a8
8 i Y \‘M | \‘
[ i \\. I, \
E 0005 7 \\ “/ \
; \p-ﬂ,-o
.‘5;
=
()
(@]
0.000 +——————++r1rrrrr=
0 2 4 6

Distance from pore center r (A)

29



-
o
o
o

— TOL in mixture ]
———- Pure TOL -~

100 ;

10 4

Mean Squared Displacement (A%)

0.1

-
o
o
(@)

{ ——=- Pure TBA
| — TBA in mixture

100 1 =

(c)

1 10 100 1000
Time (ps)

Mean Squared Displacement (A?)

0.1 S——
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line) molecules in the confined binary mixture (xtsa = 0.24). (b) MSD of TOL molecules in the
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pure (dashed line) and in the binary mixture (solid line), and (c) MSD of TBA molecules in the
pure (dashed line) and in the binary mixture (solid line). The dashed-dotted line is a guideline with

a linear slope corresponding to the diffusive behavior.

The time dependent MSDs of the TOL and TBA molecules are illustrated in Figures 9b and c,
respectively. These are simulated counterparts of experimental the EFWS (corresponding to
several nanoseconds) with H-labeled molecules. The dynamics of TOL in pure and binary liquids
are qualitatively similar. Specifically, the MSDs of both samples present a linear dependence on
time (indicated by a dashed-dotted line), which indicates the normal Fick diffusion law. Slightly
slower dynamics are witnessed for the mixture, which is demonstrated by a reduction in the MSD
by a factor of two. This suggests that, due to the microsegregation phenomenon, the local
environment of the TOL molecules is maintained in the binary liquid, and thus its dynamics are
weakly affected. This is in agreement with the experiments discussed above. A slight deceleration
may indicate a weak coupling of the TOL mobility with the slower dynamics of TBA, but this
could also originate from the stronger effective confinement imposed by the non-moving shell on
the liquid core. It is interesting to note that the dynamics of the TBA varies considerably with the
addition of TOL, as shown in Figure 9c, where the MSD is reduced by one order of magnitude.
Moreover, the TBA dynamics exhibit a clear sub-diffusive character in the confined mixture, while
obeying a Fick law in the pure liquid form. It should be emphasized again that this behavior is in
contradiction with the simple mixing effect (plasticizing) of TOL on TBA. In fact, the MSDs of
TBA in the mixture demonstrate values similar to those of the contact layer in the pure component.
This supports our understanding that the unexpected dynamics of TBA is closely related to the

core-shell structure adopted by binary liquids under confinement.
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CONCLUSIONS

The dynamics of binary liquids confined in the straight and monodispersed channels of
ordered SBA-15 mesoporous materials were investigated by elastic fixed window scans to probe
nanosecond timescales. Pure components as well as different binary mixtures were studied in
which selective isotopic labeling was used to highlight the dynamics of the hydrogenated
component. Mean squared displacements were acquired from the Q-dependence of the EFWS

scans, and their interpretation was substantiated by the results of MD simulation.

According to the experiments carried out on the various TBA(D)/TOL(H) mixtures, it
appears that the dynamics of TOL does not vary significantly with the addition of TBA. This
behavior corroborates the poor mixing of both components in confined geometry, as also indicated
by the observation of two distinct glass transitions and previously published structural studies.
Furthermore, the experiments on the various TBA(H)/TOL(D) mixtures indicate a reduction of the
MSDs of TBA when the fraction of TOL increases. Since TOL is a non-H-bonded additive with a
glass transition temperature much lower than that of TBA, this observed impact on TBA dynamics
cannot be understood by simple mixing rules. On the contrary, we propose a simple rationalization
of this counterintuitive behavior based on the microscopic pictures provided by MD simulation,
and by taking into account the specific nature of nanoconfined binary liquids and their recently
discovered tendency to form core-shell microphase separated structures.?? For the pure liquid, the
measured mobility of TBA reflects a spatial average on dynamic heterogeneities ranging from the
center of the pore to the pore wall, whereas for the binary systems, the core-shell structure makes
it specifically representative of the interfacial molecules of TBA. Due to the strong interaction

between silica and TBA molecules induced by the formation of H-bonds, it is logical that the
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dynamics of interfacial molecules probed for TBAH/TOLD mixtures represent the slowest tail of

the relaxation times distribution of the confined liquid.

These findings verify and confirm from a dynamic point of view the structure proposed by
the modeling of small angle neutron scattering data.?? To our knowledge, this combination of direct
experimental studies on confinement-induced microphase separated liquids both from a structural
and a dynamic point of view is rather unique in literature. We therefore expect that this approach
will help to better understand other cases discussed in the literature in which dynamic evidences

of microphase demixing are reported.16-18:59. €0

It is worth noting that this study gives a clearer insight on the nature of the dynamic
heterogeneities, which have also been observed for the same liquids confined in the smaller pores
of MCM-41 materials by calorimetry.?® Beyond those calorimetric results, the interpretation of
which being limited by the absence of chemical selectivity of DSC, the significance of this study
lies in its ability to make a real distinction between the dynamics of the two molecular components
(TBA and TOL molecules) constituting the confined binary mixtures. In addition to MD
simulation, one cannot ignore the exceptional value of neutron scattering methods with
component-selective H/D labeling in providing a direct correlation between spatially segregated
dynamical heterogeneities and the formation of original core-shell nanostructures. These critical
findings call for further investigations. Beyond the need to extent the study to different systems
and timescale, a subsequent quantitative dynamic analysis remains essential for a full insight on

the physical behavior of such complex systems under confinement.
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