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ABSTRACT  

Zeolitic materials are commonly used to capture emergent contaminants in water or in complex 

aqueous effluents. The efficiency of this adsorption depends strongly on the guest-host interactions 

and on the surrounding environment with possible co-adsorption of the solvent. Only few 

experimental techniques are available to probe in situ the sequestration processes at the solid / 

liquid interface. We propose in the present work to combine Second Harmonic Scattering (SHS) 
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technique with Isothermal Titration Calorimetry (ITC) in order to investigate the adsorption and 

the confinement of an hemicyanine dye adsorbed inside Faujasite materials. The methodology 

described here permits to quantify the correlations between the confined dyes in the material, and 

thus give local information about the organization at the nanometer scale. Various impacts, such 

as the effect of solvent type, the silicon to aluminum ratio of the zeolitic adsorbent, are 

quantitatively estimated and discussed. This work highlights that the most correlated system 

matches with the higher adsorption capacity associated with the lower entropic contribution.  

 

Introduction 

Zeolites, porous crystalline structures of Aluminum Silicate, have great potential for a wide 

range in technical1, industrial2-3, agricultural4, environmental5 and biomedical applications6. These 

applications are based on their outstanding properties for sorption, ion-exchange and catalytic 

processes. Numerous studies have also emphasized the ability of zeolitic material for the 

purification and the capture of emergent contaminants from water7-15 or complex beverage like 

wine16. Indeed, in addition to their valuable sorption selectivity, or exchange capacity, these 

materials otherwise exhibit high chemical stability, good recyclability and above all non-toxicity. 

Zeolitic materials have been the object of numerous studies to tune their chemistry, their structure, 

their textural properties, to optimize their efficiency on the one hand 17-19 and to understand the 

driving force of adsorption and confinement processes on the other hand.  

The porous network and the presence of confined spaces bring new properties such as chemical 

reactivity under nanoconfinement 20 in general and for the case of zeolite their use in heterogeneous 

catalysis. Indeed, catalytic reactions in confined spaces exhibit unique behaviors compared to 

those observed on bulk materials 21-22. The confinement effects thus imply modification on 
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catalytic reaction, as well as on diffusion and on adsorption/desorption. For application on 

sorption, there are various properties responsible for the modification of sorption behavior, with 

the structural and the textural properties together with the surface chemistry. This is particularly 

the case at the solid / liquid interface with additional physicochemical properties, and where the 

sorption is indeed a displacement. This involves the influence of the nature of the solvent23-24 and 

the specific influence of the hydration of adsorbed and desorbed species 25. For zeolites, the 

adsorption properties are governed by the ability of adsorbed molecules to penetrate into zeolite 

voids and by their surface chemistry, with hydrophilic/hydrophobic balances, surfaces acidities 

(Lewis and Bronsted), and mainly their permanent charge. This charge is designed as the Cation 

Exchange Capacity (CEC), resulting from the isomorphic substitution of Silicon atoms by 

Aluminum within the crystallographic framework. Even if interesting theoretical results are 

reported concerning the understanding of the Bronsted Acid Site (BAS) role24, 26-27 in sorption and 

catalytic properties28, the various contributions of the mechanisms 28-30 are not commonly 

investigated from the experimental and local point of view.  

The aim of this work is to investigate the guest-host interactions and to rationalize the 

significance of electrostatic, Van Der Waals and steric interactions in the global adsorption 

process. To achieve that, the adsorption of a pyridinium iodide salt inside Faujasite materials has 

been chosen as reference system. The adsorption is studied by modulating the nature of the solvent 

and the charge inside the material as depicted in Figure 1. To characterize and quantify these 

interactions, UV-visible absorption method is used to determine the macroscopic adsorption 

isotherm, Isothermal Titration Calorimetry (ITC) measurement are performed in order to get 

macroscopic information about the thermodynamic of the adsorption and an original approach 

based on Second Harmonic Scattering (SHS), is employed to probe the local organization of the 
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dye inside the material, within the micropores. This last technique, based on Second Harmonic 

Generation (SHG) phenomena, in which two photons at frequency ω are converted into a photon 

at the double frequency 2ω, has become increasingly popular since recent studies31-40 

demonstrated that it is suitable to obtained information about organization in long range structured 

system. Recent works33, 41-42 have developed a methodology to quantify the correlation between 

the nonlinear emitter, by analyzing the polarization resolved SHS signal. The novelty of this work 

is to combine these two approaches, global calorimetric measurement and local SHS measurement 

used until now to quantify correlation in homogeneous liquid, to probe the order of the guest 

molecules confinement inside the microporous host material. The hemicyanine dye is chosen 

because it is an efficient SHG active molecule, and previous works have demonstrated its insertion 

in zeolitic system39. The material studied here is a Faujasite type zeolite which consists of cubic-

octahedrons called sodalite cages or β-cages. The assembly of these cages linked together by 

hexagonal prisms leads into a larger cavity of diameter 13 Å called supercage (SC) which is 

approximately the size of the guest hemicyanine dye molecule chosen. The β-cages are only 

accessible to solvent, whereas the supercages are accessible for solvent and organic dye30. 
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Figure 1. Schematic representation of the three various elements (adsorbate, adsorbent and 

solvent) involved in the modulation of the adsorption processes and studied in the present work. 

The hemicyanine dye is referred as sDiA dye molecule in the following.  

 

Experimental procedure 

1°) Reagent and materials: 

Faujasite Y with different Si/Al ratio were purchased from Zeolyst International: Faujasite 

CBV400, CBV720, and CBV780 with Si/Al ratio equal to respectively to 2.5, 15 and 40 and 

referred as FAU400, FAU720 and FAU780 in the following. The materials have been used as 

received, without modification, and are in the acidic form. The CEC of these different materials 

are theoretically deduced by the Si/Al ratio and equal to 4.7 meq.g-1 , 1.0 meq.g-1 and 0.4 meq.g-1 

respectively (additional details are given in the SI, including the XRD patterns).  

Acetonitrile, Ethanol, and DMSO were obtained from Sigma Aldrich at HPLC grade. Ultrapure 

water is 18 MOhm.cm resistivity. The hemicyanine dye is 4-(4-Diethylaminostyryl)-1-

methylpyridinium iodide, M=394.29 g.mol-1 also refereed as sDia in the following,  purchased 

from Sigma Aldrich. All chemicals were used as received without further purification. 

Fresh suspensions of Faujasite in the considered solvent were prepared at a solid / liquid 

concentration of 0.1 g.L-1 and used within 12h. Suspensions were sonicated 10 minutes and kept 

under constant stirring at 25 °C to prevent solid particles aggregation before using. The 

characteristic size of all the particles in all solvent is around 800 nm diameter +/- 200 nm 

determined with DLS (additional details in SI). 
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2°) Adsorption isotherm:  

The adsorption isotherms were determined using the depletion method in batch conditions by 

putting in contact the Faujasite suspension at 0.05 g.L-1 coming from the fresh suspensions and 

solutions of hemicyanine at various initial concentrations prepared from a 2 mM stock solution. 

After overnight stirring at 25 °C, the suspensions are centrifugated at 11000 rpm during 1h and 

then filtered with polypropylene 0.2µm filter. The dye adsorbed onto the material is determined 

according to: 

 Γ𝑎𝑑𝑠 =
(𝐶0−𝐶𝑒)𝑉

𝑚
   (1) 

Where Γ𝑎𝑑𝑠 is the dye amount adsorbed into the material, V is the volume (L) of the solution, and 

m is the mass of the solid phase (g), C0 is the initial concentration of the dye and Ce is the 

equilibrium concentration in the supernatant. This Ce was measured by UV-vis absorbance 

(JASCO V-670) at 460 nm on the supernatant.  

3°) ITC measurements 

Isothermal Titration Calorimetry (ITC) measurements were performed with a TAM III 

multichannel calorimetric device with nanocalorimeters and a Micro Reaction System (TA 

Waters). Experimental conditions (concentrations, solid /liquid ratio) have been optimized to be 

in correlation with the adsorption isotherm, and taking into account the technical constraints (cell 

or syringe volume, solubility of the dye) to ensure that the signal is high enough to be properly 

detected and quantified, and to reach the complete loading at the end of the experiment. ITC 

experiments were carried out in cells (hastelloy) with 800 µL of zeolithic suspension, at 298 K and 

consist of 25 injections of 10 seconds with 10 µL of the dye solution at 2 mM. The system is 
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equipped with a gold paddle stirrer used at 90 rpm. In order to allow the system to stabilize between 

injections, the latter are spaced 45 min apart. The dilution effect is evaluated under similar 

conditions with only the solvent. The global heat effect were calculated after appropriate 

subtraction of the dilution effect, and then for each injection is has been related to the real adsorbed 

amount from the isotherm. 43 The final results are represented as the cumulative displacement 

enthalpy since the enthalpy represents a global effect combining various contributions involved in 

the overall sorption process including adsorption / exchange, hydration and displacement. 25  

 

4°) SHS measurement:   

The polarization resolved SHS experimental setup is detailed elsewhere44 and additional details 

are given in SI. Briefly, the SHS intensity is monitored in the right angle direction as a function of 

the input polarization angle γ, which was selected with a rotating half-wave plate and the second 

harmonic light was selected in the vertical state by an analyzer, placed in front of the spectrometer. 

All experimental data were recorded for 10 s under stirring conditions, a magnetic stirrer is 

operated in the cell measurement. For each system, two separate SHS measurements are 

performed. On the one hand, the SHS measurement of the whole suspension and on the other hand, 

the SHS measurement of the supernatant solution obtained after centrifugation. Formally, the SHS 

intensity of the suspension comes from 3 different contributions as depicted in formula (2): 

𝐼𝑠𝑢𝑠𝑝𝑒𝑛𝑠𝑖𝑜𝑛
2𝜔 (𝛾) = 𝐼𝐻𝑅𝑆,𝑑𝑦𝑒

2𝜔 (𝛾) + 𝐼𝐻𝑅𝑆,𝑠𝑜𝑙𝑣𝑒𝑛𝑡
2𝜔 (𝛾) + 𝐼𝑆𝐻𝑆,𝑑𝑦𝑒+𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙𝑠

2𝜔 (𝛾)  (2) 

Where 𝐼𝐻𝑅𝑆,𝑑𝑦𝑒
2𝜔  is the uncoherent Second Harmonic light coming from the free dye in solution also 

referred in the literature as the Hyper Rayleigh Scattering (HRS) contribution of the dye; 
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𝐼𝐻𝑅𝑆,𝑠𝑜𝑙𝑣𝑒𝑛𝑡
2𝜔  is the Hyper Rayleigh Scattering contribution of the solvent, and  𝐼𝑆𝐻𝑆,𝑑𝑦𝑒+𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙𝑠

2𝜔  is 

the Second Harmonic light contribution of the dye adsorbed onto and into the material. The 

contribution of the bare Faujasite can be neglected as it is shown in the additional data presented 

in SI. The SHS intensity of the supernatant can be written as: 

𝐼𝑠𝑢𝑝𝑒𝑟𝑛𝑎𝑡𝑎𝑛𝑡
2𝜔 (𝛾) = 𝐼𝐻𝑅𝑆,𝑑𝑦𝑒

2𝜔 (𝛾) + 𝐼𝐻𝑅𝑆,𝑠𝑜𝑙𝑣𝑒𝑛𝑡
2𝜔 (𝛾)  (3). 

At the concentrations where the SHS experiment are performed, the re-absorption of the 2𝜔 photon 

by the solution is negligible45 as it is discussed in SI. Thus, the SHS signal coming from the dye 

adsorbed onto and into the material is obtained by the subtraction equation (2) minus equation (3): 

𝐼𝑆𝐻𝑆
2𝜔 (𝛾) = 𝐼𝑠𝑢𝑠𝑝𝑒𝑛𝑠𝑖𝑜𝑛

2𝜔 (𝛾) − 𝐼𝑠𝑢𝑝𝑒𝑟𝑛𝑎𝑡𝑎𝑛𝑡
2𝜔 (𝛾)  (4) 

All the SHS data presented in the manuscript are treated according to equation (4).  

Results and discussions 

1°) The Si/Al ratio effect on the adsorption 

 Figure 2A shows the adsorption isotherms of sDiA in water onto the different faujasite 

materials. According to the nature of the initial portion of the curve and its slope, the isotherms 

exhibit a shape corresponding to a L type (or Langmuir type) following Giles classification. The 

adsorption isotherms are thus well fitted with the Langmuir like model, equation (5), even if liquid-

phase adsorption of molecule into zeolites is not a situation traditionally characteristic of a 

Langmuir isotherm. The applicability of this model is discussed here24 and results from a relatively 

strong interaction of the dyes with the pore walls.  
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Γ𝑎𝑑𝑠 =
Γ𝑚𝑎𝑥𝐶𝑒𝐾𝐿

1+𝐶𝑒𝐾𝐿
  (5) 

Through this simplified adsorption model used in its linearized form, the maximum amount of 

adsorbed dye Γ max, as well as the Langmuir constant KL have been evaluated for sDiA sorption on 

the various zeolites. For the sDiA adsorption, the maximum amount capacity varies from 0.622 

mmol.g-1 for the FAU400 material, to 0.338 mmol.g-1 for FAU780 material. This finding is 

explained by the number of adsorption sites available depending on the Si/Al ratio of the material. 

Indeed, these adsorption sites are located on the oxygen atom neighboring an aluminum atom and 

are thus refereed as Brønsted Acid Site (BAS)24, 26-27, 46. The different material FAU400, FAU720 

and FAU780 exhibits different BAS number, or it is the same thing different CEC, which are 

respectively equal to 4.7 meq.g-1 (6.7 sites per SC), 1.0 meq.g-1 (1.5 sites per SC) and 0.4 meq.g-1 

(0.6 sites per SC). For FAU780 material, the BAS amount limits the adsorption process because 

the Γmax measured to 0.49 molecule per SC is close to the theoretical CEC of 0.59 site per SC. It 

confirms that the cationic exchange is the driving force of the adsorption, and that other 

interactions like Van der Waals interaction are not efficient to yield dye adsorption. At higher 

charge density in the material, the adsorption is limited by the empty space available in the pore. 

When the ratio of 1 molecule per SC is reached, no more adsorption can occur even if there is 

more BAS. The adsorption capacity Γmax is nearly the same for FAU720 and FAU400 materials, 

around 1 molecule adsorbed per SC, far lower from the theoretical CEC of 6.7 sites per SC for 

FAU400. It shows that the amount adsorbed depends on the number of available exchange sites, 

with a maximum limit due to the steric hindrance because of the size of the adsorbate. 
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Figure 2. A) sDiA in water adsorption isotherm onto the three Faujasite, B) Corresponding ITC 

measurement, C) SHS polarization plot measured at the concentration given by the arrow in A), 

D) the adsorption thermodynamic quantities for the three Faujasite, at high coverage. On right, a 

microscopic picture to illustrate the interaction or not between the neighboring dyes. 

 

Figure 2B shows the displacement enthalpy measured by ITC during the adsorption process 

on the three different materials. The observed behavior is different for the various considered 

materials. ITC approach provides the chance to measure directly the heat effect all along the 

isotherm. The displacement enthalpy is determined for various surface coverage corresponding to 

the complete loading of the materials. Three 3 distinct areas can be observed depending on the 

amount adsorbed range. In the first region, at low adsorption, i.e. when Γ𝑎𝑑𝑠 < 0.2 molecule per 

SC, the displacement enthalpy, obtained by the slope in the graphic 2B, is the same for the 3 
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materials with a value around ∆Hads = -10 kJ.mol-1. In the intermediate region, 0.2 < Γ𝑎𝑑𝑠 < 0.5 

molecule per SC, the displacement enthalpy is nearly stable for FAU400, but it increases for 

FAU720 and 780 at around ∆Hads = -28 kJ.mol-1. In the high adsorption region, this quantity 

continues to increase for FAU720 with high ∆H estimated at -50 kJ.mol-1, whereas it slightly 

decreases for FAU400. For FAU780 at sorption higher than 0.32 mmol.g-1, calculation does make 

sense since saturation is reached and no adsorption occurs. Those results can be discussed with a 

microscopic model that supposed independent filling of the SC from the neighboring SC. Indeed, 

in each Faujasite material, a SC is linked by a dodecagonal window to four other SC. In the low 

adsorption region, the adsorbed dye is in average involved in a SC surrounded by four empty SC. 

Thus, no interaction between the dye occurs in this regime. At higher adsorption, 0.2 < Γ𝑎𝑑𝑠 < 0.5 

molecule per SC, an adsorbed dye begin to interact with another dye located in a neighboring SC. 

For FAU720 and FAU780 material, the increase in the displacement enthalpy may be explained 

by this interaction. On the contrary, for FAU400 material, the presence of unoccupied sites could 

change this behavior with more spatial configuration available for the adsorption as depicted in 

Figure 2 right. To go further in the thermodynamics, the enthalpy measurements are compared 

with other thermodynamics quantities. As the system is a dilute solution of a charged adsorbate, 

the global free adsorption enthalpy Gads can be deduced from the constant extracted from 

equation (5) applied to the adsorption isotherm 47: 

Δ𝐺𝑎𝑑𝑠 = −𝑅𝑇𝑙𝑛(𝐾𝐿) (6).  

An estimation of the entropic term TSads can be done with the combination of the measured Hads 

from ITC and the calculated Gads. The results are given in table 1 and Figure 2D. Two ranges on 

the surface coverages have been distinguished, with ads lower or higher than 0.2 molecule per SC. 
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For low surface coverage, the entropic terms TSads is in the range of 30-20 kJ.mol-1 for the 3 

materials, with a slight decrease from CBV-400 to CBV-780 in line with the small decrease of 

Gads. For higher loading, the difference in the entropic contribution between materials is more 

pronounced, with a high decrease of TSads for CBV-400 to CBV-780. FAU400 and FAU720 

exhibit nearly the same adsorption capacity, but the adsorption thermodynamics quantities are 

strongly different with a higher entropic contribution for the FAU400. As mentioned above, this 

difference should be attributed to the presence of unoccupied sites. To probe locally the 

order/disorder of the dye organization inside the material, polarization resolved SHS measurement 

are presented in figure 2C. These data were analyzed as a Fourier series33:  

𝐼𝑆𝐻𝑆(𝛾) = 𝑖0 + 𝑖2 cos(2𝛾) + 𝑖4cos (4𝛾) (7) 

where i0, i2 and i4 are the amplitudes of the constant, the harmonic 2γ and the harmonic 4γ terms. 

In Eq. (7), the parameters i0 and i2 are related to the local microscopic structure, i.e. the first 

hyperpolarizability of the dye and i4 to the long-range correlations. In the case of uncorrelated 

species, SHS is a purely incoherent phenomenon and the amplitude i4 vanishes33. On the contrary, 

when molecular orientations are correlated, the scattered photons have well-defined phase 

relationship and i4 differs from 0. To quantify this term, the normalized parameter I4 is introduced 

as :    

I4=
𝑖4

𝑖0
  (8) 

I4 is equal to 0 when no correlation occurs between adsorbed dyes and is different from 0 when 

correlations between dyes exist. The I4 parameter deduced from the fit are presented in Table 1 

and its absolute value is clearly higher for FAU720 compared to FAU400 and FAU780. As 
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discussed above, FAU400 and FAU720 exhibit nearly the same filling of the material, and the 

higher I4 value for the FAU720 is puzzling. This trend is in line with the higher FAU400 entropic 

contribution and the most convincing explanation involves the unoccupied sites. For FAU 400 

material, the dye molecule may probably change from one configuration to other one and for 

FAU720 the dye molecule is most confined as depicted in Figure 2 right. Thus, at high loading,  

unoccupied sites result in a loss of long range order and in a lower value for I4. 

Table 1. Results of the fitting parameters extracted from macroscopic experiment adsorption of 

sDiA, with the Γmax, the maximum amount adsorbed, KL the Langmuir like constant, Gads the 

corresponding free enthalpy obtained from equation (6), Hads measured by ITC, deduced TSads 

and I4 the normalized SHS correlation parameter. For Hads and TSads, the values are calculated 

for the two various regimes, with low surface coverage (in italic) and high surface coverage (in 

bold). 

Material 

 

Γ max   

[𝜇mol.g-1] 

 

Γ max   

[molecule/SC] 

 

KL  

[L.𝜇mol-1] 

 

Δ𝐺𝑎𝑑𝑠 

[kJ.mol-1] 

 

Δ𝐻𝑎𝑑𝑠 

[kJ.mol-1] 

 

TΔ𝑆𝑎𝑑𝑠 

[kJ.mol-1] 

SHS-I4 

parameter 

FAU400 622 0.9 10 -39.3 
-9.3 30.0 

- 0.10 
-8.7 30.6 

FAU720 588 0.85 1.7 -34.9 
-11.0 23.9 

- 0.26 
-26.7 8.2 

FAU780 338 0.49 0.5 -31.9 
-12.1 19.8 

- 0.01 
-29.2 2.7 

 

2°) The solvent effect on the adsorption 
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Figure 3A shows the sDiA adsorption isotherms onto the FAU720 material with different solvents. 

The maximum amount of adsorption varies with the solvent in the order 

Water>acetonitrile>Ethanol>DMSO. Those results follow the order recently published24 obtained 

with pyridine onto various zeolites. These findings are explained by the efficiency of the exchange 

which depends on the ionic properties of the solvent. Indeed, if the proton is solvated, as depicted 

in Figure 3C, the cationic exchange occurs, and not on the otherwise. For the water solvent, Γ max 

reaches nearly the CEC, which means that BAS can be considered as “active” for the exchange. 

For the other solvents,  Γ max is lower than the CEC, and the BAS are partially “inactive” in respect 

with the lower relative permittivity value of the solvent. As depicted in figures 3C and 3D, the 

solvent effect could be explained by this difference in proton solvation. Figures 3 B presents the 

SHS polarization plots for these systems. The case of water solvent exhibits a significative I4 

contribution, as discussed above. All the other SHS polarization plots show a nearly zero I4 

contribution as summarized in Figure 5. 
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Figure 3. A)  Adsorption isotherm for sDiA onto FAU720 with different solvents: water 

(brown), acetonitrile (green), ethanol (red) and DMSO (blue). B) SHS polarization plot 

performed at the isotherm shoulder, as indicated with the arrow on graph A.  C) Scheme to 

depict active or inactive Bronsted Acid Site depending on the solvent used. D) Evolution of free 

enthalpy during the adsorption process. 

The impact of the material for the case of ethanol solvent is presented in Figure 4A. The results 

greatly differ from the water solvent. The adsorption capacity follows monotonically the Si/Al 

ratio. This shows that the adsorption is limited by the number of active BAS and not by the space 

available in the framework. Those results confirm that only a small part of the BAS are “active” 
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with a proton solvated in ethanol. Figures 4B presents the SHS polarization plot for these systems. 

Those results also confirm that when the material is few filled, no correlation is detected and that 

I4 increases with the filling of the material. 

 

Figure 4. A)  Adsorption isotherm for sDiA onto FAU400, FAU720 and FAU780 in ethanol, B) 

SHS polarization plot performed at the isotherm shoulder, as indicated with the arrow on graph A.   

A summary taking into account all the SHS results, is presented in Figure 5. It shows that I4 

quantification draws a distinction between three kind of dye intercalations. For the case of low 
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adsorption with Γmax lower than 0.4 molecule per SC, the I4 value is around 0, and thus the system 

exhibits no correlation between the dye. The molecules don’t really interact with the others. For 

the case with moderate or high filling, i.e. Γmax higher than 0.5 dye per SC, I4 increase up to -0.25. 

This evolution shows that long range correlation appears in the system when molecules interact 

with other located in the immediate surrounding SC. This could induce a percolation phase 

transition of the intercalated dye and explains the long rang correlation emergence. The last point 

in Figure 5B represent the case of the FAU400 materials in water. This system exhibits a specific 

behavior not in line with the other. This is probably explained by the unoccupied sites, which 

decrease the long range order in the system.  

 

Figure 5. A), I4 parameters deduced from SHS experiments for sDiA adsorption onto the different 

Faujasites and various solvent. The acronym in horizontal axis gives the material and solvent 

(W=Water, E=Ethanol, D=DMSO and A=Acetonitrile). B) I4 evolution with the loading of the 

materials. The color code is same as in A) . The dashed lines are guide eyes. 
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Conclusion 

As a conclusion, this work demonstrates that the adsorption process involved in this system is a 

cation exchange mechanism. The amount adsorbed depends on the number of available exchange 

sites, with a maximum limit due to the steric hindrance because of the size of the adsorbate. The 

efficiency of the exchange depends on the ionic properties of the solvent. At high loading, the 

porous structure of the zeolite leads to long range order and to non-zero values for I4 parameter. 

When the number of exchange sites is higher than the maximum achieved loading, unoccupied 

sites result in a loss of long range order and in a lower value for I4.  The calorimetric measurements 

also show an increase of the entropic contribution with the unoccupied sites. Finally, this work 

demonstrates the ability of SHS measurements to probe the organization in buried system. In 

particular, it opens new perspectives to probe the local order and confinement of molecular 

inclusion in other class of material, thanks to the SHS measurement of correlations.  
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