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Abstract : 

 

Second Harmonic Scattering (SHS) is a suitable technique to investigate the 

orientational correlations between molecules. This article explores the organization of 

different dye molecules adsorbed within the hydrophobic porosity of hybrid organic-inorganic 

nanotube. Experimental polarization resolved SHS measurements highlight different 

orientational orders ranking from highly ordered and rigid organizations to disordered 

assemblies. Microscopic models of assemblies inside the pores are presented and discussed in 

the context of orientational correlation between the dye molecules. This work shows that the 

degree of order in the nanotube cavity follows the molecule’s affinity within the porosity. 

 

I. INTRODUCTION 

 

Second Harmonic Light Scattering (SHS), a process in which two photons at the 

fundamental frequency are converted into one at the double frequency, is widely used to 

investigate colloidal aqueous interfaces
1-4

 including water droplets
5, 6

, and biological 

membranes
7, 8

. The contribution of orientational correlations in SHS intensities has been 

known for decades
9
 and has recently found renewed interest to probe the molecular structure 

of various system such as liquid solution
10-13

,  supramolecular assembly
14

, or dye inclusion 



inside porous material
15

. More precisely, the SHS intensity of N emitters can be linked to the 

orientational correlation function g          by the formula
12

 : 

 

        
 
          

           

                                                  

(1) 

 

With G a general constant, q is the scattered wave vector equal to          ,   is the 

hyperpolarizability tensor expressed in the laboratory frame which depends on the orientation 

              of the molecule i. One recognizes in the equation (1) the usual separation 

into incoherent and coherent contributions.  In bulk liquids, the coherent term which describes 

the interferences between the waves scattered by two molecules, would average to zero if the 

instantaneous relative orientation of the two molecules were completely random. On the 

contrary, this term would become predominant if the molecules were highly correlated and if 

they kept a constant relative orientation when interacting with the light pulse. This condition 

can be realized when molecules are adsorbed onto a colloidal system or confined inside a 

porous material
16

. The strength of the different interactions, molecule-material, molecule-

solvent and molecule-molecule is the key point that drives this condition.  

Methylated imogolite (IMO-CH3) is an hybrid material
17

 formed by a single wall 

aluminosilicate clay nanotube displaying methyl moiety in the inner surface, making its cavity 

hydrophobic, while the external nanotube surface is hydrophilic due to hydroxyl groups. This 

material forms stable dispersion of monodisperse single digit hydrophobic nanopores 

(diameter ~1.8 nm) in water and has demonstrated its ability to encapsulate organic 

molecules
18-20

 thanks to the hydrophobic effect which pushes hydrophobic molecules inside 

the hydrophobic cavity. This material exhibits promising applications in environmental 

remediation such as dye and pollutant degradation
21

, and fuel production
22, 23

. Among the 

numerous questions about the mechanisms involved in such treatments, the orientation and 

the long range organization of molecules inside the nanotube is crucial to rationalize and 

better understand the microscopic steps that drive the chemical reactions
24

.  In a recent 

work
20

, it was demonstrated that an azoic dye can be adsorbed inside this cavity, and that 

Polarization Resolved SHS (PR-SHS) is able to probe its organization. The present study is 

extended to other dyes adsorbed inside the nanotube and different organization are 

highlighted. The PR-SHS evolution along the adsorption isotherm is used to disentangle the 

coherent and incoherent contribution in the whole SHS signal and thus to extract insights 



about the orientational order of the dye within the nanotube. Three different dye molecules 

are studied here, with different shapes, charges, and affinity with the nanotube. The 

manuscript is divided in two parts. First, the SHS response of free solvated molecules are 

presented. These experiments are refereed in the following as Hyper Rayleigh Scattering 

(HRS) experiment as the SHS intensity is mainly driven by the incoherent term of equation 1. 

From these experiments the hyperpolarizability tensor of each dye molecule can be evaluated. 

The second part presents results when IMO-CH3 nanotubes are added to the solution. 

Different models considering different orientational orders for the supramolecular dye 

assemblies within the pores are presented and discussed in regards to the experimental results. 

 

II. THEORETICAL BACKGROUND OF PR-SHS  

 

In the case of a solution containing free solvated dye, the PR-SHS signal is refereed as 

PR-HRS. This light can be written as the sum of two contributions, the solvent and the solute: 

 

             
             

    +            
       (2) 

 

The angles   and   are respectively the incident polarization angle and the output polarization 

state, (Γ = V) for vertically and (Γ = H) for horizontally output state, as depicted on Figure 

1A. The solvent contribution can be written as
12

: 

 

            
                  

                 
                        

            (3) 

 

where K is a constant prefactor including experimental parameters, Cs is the solvent 

concentration, Cs=55.56 mol/L for water, and the asolvent , bsolvent , csolvent coefficients depends 

on the hyperpolarizability components      of the solvent molecules and eventually on the 

orientational correlation function if the solvent exhibits long range correlation
12

. The dye 

contribution can also be written with the same formalism as: 
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with K is the same constant as in equation (2). The aHRS,dye ,b HRS,dye and cHRS,dye coefficients 

are here totally determined by the hyperpolarizability components      of the dye molecules 

as the dye are well dispersed and solvated in the solvent. 

 

 

Figure 1. A) The experimental setup with the input polarization angle ( ) and output 

polarization angle Γ, with V for Vertical and H for Horizontal polarization state. B) The three 

dyes molecules studied here are labeled in the following as DO3, sDiA and MG.  Their 

dimensions are given for the discussion.  

 

When colloidal IMO-CH3 nanotubes are added in the solution, the SHS signal 

becomes in this case a sum of tree contributions: the solvent contribution, the free dye in 

solution contribution and the adsorbed dye contribution. The nanotube contribution is 

negligible as it is justified in the Supporting Information. The whole SHS intensity of the 

sample is written as:  

 

           
                               

          +        
                     

      

(5) 

 

Here IHRS,solvent is the solvent contribution in the presence of imogolite nanotube. This term is 

slightly different than the pure water contribution as it can be seen in the Figure S5 in the SI. 

Here Cdye is the total concentration of dye in the system, Q is the amount of dye adsorbed 

inside the nanotube, expressed in mol/g, and Ce is the concentration of free dye in solution, 



expressed in mol/L. The relationship between Q and Ce is called the adsorption isotherm and 

will be presented and determined for each dye in the following. CNT is the mass concentration 

of nanotube in the solution expressed in g/L and is connected to Q and Ce by the mass 

conservation equation:  

 

              (6) 

 

The adsorbed dye contribution can also be expressed as: 

 

                 
           

               
                    

                           
             (7) 

 

K being the same constant as in equations 3-4. The aSHS,dye , b SHS,dye and c SHS,dye coefficients 

in equation (7) depends on the amount of dye adsorbed inside the nanotube Q, the 

hyperpolarizability components      of the dye molecules, and the orientational order of the 

adsorbed dye as depicted by the equation (1). In the following, different microscopic models 

will be presented and computed in order to calculate the value of these a SHS,dye , b SHS,dye and c 

SHS,dye coefficients. 

 

III. MATERIALS AND METHODS  

A. Chemicals 

The 4-(4-(dimethylamino)styryl)-1-methylpyridinium iodide (sDiA), MW=366.24 

g/mol, the Malachite Green Oxalate (MG), MW =463.5 g/mol and the Disperse Orange 3 

(DO3), MW=242.23 g/mol are obtained from Sigma Aldrich at a purity of respectively 98%, 

95% and 96 %. Absolute ethanol is also from Sigma Aldrich.  18 MΩ.cm water (MilliQ) is 

used. The IMO-CH3 nanotube synthesis is described elsewhere
20

 and additional details can be 

found in these published protocols
17, 25, 26

. The IMO-CH3 mass concentration, in the resulting 

suspension, is around 6.5 g/L and will be diluted to the adequate concentration. 

 

B. Sample preparation 

For the sDiA and MG dyes, a stock solution at 1 mM is prepared in water. From this 

stock solution, different samples containing the adequate dye concentrations and 0.25 g/L of 

IMO-CH3 nanotubes are prepared and equilibrated during 24 h.  For the hydrophobic DO3 



dye, the protocol is slightly different because the DO3 dye is not soluble in water. Then, a 

stock solution of DO3 in ethanol at 1mM is prepared. From this stock solution, different 

samples containing the adequate dye concentration in ethanol are prepared, the ethanol is then 

evaporated at room temperature and pressure, the residue was dispersed in the 0.25g/L IMO-

CH3 aqueous solution. The solution is also equilibrated during 24 h prior to the SHS 

measurements. 

 

C. PR-HRS and PR-SHS measurements 

The polarization resolved SHS experimental setup is detailed elsewhere
27

. Briefly, it was 

based on a femtosecond laser source operating at a fundamental wavelength of 800 nm with 

an average power of 750 mW onto the sample. This beam was focused by a microscope 

objective (Ealing 10×, numerical aperture 0.25.) onto the sample at 1 mm close to the output 

cell window. The SHS intensity is monitored in the right-angle direction as a function of the 

input polarization angle  , see Figure 1, which was selected with a rotating half-wave plate. 

The second harmonic light was selected in the   state by an analyzer placed in front of the 

spectrometer either in the vertical (V) or horizontal (H) state. All experimental data were 

recorded for 10 s under stirring conditions; a magnetic stirrer is operated in the 1 cm quartz 

cell measurement. All data, have been repeated independently three time and are well 

reproducible with a relative standard deviation never higher than 5%.  

 

D. Adsorption isotherm measurements 

 

For the sDiA and MG dye, the adsorption isotherms were conducted at 20°C using the 

depletion method in batch conditions. A series of dye having various initial concentrations 

ranking from 0.005 to 0.150 mM, in 0.25 g/L IMO-CH3 suspensions, were prepared. The 

suspensions were shaken overnight and filtered after using 0.22 μm PTFE filters. The 

equilibrium concentration of dye in the supernatant Ce is determined from UV−Vis 

absorbance spectra (JASCO V-670).  The dye concentration in the supernatant is measured at 

a wavelength of 449 nm for the sDiA and 620 nm for MG. For each initial dye concentration, 

the adsorption capacity Q is then determined by subtraction, according to the equation (6), 

and plot as a function of Ce. For the DO3 dye, we investigate different DO3 concentration in 

0.25 g/L IMO-CH3 suspension as described in the sample preparation section. When the total 

DO3 concentration is below 0.06 mM, all the dye are well solubilized and are all are 



incorporated inside the nanotube. When the total DO3 concentration exceeds 0.06 mM, dyes 

start to precipitate in solution.  

E. PR-HRS and PR-SHS modelling 

In the case of purely incoherent emitters, theory of PR-HRS is well known
9, 28

 and the 

hyperpolarizability components can be deduced from the experimental aHRS,dye, bHRS,dye, 

cHRS,dye coefficients. The full equations, depending on the symmetry of the molecular emitters 

are given in Supporting Information (SI). For the water solvent, more rigorous models
10

 can 

be used, taking into account both coherent contribution and hyperpolarizability fluctuation. 

As the contribution of the solvent is not the topic of this work, the incoherent model is simply 

considered here.  

For the case of the adsorbed dye contribution, the computational program PySHS
29, 30

  

has been used to compute the aSHS,dye , bSHS,dye , cSHS,dye coefficients given in equation (7) for 

different microscopic models of organization inside the nanotube. In all cases, a 250 nm 

monodisperse distribution for the nanotube length is considered in agreement with the 

typically average length observed by atomic force microscopy
31

 (additional details are in SI). 

The inputs of the program are the hyperpolarizability of the dye molecules      , the position 

and orientation (ri, i) of each dye adsorbed within the nanotube, and the optical parameters 

like the refractive index of the solution and laser wavelength. Different kind of organizations 

are considered: i) organization with well-defined orientations for each molecule and on the 

contrary, ii) organization with less defined orientation of the molecule. In this last case, it 

means that the orientations are randomly distributed. In such case, for similar microscopic 

configurations, we observed high fluctuations in the predicted SHS Intensity, with a typical 

Relative Standard Deviation (RSD) of about 40%. That is why, for each calculation, statistics 

has been evaluated on 30 sample configurations.  

 

IV. RESULTS AND DISCUSSION  

A. HRS Results 

Figure 2 presents the HRS intensity evolution as a function of the different dye 

concentrations and the corresponding polarization plots. Using the symmetry properties of 

each molecule, and an incoherent emitters model, the best molecular hyperpolarizability 

components are determined. All the solid lines presented in Figure 2 are obtained with the 

model equations (2-4) and (S7-S24) and with the hyperpolarizability tensor given in Table 1. 

The K constant defined in the equations (2)-(4) has been set at a fixed value equal to 0.064, in 



order to get the            equal to 1. In other words, it means that all the   components have 

been normalized by           value. The experimental data shows that the DO3 and sDiA 

molecules are 1D molecule with only the      not zero component as already shown in this 

work
32

. The MG dye, exhibits a main element, the      component, with a small contribution 

of the      component, in agreement with work reported in the literature
33

. Each molecular 

hyperpolarizability components deduced from the HRS studies presented here, will be used in 

the following as an input parameter for the different models.  

 

 

Figure 2. Left. HRS evolution in the (0° in, Vout) polarization state for the three different dye 

solutions. The MG and sDiA dyes are solvated in water whereas the DO3 is in ethanol 

solvent. The solid lines are obtained with the equations (2-4) and (S7-S24) with the 

hyperpolarizability components given in Table 1. The dashed lines are the solvent 

contribution in the HRS intensity: water contribution (blue) and ethanol contribution (black) 

Right. The polarization plots of the water contribution and the different dyes contribution, 

each dye being at 0.05 mM. The full circles are obtained in the Vout polarization 

configuration, and the empty square in the Hout configuration. The solid lines are the model 

equations (2-4) and (S7-S24) with the hyperpolarizability components given in Table 1. 

 

 

Table 1. Molecular hyperpolarizability components. All the components have been 

normalized by the           . 

 

Molecule Hyperpolarizability [a. u.]  



Water                          =0.7  

                                  =0.6  

DO3           

sDiA           

MG                                   

 

 

B. Adsorption Isotherm 

 

Figure 3 presents the adsorption isotherm determined for the two water soluble dyes, 

i.e. sDiA and MG. The experimental data are fit with a Langmuir like model, equation (8), 

and the parameters are given in Table 2.   

 

      
      

    
   (8) 

 

Here Q and Qmax are respectively the quantity adsorbed and its value at saturation, and a is the 

Langmuir Szyszkowski constant. The solid orange curve depicts the particular DO3 dye 

behavior. Indeed, for this dye, all the molecules are adsorbed inside the pore, with no dye free 

in solution, as long as the saturation is not reached. When the saturation is reached, the 

molecules are insoluble in the solution and that is represented on the Figure 3 by the dashed 

line. The comparison of these 3 behaviors shows that the dye’s affinity for the hydrophobic 

cavity follows the order: DO3 > MG > sDiA. 

 To get a microscopic view, a model of monodispersed length nanotubes is used in the 

following and justified in SI. The imogolite suspension is thus modelized by system 

composed of 250 nm monodispersed nanotubes. Considering this model, the adsorbed 

quantity Q expressed in mmol/g can also be expressed as a number of dye molecules per 

nanotube Ndyes/NT according to the following equation: 

 

                      (9) 

 

with NA is the Avogadro Constant,      is the linear mass of IMO-CH3,      1,4.10
-20

 

g/nm, and l is the length of the nanotube, i.e. 250 nm. 



  

Figure 3. Adsorption isotherm for the three dyes. The colored square are the experimental 

data points and the solid lines are the Langmuir model, equation (8). 

Table 2. Langmuir parameters obtained from the fit in Figure 3. 

 Qmax [mmol/g] a [mmol/l] Qmax [Ndyes/NT] 

DO3 0.24 0.000 506 

sDia 0.19 0.010 400 

MG 0.25 0.003 527 

 

C. SHS of Dye inclusion 

 

The Figure 4 top 1), 2) and 3) present the adsorbed dye contribution in the 

experimental SHS intensity as a function of the adsorbed quantity Q. To interpret these 

evolutions, different orientational orders depicted in Figure 4 down, are computed and 

compared with the experimental data. The position of each dye in the nanotube are regularly 

spaced and the different angles used to define the molecular orientation               are 

represented in Figure 4 down.  A first set of models, models A, B, C, deals with totally 

correlated dyes adsorbed inside the nanotube. These models consider different orientations, 

radial or axial of the dye inside the nanotube. The model A and B are no-centrosymmetric 

organization and exhibits thus a quadratic variation with Q, see Figure 4.1) as expected for 

totally correlated dye. On the contrary, the model C is a centrosymmetric organization and 

leads thus to a zero SHS intensity, see Figure 4.1). The second set of models, models D, E, F 

introduces more disorder in the organization. The model D is totally disorganized, which 

means that the orientation of each dye is totally uncorrelated to its neighbors. To simulate 

that, the orientation of each dye is assigned randomly. The models F, G are a mix of order and 



disorder. It means that two orientation angles,   and   are fixed, and   is randomly 

distributed in a more or less large interval as it is given in the Figure 4 down.  

 

 

Figure 4. Up. The adsorbed dye SHS contribution as a function of the adsorbed amount 

quantity Q for the different dyes 1) DO3 in the [0°,Vout] polarization state, 2) sDiA in the 

[0°,Vout] polarization state, and 3) MG in the [90°,Vout] polarization state. The black square 

are the experimental data points. The solid colors line and the color points are the calculation 

given by the different models described on the bottom of the figure 4. For the models A,B,C, 

as the microscopic configuration is fixed, the computation is always reproducible and thus no 

error bars are given. This is not the case for the models D,E,F, where error bars represent the 

standard deviation of the computation. In that case, the solid color line is a linear regression 

done on these points. The colored regions are a guide for the eyes.  

The variation of the DO3 SHS signal fits remarkably well with the model B (Figure 

4.1), supporting the hypothesis that the DO3 dye adsorbed with trimers of tail–head 

molecules. These trimers probably form a chain spanning the whole nanotubes as discussed in 

a previous work
20

 with PR-SHS measurements. The evolution presented in Figure 4.1) shows 

that this model is valid over all the adsorption process, and that the DO3 dyes fill as trimer the 

nanotube even at low density. They do not exist as monomer in the nanotube.  On the 

contrary, the variation of the sDiA SHS signal matches with the model D domain (Figure 4.2), 

represented by the red area, with no correlation between the dyes. The filling of the nanotube 

with the sDiA dye is less compact and the average distance between sDiA dyes is larger than 

for the other dyes, DO3 and MG. This probably allows movements and such disorder. The 



Figure 4.3 presents the variation of the MG SHS signal on a different polarization 

configuration (90°,Vout) because for this system, the sensitivity is better. The SHS intensity 

is smaller than the no correlation model D. This likely means that the MG dyes are organized 

in a close to centrosymmetric organization where the interferences between the second 

harmonic light emitted by the dye partially cancelled. The microscopic organization is thus 

not strictly the model C which would give zero SHS contribution. That is why two different 

models, E and F in Figure 4.3), that are close to a centrosymmetric organization are tested. 

The model F is closer to a centrosymmetric organization than the model E which is defined 

with a larger variation range of the   angle. The comparison with the experimental data 

shows that the model E is better to reproduce them. It is difficult at this point to precisely 

assert how are organized the MG dyes as different microscopic configuration can lead to the 

same SHS intensity. Nevertheless, it is also clear that the disorder model D does not work and 

that a close to centrosymmetric organization is requisite to explain these data. From the shape 

of the MG dye and the size of the cavity, the models E and F seem probable. To summary this 

part, three different dye behaviors within the nanotube can be distinguished. Firstly, the DO3 

dyes are adsorbed with a constant relative orientation leading to a large coherent contribution 

in the SHS intensity. Secondly, the sDiA dyes are adsorbed with no organization inside the 

nanotube leading to pure incoherent SHS intensity. Finally, the MG dyes are adsorbed with a 

partial order inside the nanotube leading to a weak contribution of the coherent part. As the 

organization may be close to a centrosymmetric assembly, the global SHS intensity is weaker 

than a pure incoherent contribution. It can be noticed that the trend in the organization order 

follows the molecule’s affinity within the porosity according to: DO3>MG>sDiA. 

 

V. CONCLUSION 

 

This work explores the orientational order of different dye inclusion inside hybrid 

imogolite nanotube in the context of polarization resolved SHS. Three different dye 

molecules behavior inside the nanopore are analyzed. The most hydrophobic dye, the DO3 

molecule, exhibits the highest affinity with the nanotube, and a dominant coherent 

contribution in the SHS intensity is observed. Along the possible microscopic organizations, 

the tail–head trimers assembly parallel to the nanotube wall, is the only configuration that can 

reproduce the experimental data. The second dye in term of the affinity with the material, is 

the MG dye. The analysis of the SHS intensity shows that this dye adsorbed inside the 

nanotube with a not negligible coherent contribution in the SHS intensity. Considering the 



space available within the nanotube, this contribution is attributed to a radial organization, i.e. 

with a   angle around 90°, and with degrees of freedom for the   angle. The last system, the 

sDiA dyes, show less affinity with the nanotube and exhibits no coherent contribution in the 

SHS intensity. This is attributed to a more disorder organization inside the nanotube. Our 

study provides a systematic investigation of the dye correlation inside porous material, the 

influence of the order/disorder incidence onto the PR-SHS signal and offers practical 

methodology to test different microscopic organization. One perspective of this work would 

be to validate the approach developed here by a direct comparison with molecular dynamics 

trajectory. 

 

SUPPLEMENTARY MATERIAL 

See the supplementary material for : 1) Theory and equations used in the calculation ; 2) 

PySHS calculation : a step by step example ; 3) Comparison between the PySHS calculation 

versus an analytical model ; 4) Effect of the nanotube length on the SHS Intensity ; 5) 

Additional experimental data 6) AFM Information about the length of the nanotube  
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