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More room for microphase separation: An extended study on binary liquids confined in SBA-15 cylindrical pores

ABSTRACT

The confinement of liquid mixtures in porous channels provides new insight into fluid ordering at the nanoscale. In this study, we address a phenomenon of microphase separation, which appears as a novel fascinating confinement effect for fully miscible binary liquids. We investigate the structure of tert-butanol-toluene mixtures confined in the straight and mono-dispersed cylindrical nanochannels of SBA-15 mesoporous silicates (D = 8.3 nm). Small angle neutron scattering experiments on samples with carefully designed isotopic compositions are performed to systematically vary the scattering length density of the different compounds and assess the radial concentration profile of the confined phases. The resulting modulation of the Bragg reflections of SBA-15 is compared with the predictions from different core-shell models, highlighting a molecular-scale phase-separated tubular structure with the tert-butanol forming a layer at the pore surface, surrounding a toluene-rich core. The present structural study suggests that the microphase separation phenomenon in confinement, which so far had only been reported for a smaller pore size (D = 3.65 nm) and a unique mixture composition must be considered as a general phenomenon. It also highlights the strength of neutron scattering method with isotopic substitution, which is a unique experimental approach to reveal this phenomenon.

I. INTRODUCTION

In the past decades, the modification of the properties of matter at the nanoscale has been addressed through the impregnation of molecular fluids into the nanochannels of mesoporous structures. These studies have shown that the structural and dynamical properties under spatial confinement could not be accounted in terms of the bulk analogs due to the strong interfacial and finite size effects that dominate on scales comparable to a few molecular diameters. [1][2][3][4][5][6][7][8][9] In particular, the formation of original structures of simple liquids in confined geometry has been intensively investigated. 6,7,[9][10][11][12][13] The influence of the confinement has been extended to the dynamics of binary liquids, providing indirect evidence for a microphase separation of fully miscible mixtures of alcohol aqueous mixtures confined in MCM-41 mesostructured porous silicates. [14][15][16][17][18] In a recent study, we conducted a thorough structural analysis to characterize the nature of microphase-separated systems. 19,20 We determined the concentration profile across the nanochannels by implementing an original application of neutron diffraction properties with isotopic substitution and derived a quantitative model to characterize the binary liquid structure.

We concluded on the existence of a novel surface-induced core-shell structure for fully miscible tert-butanol (TBA)-toluene (TOL) binary mixtures confined in MCM-41 silicates with a pore size D = 3.65 nm. In this system, tert-butanol segregates as a pore surface layer of about one atomic size surrounding a toluene-rich core of two to three atomic layers. The preferential segregation of the alcohol at the surface illustrates the amphiphilic character of TBA, supported by the observation of supramolecular clusters in the bulk TBA-TOL mixtures, 21 and the higher affinity of alcohol to silica, which was demonstrated by binary gas adsorption 22 and by the formation of interfacial H-bonded alcohol clusters in alcohol-alkane mixtures in contact with hydrophilic surfaces. [23][24][25][START_REF] Mizukami | Adsorption and Nanostructures[END_REF][START_REF] Mizukami | [END_REF] The aim of the present study is to question the generalization of this microphase-separation concept. Can we observe such phenomenon for a different pore size and up to which length scale does it extend? Is the phenomenon limited to a specific mixture (i.e. with a volume fraction around 50/50) or can it be observed for a wider range of compositions? To tackle such questions we use SBA-15 silicate hosts which are quite interesting for addressing the question of the pore size effects, because they are rather similar to MCM-41 mesoporous silicates with a 2-D long range triangular order of cylindrical channels but with a pore diameter that is twice as large (D = 8.3 nm). Moreover, changing the mixture composition proved to be an efficient and straightforward way to check the domain of stability of the microphase separated structure and to assess the corresponding core and shell proportions.

II. EXPERIMENTAL DETAILS

Hydrogenated solvents TBA and TOL (>99%) and fully deuterated solvents TBA (C4D10O, 99.8%) and TOL (C7D8, 99.5%) were purchased from Sigma-Aldrich and from Eurisotop respectively, and used directly without further purification. The mesoporous silicates SBA-15 were prepared in our laboratory according to a procedure similar to that described elsewhere 28 with minor modifications in the thermal treatments to optimize the final structure of the product. 29 Nonionic triblock copolymer (Pluronic P123): (EO)20(PO)70(EO)20 was used as template to get a mesostructured triangular array of aligned channels with pore diameter D = 8.3 nm, as confirmed by nitrogen adsorption, transmission electron microscopy and neutron diffraction. The calcined matrix was dried at 120°C under primary vacuum for 12 hours prior to the neutron experiments.

The neutron diffraction experiments were performed on the PAXY small angle neutron scattering diffractometer at the Laboratoire Léon Brillouin (CEA-CNRS Saclay). The chosen sample detector distance was 1.6 m and the neutron wavelength 0.6 nm, allowing to measure the diffracted intensity in a momentum transfer i.e. q-range from 0.3 to 3 nm -1 . The measurements were conducted at room temperature with a thermal bath regulator set to 22°C. The empty SBA-15 was packed in 1 mm thick quartz Hellma cells, and then filled by liquid imbibition with the appropriate amount of TBA-TOL mixtures injected in the sealed cells from a syringe to allow complete loading of the porous volume VP = 1.02 cm 3 g -1 , measured by nitrogen adsorption. The neutron scattering measurements were started about one hour after the liquid injection, and the spectra were acquired periodically (typically one spectrum per sample every 1.5 hour) for a total period of about 15 hours. This allowed monitoring the porous matrix imbibition process in real-time and confirmed the complete filling of the porosity from the time evolution of the spectra. The sample mass was verified after the neutron scattering measurements to confirm the absence of any evaporation from the sealed cell. The intensities were corrected from empty cell contribution by subtraction of the filled and empty sample spectra, divided by their own measured forward transmission. The correction of the detector efficiency and normalization were performed with respect to the measured flat intensity of hydrogenated water filled in the same cell.

III. RESULTS

In this manuscript, we develop a procedure which is adapted from the previous work on MCM-41 materials, and based on the study of two sets of experiments. 19 The first set of results comprises different types of contrast matching liquids (i.e. unary and binary mixtures), the second different mixture compositions, which fulfill selective contrast matching conditions.

A. Contrast matching liquids

The diffraction pattern of the empty SBA-15 host exhibits Bragg reflections at relatively small angle vector, due to the regular large lattice spacing of the pores which can be indexed by the Miller indices (hk), using as base a triangular 2-D lattice (cf. Fig. 1). In the case of a homogeneous pore filling with a constant density profile across the pore, the intensity of the Bragg reflections 𝐼 ℎ𝑘 𝑓𝑖𝑙𝑙𝑒𝑑 of the filled samples are related to the intensity 𝐼 ℎ𝑘 𝑒𝑚𝑝𝑡𝑦 of the empty SBA-15 by a scaling factor defined as:

𝐼 ℎ𝑘 𝑓𝑖𝑙𝑙𝑒𝑑 𝐼 ℎ𝑘 𝑒𝑚𝑝𝑡𝑦 = [(𝑛𝑏 ̅ ) 𝑆𝑖𝑂 2 -(𝑛𝑏 ̅ ) 𝑙𝑖𝑞𝑢𝑖𝑑 ] 2 [(𝑛𝑏 ̅ ) 𝑆𝑖𝑂 2 -0] 2 ( 1 
)
where 𝑛 is the number density of the molecules within the pore, 𝑏 ̅ is the sum over the coherent scattering lengths of all atoms within the molecule and (𝑛𝑏 ̅ ) is the molecular scattering length density. 19,20,30 Therefore a complete extinction of the Bragg peaks intensity is expected when

(𝑛𝑏 ̅ ) 𝑆𝑖𝑂 2 = (𝑛𝑏 ̅ ) 𝑙𝑖𝑞𝑢𝑖𝑑 .
This situation is realized when the matrix is filled completely with a contrast matching liquid, i.e. the pore filling liquid has the same average scattering length density as silica, which can be realized by varying the D/H isotopic composition of the liquid. 19 We used 54% D/H volume fraction for TOL and 55% D/H for TBA to obtain compositions that fulfill an almost perfect contrast matching condition with (𝑛𝑏 ̅ ) 𝑆𝑖𝑂 2 = (𝑛𝑏 ̅ ) 𝑙𝑖𝑞𝑢𝑖𝑑 = 34.6 × 10 9 𝑐𝑚 -2 assuming that the matrix consists of amorphous silica (2.2 g.cm -3 ). (b) (10) The scattering intensity of the pure contrast matching TOL and TBA in SBA-15 is shown in Fig. 2 (a) and Fig. 2 (b) as a function of time after injection of the liquid within the sealed cell containing the dry porous matrix. The relative intensity of the Bragg reflections (( 10), ( 11), ( 20) and ( 21)) varies rapidly after injection and finally reaches constant values. Their positions remain constant, which demonstrates that the crystalline structure of the pores is unchanged by liquid confinement.

It is not excluded, and even likely, that the mesoporous material is deformed elastically by the action of capillary forces, but according to the literature the strain of the order of 10 -4 to 10 -3 would be much too small to be observed in our SANS experiment using a wavelength rotating selector with a resolution of about 10%. 31,32 Three important conclusions can be derived from these realtime experiments: (1) using this imbibition method, it appears that a delay of about 10 hours is required to reach an equilibrium state that corresponds to the total imbibition of the porous matrix. This result is consistent with previous studies. 19 (2) The variation of the Bragg peaks, viz. (10) and (21), is non-monotonous, and exhibits maximum values for intermediate times. A possible explanation is the faster adsorption of molecules within the silica microporosity that results in a larger density contrast between the empty porous volume and matrix walls, and so a higher scattered intensity than for the corresponding empty matrix. It is worth pointing out that the dynamics of pore filling, related to a slow and non-monotonic equilibration of the diffraction pattern, possibly depends on many experimental parameters, which are specific to the material (pore size, grain size c.a. 1m, surface chemistry…), but also to the experimental conditions 

A first direct evidence for the microphase separation of the TBA-TOL mixture in the SBA-15 nanochannels is obtained with a binary liquid comprising hydrogenated TBA-(H) with deuterated TOL-(D) with a volume composition 37/63, so that it fulfills the contrast matching condition.

Indeed, Fig. 3 (b) shows that the extinction of the structure factor of the pore lattice is not achieved under these circumstances. From the time evolution of the scattered intensity (inset of Fig. 3 (a)), the imbibition process is characterized by the decrease and the eventual total extinction of two Bragg peaks indexed (11) and ( 20). But at the same time the intensity of the (10) peak increases, reaching a final value which is as high as 1.5 times that of the empty SBA-15. This uncommon behavior is also observed for the reflection (21), which was negligible for the empty matrix and increases remarkably after filling. The comparison between the spectra of the filled and empty SBA-15 (Fig. 3 (b)) obtained after the equilibrium period, demonstrates the absence of systematic Bragg peak extinction and reveals that the intensities of the different Bragg orders are not affected in the same manner but are rather modulated. This proves that the approximations supporting Eq.

(1) are no longer fulfilled. Generalizing the observations made for MCM-41, we can conclude without further analysis that the filling of the porous channels of SBA-15 with the contrast matching TBA/TOL mixture is complete but not homogeneous, which means that the concentration of the two types of molecules varies within the pore volume.

B. Twin binary liquids

The second strategy conducted to investigate the nature of the structuring of TBA-TOL mixtures in SBA-15 is the study of "twin binary liquids", which satisfy three specific features: 

IV. DATA EVALUATION AND CORE-SHELL MODEL

A. Data evaluation

The diffraction spectra comprise two different contributions: a continuous background and Bragg peaks located at the same qhk positions as the empty SBA-15, with h and k being the Miller indices of the triangular crystalline lattice. The background is mostly related to incoherent scattering possibly due to the presence of hydrogen from surface silanol groups and a low-q diffuse scattering. The structural information related to the confined mixture could be extracted from the intensity of the Bragg peaks peaks after removal of the background IBg(q) interpolated with a pseudo Voigt function. Using the same procedure as ref. 19, the Bragg peaks were fitted by a weighted sum of unitary Gaussian functions 𝐺 ℎ𝑘 (cf. Fig. 5) centered at the Bragg peaks positions 𝑞 ℎ𝑘 , thus reflecting the crystalline order of the triangular lattice and conforming to the Eq. ( 2) :

𝐼 𝑓𝑖𝑡 (𝑞) -𝐼 𝐵𝑔 (𝑞) = 1 𝑞 2 ∑ 𝑀 ℎ𝑘 ℎ𝑘 𝐼 ̃(𝑞 ℎ𝑘 )𝐺 ℎ𝑘 (𝑞 -𝑞 ℎ𝑘 ) (2) 
𝑀 ℎ𝑘 is the line multiplicity (𝑀 ℎ𝑘 = 6 for (h0) or (hh) and 12 otherwise), and 𝐼 ̃(𝑞 ℎ𝑘 ) = ∫ 𝐼(𝑞 ℎ𝑘 )𝑞 2 𝑑𝑞, is the integrated Bragg peak intensity. 

fluids in mesoporous silicates. [33][34][35][36][37][38][39] The neutron diffraction intensity of the SBA-15 materials, considered as a periodic triangular array of cylindrical pores is given by

𝐼(𝑞) = 𝐾𝑆(𝑞)|𝐹(𝑞)| 2 (3) 
where K is an instrumental normalization constant factor, S(q) the powder averaged structure factor of the SBA-15 matrix and F(q) the scattering amplitude of a single pore. S(q) is a sum of Dirac functions , while the form factor F(q) comprises the essential structural information about the binary liquid confined in the porous channel according to Eq. ( 4).

𝐼(𝑞) = 𝐾 𝑞 2 ∑ 𝑀 ℎ𝑘 ℎ𝑘 𝛿(𝑞 -𝑞 ℎ𝑘 )|𝐹(𝑞)| 2 (4) 
Now comparing Eqs. ( 2) and ( 4) provides the principle of the data analysis, which consists in the evaluation of |𝐹(𝑞)| 2 for given models and the comparison of the predicted values 𝐾|𝐹(𝑞 ℎ𝑘 )| 2 with the measured Bragg peak integrated intensities 𝐼 ̃(𝑞 ℎ𝑘 ).

B. Core-shell model

Now we detail different models, to describe the structure of the confined phases. It should be mentioned that SBA-15 being a 2D crystal, with a translational invariance along the direction of the channel axis, only the averaged structure of the confined liquids within a plane perpendicular to the channel axis matters. Moreover, considering the cylindrical symmetry of the pores, the structure of the confined liquid could be simply expressed in terms of a radial concentration profile across the pore diameter. 19 A concentric cylindrical core-shell model was chosen as the simplest way to describe the concentration profile in the pore: indeed it assumes only two different values of concentration. The static lattice distortions in the pore position from an ideal triangular lattice were accounted for by a Debye-Waller factor (DWF), e -〈u 2 〉Q 2 2 as shown in Fig. 6 (a). 19,33,35,36 Three levels of the scattering length density 𝜌 = 𝑛𝑏 ̅ are considered, corresponding to the core (𝜌 𝑐𝑜𝑟𝑒 ), shell (𝜌 𝑠ℎ𝑒𝑙𝑙 ), and silica (𝜌 0 ) as shown in Fig. 6 

Where 𝜌 𝑆𝑖𝑂 2 is the coherent scattering length density of silica and 𝑅 𝑝𝑜𝑟𝑒 = 4.15 nm is the pore radius determined from nitrogen adsorption based on the improved Kruk-Jaroniec-Sayari method. 40 The function Z is given by Z(x) = 2 J1(x)/x, with J1 being a first-order Bessel function.
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The value of the scattering length density of silica (𝜌 𝑆𝑖𝑂 2 = 34.6 × 10 9 𝑐𝑚 -2 ) was used in agreement with the contrast matching experiments illustrated in the previous part.

In the case of a filled matrix, we have proposed three possible concentration profiles: 1) A homogeneous filling of the pore by the mixture (single concentration profile). The resulting diffraction pattern is simply proportional to that of the empty SBA-15, with a different contrast factor in F(q); (i.e., simple rescaling of the intensity with respect to the empty matrix). 2) A complete microphase separation of the two constituents of the binary mixture into a cylindrical core-shell structure where either TBA (later denoted TBA@surface model) or TOL (later denoted TBA@core model) is segregated at the surface of the pore, and the other component located in the core of the pore. The form factor for this core-shell structure is:

𝑭 𝑪𝒐𝒓𝒆-𝑺𝒉𝒆𝒍𝒍 (𝒒) = 𝟏 𝝆 𝑺𝒊𝑶 𝟐 𝑹 𝒑𝒐𝒓𝒆 𝟐 ∑ (𝝆 𝒊 -𝝆 (𝒊-𝟏) )𝑹 𝒊 𝟐 𝒁(𝒒𝑹 𝒊 ) 𝟐 𝒊=𝟏 (7) 
Where 𝜌 0 = 𝜌 𝑆𝑖𝑂 2 , 𝜌 1 = 𝜌 𝑠ℎ𝑒𝑙𝑙 , 𝜌 2 = 𝜌 𝑐𝑜𝑟𝑒 , 𝑅 1 = 𝑅 𝑝𝑜𝑟𝑒 , and 𝑅 2 = 𝑅 𝑐𝑜𝑟𝑒 . It is noteworthy that these models do not require any fitting parameter specific to the confined liquid and thus provide predictive results that could be directly compared to the experimental values. Indeed, the only two unknown values viz. the scaling factor K and the MSD 〈𝑢 2 〉, were extracted from the fits of the empty SBA-15. The core radius Rcore is simply determined from the mixture composition xTBA. while rshell andrcore are the scattering length densities of the pure liquids. In the case where TBA is forming the shell (TBA@surface model), the core size is 𝑅 𝑐𝑜𝑟𝑒 = √(1 -𝑥 𝑇𝐵𝐴 ) 𝑅 𝑝𝑜𝑟𝑒 .

Otherwise, TBA forms the core and corresponds to: 𝑅 𝑐𝑜𝑟𝑒 = √ 𝑥 𝑇𝐵𝐴 𝑅 𝑝𝑜𝑟𝑒 (TBA@core model).

3) Monolayer at surface: this concentration profile is rather a variant of the TBA@surface coreshell model. It represents the case of the segregation of one molecular layer of TBA of thickness emono at the pore surface while the remaining quantity of the TBA (not constituting the interfacial layer) mixes with the TOL inside the pore. In this TBA-layer@surface model, the core

concentration of TBA is 𝑥 𝑐𝑜𝑟𝑒 = 𝑥 𝑇𝐵𝐴 𝛼 2 + (1 - 1 𝛼 2 )
where 𝑥 𝑇𝐵𝐴 is the average composition of the filling liquid and 𝛼 = 1 -

𝑒 𝑚𝑜𝑛𝑜 𝑅 𝑝𝑜𝑟𝑒
with the thickness of the monolayer being set to emono = 0.6 nm (average molecular diameter of one TBA molecule obtained from a structural study on bulk TBA 41 ). The core size is then simply defined as: 𝑅 𝑐𝑜𝑟𝑒 = 𝑅 𝑝𝑜𝑟𝑒 -𝑒 𝑚𝑜𝑛𝑜 .

Some studies have shown that SBA-15 could be described by a variant model where the cylindrical pore structure exhibits corrugated pore walls and/or an interfacial microporous region denoted as a 'corona'. 33,35,36,37,38,39 Therefore, a structural model accounting for a reduced density sponge-like corona around the pores was also evaluated. It is based on the assumption that the cylindrical mesopores that follow a perfect 2-D hexagonal lattice with a circular cross section are surrounded by a microporous corona with constant porosity, while dense silica forms the outer region. Since no significant difference was observed between the DWF and the corona models, we 

V. DISCUSSION

The strategy used in this study consists in comparing the scattering patterns displayed by silica nanotubes (SBA-15) filled by isotopically different liquid mixtures with models, without any fitted parameters. It means that all the parameters were first obtained independently from the filled samples : the pore radius was fixed to the value Rpore = 4.15 nm determined from nitrogen adsorption based on the improved KJS method, 40 while the scaling factor K and the mean square displacement (MSD) 〈𝑢 2 〉 parameters were estimated from fitting the form factor of the empty matrix as shown in Fig. 7. The obtained value of the MSD is 〈𝑢 2 〉 = 0.5𝑛𝑚 2 , which corresponds to average displacements in the order of 0.7 nm, i.e. about 7% of the unit cell parameter (

√〈𝑢 2 〉 𝑎 =7%)
, is in a good agreement with previous studies. 19,33 Fig. 7. Experimental value of the integrated intensity of the four Bragg peaks of the empty SBA-15. The solid line is the result from the model fitting the scaling factor K and the mean square displacement 〈𝑢 2 〉. The shading indicates the accuracy limit of the method.

The values of the core radius Rcore and the thickness of the shell eshell are fully determined from the sample composition and pore size. They are given in Table 1 for all the studied compositions and 

both TBA@surface and TBA-layer@surface models mathematically equivalent for this particular sample.

Table 1. Geometrical parameters of the two core-shell models and the monolayer model for the studied compositions. Note that these parameters were not fitted, but fixed by the composition of the mixture (Rcore) or retrieved from the study of the empty SBA-15 (Rpore and 〈𝑢 2 〉).

We now test the ability of the computed form factors |F(q)| 2 to reproduce the extracted experimental intensities I ̃hk for different samples and different models. We first consider the TBA-(H)-TOL-(D) sample with the contrast matching composition (37/63). The predictions from the four different models are compared with the experimental values of the Bragg reflection intensity in Fig. 8. The radial profiles of the scattering length density across the pore are also sketched for the different models. Clearly, the model with homogeneous concentration profile fails to reproduce the experimental results, predicting an almost total extinction of the Bragg peaks for this almost perfect contrast matching composition. The predictions of the three other models all provide an explanation of the striking observation of nonvanishing Bragg peak intensities for this contrast-matching composition. They successfully predict a high intensity of the (10) Bragg peak. However, the TBA-layer@surface and TBA@surface models seem to be in better agreement than the TBA@core, especially for predicting the TBA@surface TBAlayer@surface TBA@core Homogeneous Experimental Bragg intensity volume fraction 37/63%. The lines are the predicted results from the model calculations according to Eq. ( 6) for four different cases: full mixing (homogeneous), microphase separated core-shell structure with TBA at the surface (TBA@Surface), microphase separated core-shell structure with TBA monolayer at the surface (TBA-layer@Surface) and microphase separated core-shell structure with TOL at the surface (TBA@Core). Right panel: Sketch of the scattering length density profile.

Model

The indication that TBA rather than TOL stands at the pore surface is definitively confirmed by the other binary samples. To illustrate this point, we now consider the predictions for the two twin binary mixtures shown in Fig. 9. Again, the experimental trends are nicely predicted by the TBA@surface and TBA-layer@surface models as they could remarkably illustrate the unexpected difference in the Bragg peak intensities between the two twin samples. Both models have an equally good reproduction of the ( 10 The intensities of the higher orders are also well-reproduced, providing an explanation for the inversion in the relative intensities of the (11) and (20) Bragg peaks between the two twin samples:

On the one hand, the reduced intensity of the (11) Bragg peak in the TBA-(CM) / TOL-(D) (cf. Fig. 10 (a)) can be explained by the proximity of a cancellation point in the form factor. On the other hand, in the TBA-(D) / TOL-(CM) sample, the cancellation point in the form factor in both models is located at the same position as the (20) order peak, leading to its extinction (cf. Fig. 10 (b)). Generally, it is worth mentioning that, although the attained agreement remains semiquantitative, all the experimental systematic trends are successfully reproduced with the two simple models without any adjustment of their parameters. At variance, the TBA@core model fails to reproduce the observed experimental features. TBA@surface TBAlayer@surface TBA@core Experimental Bragg intensity (b) mixed with its contrast matching counterpart. (A): contrast matching TBA mixed with deuterated TOL and (B): deuterated TBA mixed with contrast matching TOL. The solid lines are the predicted results for three different models: microphase separated core-shell structures with TBA at the surface (TBA@surface), with one molecular TBA layer at the surface (TBA-layer@surface) and with TOL at the surface (TBA@core). Right panel: Sketch of the scattering length density profile.

The core-shell microphase separation is original with respect to the current knowledge of confined binary liquids because it concerns a fully miscible mixture. It is interesting to make a comparison with the existing literature on the liquid-liquid phase separation of binary liquids that already exhibit a miscibility gap in the bulk. 42 According to molecular simulation studies of fluids, the thermodynamics and kinetics of demixing are deeply affected by confinement in infinite cylindrical pores. 43,44,45 It was observed that the system does not phase separated completely but form long-lived metastable pluglike microdomains. A dramatic slowdown of the kinetics of phase separation is induced by the collective motions required for the condensation of two domains separated by a plug of the unlike molecules. This situation differs obviously from our observation, because plug-like structures would effectively lead to full extinction of the Bragg intensity for contrast matching mixtures. In the former studies, the formation of tube-like structures was unfavored by the choice of symmetrical interactions between the two types of molecules and the pore. On the contrary, surface-induced phase transition and the formation of an adsorbed film near the pore surface were observed for asymmetric binary systems. 46 In line with our observations, it shows that the strength of the pore wall interaction with one of the two molecules plays on central role in the formation of surface-directed tube-like microstructures that were observed even at temperature above the two-phase coexistence region.

VI. CONCLUSION

There is currently a growing number of observations reporting on microphase separation induced under nanoporous confinement in liquid mixtures, which are under normal bulk conditions fully miscible. 14,15,16,47,48 However direct evidence for such a phenomenon form structural investigations are scarce. 19,20 In this article, we exploit both the unique properties of neutron scattering regarding isotopic labeling and the additional concentration parameter offered for mixtures to carefully design selective contrast conditions which undoubtly demonstrate the spontaneous microphase separation of different TBA-TOL miscible liquid mixtures under confinement in the nanochannels of SBA-15 mesoporous materials (D = 8.3 nm).

These conclusions were obtained from the analysis of the diffraction pattern produced by filled and unfilled SBA-15 pore lattices, which can be directly related to the radial concentration profile of the confined mixture across the channel. In that aspect, we implemented simple core-shell models having the advantage of being fully predictive, with parameters already determined and fixed by the study of the empty matrix. We derived different variant of the model, assuming either the complete phase separation of the two constituents (TBA@surface and TBA@core), or the formation of one molecular layer (TBA-layer@surface). We also accounted for the irregularity of the SBA-15 porous geometry, in line with the existing literature, introducing either an effective Debye-Waller factor or a microporous corona. Regardless of their simplicity, all the core-shell models predictions that assume the preferential segregation of TBA at the pore surface surrounding a TOL-rich core nicely reproduce all the experimental trends. They explain the variation of the Bragg intensity at the semi-quantitative, and most often at the quantitative level, depending on the system.

The obtained concentric core-shell tubular structure corresponds to the segregation of alcohols in an interfacial TBA-rich region of about one to three molecular sizes, surrounding a TOL rich liquid tube. This result extends the observation firstly reported for the same liquid mixture confined in the MCM-41 materials with smaller pores (D = 3.65 nm). 19 In addition, it shows that the microphase separation, which was first exemplified for binary mixtures with a TBA volume x = 0.51 and 0.43, can be observed for a broader range of compositions, at least down to x = 0.3. This indicates that the original nano-demixing phenomenon can be extended to different confining matrices with larger pore sizes and different mixture compositions, answering the questions raised in the introduction part of the article about the general character of the concept of microphase-separation.

However the overall results obtained for SBA-15 and MCM-41 mesoporous materials remain limited to hydrophilic matrices so far. It would be certainly interesting to vary the nature of interfacial interaction and the pore surface, using hydrophobic matrices in order to assess different anticipated core-shell structures. Another approach would be changing the nature of the liquids to test the applicability of this nanostructuring on mixtures with different structural properties (aromaticity, size, hydrophobicity…). It is noteworthy that TBA spontaneously forms supermolecular cyclic clusters in the bulk state, although TBA-TOL mixtures are homogeneous at the macroscopic scale. 21 It would be of great interest to assess how such self-assemblies, which are observed in the bulk mixtures could influence the formation of core-shell structures in the confined state. For that purpose, one should also consider the case of smaller alcohol molecules, such as methanol or ethanol, in order to investigate different chain-like H-bonded structures.

Ongoing structural studies will address these issues making use of the benefits of the crystallinity of the arrangement mesoporous channels and the selective isotopic sensitivity of the neutron interaction in order to achieve a unique level of description.

Finally, our study suggests that microphase separation, as a new type of nanostructure results from the concomitant effects of specific surface interactions and spatial confinement. The modulation of both elements could provide new opportunities to control supermolecular assembling of complex mixtures. tubular structure with the segregation of tert-butanol that forms a layer at the pore surface surrounding a toluene-rich core.

FIG. 1 .FIG. 2 .
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 3 FIG. 3. (a) Time evolution of the neutron diffraction patterns of empty SBA-15 (dashed line), and
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 4 FIG. 4. Neutron diffraction patterns of SBA-15 filled with twin binary liquids made of an isotopic
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 5 FIG. 5. Neutron diffraction intensity of empty SBA-15. The Bragg peaks are labelled by their
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 6 FIG. 6. Schematic representation of (a): the static random disorder of the pore positions from the
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  based our discussion solely on the DWF model, and the results obtained by this model were shown as supplementary material. It suggests that the observed variations of the diffraction patterns with the isotopic composition of the binary liquids are essentially determined by the microphase separation phenomenon with the formation of a core-shell structure and less sensitive to the details of the model used to represent the SBA-15.

  models. Depending on the model and on the mixture composition, these geometrical values span from one to five molecular sizes. It is interesting to note that for the specific composition TBA/TOL 30/70 the shell thickness eshell is equivalent to about one molecular layer. This makes

experimental intensities the second ( 11 )FIG. 8 .

 118 FIG. 8. Experimental value of the integrated intensity of the four Bragg peaks of the SBA-15 filled

  ) Bragg reflection, which is very intense for the TBA-(CM) / TOL-(D) system (cf. Fig. 9 (a)), and weak for the TBA-(D) / TOL-(CM) sample (cf. Fig. 9 (b)).
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 910 FIG. 9. Experimental value of the integrated intensity of the four Bragg peaks of the SBA-15
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composition 43/57% and comprising a fully deuterated component mixed with its contrast matching counterpart. (A): contrast matching TBA mixed with deuterated TOL and (B): deuterated TBA mixed with contrast matching TOL. The solid lines are the predicted results from the model from the model calculations according to Eq. ( 6) for three different microphase separated coreshell structures with TBA at the surface (TBA@surface), TBA monolayer at the surface (TBAlayer@surface), and TOL at the surface (TBA@core). Right panel: Sketch of the scattering length density profile.

We now consider the TBA/TOL samples with a different value of the volume fraction, i.e. 30/70.

In this case, an exceptional quality of the predictions is obtained with both the TBA@surface and TBA-layer@surface models, which are in quantitative agreement with the experimental intensities of the four Bragg peaks for both the TBA-(CM) / TOL-(D) sample (Fig. 10 It is also obvious that the predictions from the TBA@surface and TBA-layer@surface models are virtually undistinguishable. It was expected since these particular samples comprise the TBA volume fraction needed to form one molecular layer at the surface, thus making these two models mathematically equivalent (see Table 1). On the contrary, the opposite hypothesis that TOL would stand preferentially at the surface can be definitively ruled out. Indeed, the TBA@core model fits with none Bragg reflection and systematically fails to reproduce the experimental intensities.

SUPPLEMENTARY MATERIALS

We also implemented the same core-shell model with an additional (corona) layer accounting for the wall structure, which was modeled by corrugated pore walls comprising an interfacial microporous region denoted as a 'corona' with a reduced silica density. The predictions from this variant model are compared with the predictions from the model detailed in the manuscript that uses a Debye Waller factor instead. Despite slight quantitative differences, the conclusions derived from both models are in full agreement, and demonstrate the existence of a micro-phase-separated