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ABSTRACT  

Imogolite nanotube (INT) is a fascinating one-dimensional (1D) material that can be synthesized 

in liquid phase. Its behavior in solution is crucial for many applications and depends on the 

organization of water at the liquid-wall interface. We study here this water organization by using 

the nonlinear optical technique of polarization resolved Second Harmonic Scattering (SHS). A 

microscopic model is proposed to interpret the origin of the coherent SHS signal recovered in 
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this 1D colloidal system. This work demonstrates that SHS technique is able to probe the shell of 

water molecules oriented around the nanotubes. Water organization results from the electric field 

induced by the nanotube walls and it is strongly dependent of the ionic strength of the 

suspension.  

 

TOC GRAPHIC 

 

Over the past decade, optical Second Harmonic Scattering (SHS) has demonstrated its ability 

to probe the surface of colloidal particles in solution
1-8

. SHS is a combination of light scattering 

technique and Second Harmonic Generation (SHG), a process in which 2 photons at the 

fundamental frequency are converted in one photon at the harmonic frequency. For charged 

particles dispersed in a solvent medium, both the solvent molecules adsorbed on the particle 

surface and those oriented in the Electric Double Layer (EDL) surrounding the particle can 

generate the second harmonic fields that interfere constructively to give a detectable and 

coherent SHS signal
9
. This overall signal differs from the one obtained with randomly oriented 

molecules in a liquid, which results from an incoherent process, namely, hyper-Rayleigh 

scattering (HRS)
10-14

. In the colloidal field, SHS is able to give microscopic information about 

the system organization like the number of adsorbed molecules
7
, their orientations

1
, the length of 
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the electric double layer
9
 or the surface potential

3
. So far, the use of SHS has mostly been 

restricted to suspensions of spherical nanoparticles
1, 15, 16

 and, few work deals with anisotropic 

suspension
17

 like platelets
6
 or cylinders

18
, this last publication being purely theoretical. 

One-dimensional nanoparticles, whose aspect ratio-defined by the ratio of length to diameter- 

is much higher than one, are the subject of intensive research as interesting building blocks for 

hierarchical assembly of functional nanostructures
19, 20

. In many cases, their colloidal properties 

are a crucial aspect for their use. For instance, aqueous two-phase extraction based separation of 

surfactant dispersed carbon nanotubes, these iconic objects of nanoscience, is in constant 

progress
21, 22

. It should also be underlined that the colloidal properties of clay nanotubes, a 

unique class of nanostructured materials, are considered in environmental and industrial 

applications
23, 24

. Among them, synthetic imogolite nanotubes (INT)
25, 26

 constitute a specific 

case of inorganic hollow nanostructures, truly nanometric in diameter. Understanding water 

organization around and inside INT represents an essential step for a wide range of 

applications
26

, as catalytic and photocatalytic nanoreactor
27

, as liquid crystal
28, 29

 or for water 

depollution
30

. Most experimental and computational works have focused on water confined 

inside nanotubes
31-35

 in the context of the recent development of nanofluidics
36

. Water outside 

the nanotubes was only studied very near the nanotube, with the modulation of its density profile 

on a few angstroms and the analysis of nanotube curvature effect on its hydrophilicity
37

. While it 

is known that imogolite walls are polarized
38, 39

, the polarization of water molecules around the 

nanotubes, has never been addressed, either by numerical computations or experimentally. This 

may affect the dipole ordering of water molecules. The present study on the structuring of water 

around imogolite nanotubes by SHS is therefore positioned in a particularly open context, both in 
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terms of the applicability of the SHS method to 1D colloids and from the perspective of the 

physical chemistry of imogolite colloids. 

The imogolite nanotubes chosen for our investigation are double-walled aluminogermanate 

nanotube with nominal stoichiometry GeAl2O7H4. Their walls are paved with AlO6 octaedra and 

GeO4 tetraedra, as shown in Fig. 1A. Double-walled imogolite nanotubes with different lengths 

have been synthesized by wet chemical approaches (see Supporting Information for details on 

the synthesis conditions), to probe the effect of the aspect ratio of these tubular objects on water 

properties. Two different batches were obtained, referred to as “short INT” and “long INT” 

batches. In both batches, nanotubes have a monodisperse outer diameter of around 4.4 nm
40, 41

. 

Transmission electron microscopy (TEM) observations allow for the characterization of length 

distributions (Figure S1). “Short INT” length distribution follows a log-normal law, the average 

length being 18 nm and “Long INT” length distribution is found to be bimodal with a 

contribution of the longest nanotubes around 750 nm. A schematic representation of the 

experimental setup for SHS measurements is shown in Figure 1B and details about this setup are 

given in the Supporting Information
6
. The wavelength of the incident beam is fixed at 800 nm. 

Figures 1C and D present the polarization resolved SHS intensities for the two INT suspension 

batches with respect to the polarization plots for pure water. The concentration in nanotubes of 

both suspensions, noted [INT], is fixed at 0.5 g/L, low enough to avoid any orientation effect due 

to interactions between nanotubes
42

.  
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Figure 1. A) Structure of a double-walled aluminogermante INT. AlO6 octahedra are drawn in 

blue, GeO4 tetrahedra in green, oxygen and hydrogen atoms are represented with red and white 

circles, respectively. B) A schematic representation of the experimental setup, notations used and 

system studied with long and short INT batches C) SHS polarization plots for pure water in blue 

and long INT batch suspension ([INT]=0.5g/L) in red. Empty squares correspond to the Hout 

polarization state and full circles to the Vout polarization state. The continuous line and dashed 

lines are fits according to equation (1). D) Same as figure C for the short INT batch suspension 

([INT]=0.5g/L) in orange.  
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The polarization plots differ significantly from those pure water in the case of long INT 

batch but remains close to pure water for the short INT batch. To discriminate the incoherent and 

coherent contribution in the whole SHS signal, polarization resolved SHS measurements are 

analyzed as a function of the input polarization angle 
43

, and decomposed in a Fourier series:  

              
          

        )        
             (1) 

Here     
  is a constant,       

  and       
  are the amplitudes of the second and fourth harmonics 

in the series, respectively. The index refers to the selection of the second harmonic light either 

in the vertical (Vout) or horizontal (Hout) states. The parameter I2 is related to the local 

microscopic structure, i.e. the first hyperpolarizability of the water molecule and I4 to the long-

range correlations. In the case of uncorrelated species, SHS is a purely incoherent phenomenon 

and the amplitude I4 vanishes
43

. On the contrary, when molecular orientations are correlated, the 

scattered photons have a well-defined phase relationship and I4 differs from 0. Experimental 

coefficients for the two INT batches and bulk water are reported in the three last columns in 

Table 1. The evolutions of the Vout states coefficients as a function of the INT concentration in 

suspension are drawn in Figure 2 (left). The Hout evolutions are not discussed in the following as 

they are less significative concerning the I4 coefficient (see Table 1). The SHS signal comes a 

priori from three different sources: (i) a contribution from bulk water molecules, which is mainly 

an incoherent contribution, and is referred to as “bulk contribution”; (ii) a coherent contribution 

coming from water molecules oriented around the INT, named “organized water contribution” 

and (iii) a contribution of the imogolite itself. We will show in the following that this latter 

contributes only marginally. Neglecting this contribution, the SHS intensity is written as:  

                     +                   (2) 
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where each term can be developed in a Fourier series: 

                 
          

          
        )         

             (3) 

                           
              

              
        )              

            (4) 

The normalized amplitudes in the harmonic development are defined as: 

  
  

  
 

  
    (5)  

and    
  

  
 

  
   (6) 

The amplitudes  
      
          in equation (1) are thus given by:  

 
      
  

       
   

          
 

     
   

            
 

       
              

 

   
          

 

     
   

            
 

       
  

  (7) 

We propose in the following a simple model of the water molecules organization to interpret 

quantitatively the evolution of  
      
  amplitudes.  
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Figure 2. (Left) Evolution of the I2
V
 and I4

V
 amplitudes with the effective suspension 

concentration as defined in equation S1, for the short and long INT batches: red color for long 

imogolite batch and orange color for short imogolite batch. The solid line is the model equations 

(8-9) with the following parameters: R=2.2 nm,  I2, bulk
 V

 = 0.78, I4, bulk
 V

 = 0.00, d=750 nm, I2, 

organized
 V

 = 0.10, I4, organized
 V

 =- 0.79, l=6 nm and f2=          for long INT batch, and R=2.2 

nm,  I2, bulk
 V

 = 0.78, I4, bulk
 V

 = 0.00, d= 20 nm , I2, organized
 V

 = 0.70, I4, organized
 V

 = -0.21, l=6 nm and 

f2=         for short INT batch as presented in Table 1. (Right) a schematic representation of 

the model with the l and d parameters. The arrows in the magnifying glass depict domains of 

organized water as defined in the computational simulation.  

Model of organized water surrounding the INT. The nanotubes are modeled with a monodisperse 

length d=20 nm or 750 nm for short and long INT batches respectively. The organized water 

contribution is modeled by a cylindrical shell of oriented water molecules surrounding the INT, 

as depicted in Figure 2. The harmonics amplitudes  
      
  are expressed as a function of the shell 

extension   in the radial direction. Under these assumptions, the equation (7) becomes:   
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   (8) 

where               
     

    
                         (9) 

Here R is the nanotube radius taken to 2.2 nm,      is the linear mass of the INT,        is the 

water density, [INT] is the imogolite suspension concentration in g/L. The         factor is the 

ratio between i0,organized and i0,bulk and additional details are given in SI to calculate its value. As 

the bulk contribution is considered as mainly incoherent, the  
       
  coefficients depends only of 

the water hyperpolarizability, while the  
            
  coefficients are evaluated with a 

computational program
44, 45

 based on a microscopic model of water domains oriented radially 

around the INT (see details in SI). The inputs of this program are the hyperpolarizability of the 

water molecule and the position and orientation of each water domain. A significant number of 

around 20000 water domains are placed in the shell as depicted by the arrows in Figure 2. The 

characteristic size of the water domains must be small enough compared to the incident laser 

wavelength in order to account properly for the field retardation effect.
43

 As shown in Table S1, 

the numerical outputs of the computational simulation do not depend of the domain volume 

provided it is smaller than 100 nm
3
, which is thus the maximum volume used. The 

hyperpolarizability of water 


 used in the computational program

is

46
:                    

                                             . All these values are given in atomic 

units where 1 a.u. = 3.206 *10
-53

 C
3
m

3
J
−2

. The coefficients  
  
  computed by the model are 

presented in Table 1 for both the long and short INT batches. 
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Table 1. The   
  values computed for suspensions at 0.5g/L, with l=6 nm and d=750 nm for long 

INT batch and d=20 nm for short INT batch, versus the experimental values. The        
  and 

            
  are computed with the PySHS program, the       

  values are obtained using equations 

(8-9). For experimental results, the errors bars in the   
  parameters are evaluated to +- 0.02 by a 

repeatability study.  

 Computational model 

long INT  

Computational model 

 short INT 

Experiments 

 Ibulk Iorganized ISHS Ibulk Iorganized ISHS  Pure 

water 

long 

INT  

short 

INT  

  
  0.78 0.10 0.34 0.78 0.70 0.75 0.77 0.30 0.74 

  
  0.00 -0.79 -0.41 0.00 -0.21 -0.05 0.04 -0.36 -0.02 

  
  0.00 0.60 0.25 0.00 0.03 0.00 0.00 0.19 0.00 

  
  0.00 0.04 0.03 0.00 0.00 0.00 0.00 0.05 0.00 

 

Discussion about modelling and experiments. The experimental polar plot of pure water gives 

numerical values of  
      
  close to those predict with the model of incoherent water. The very 

weak positive value of I
V

4 found for experiments performed on bulk water may be due by long 

range orientational correlations in liquid water
43

. The evolutions of       
  with the concentration 

in mass of the nanotubes (Figure 2) and the nanotube size (table 1) are well reproduced with the 

model for a shell extension   around 6 nm. This size can be compared to the Debye length
47

: 
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   = 
   

    
  

   

          
  (10)    

where Cel is the electrolyte concentration, with           for Cel  in mol/L and    in nm; the 

electrolyte concentration is the sum of a concentration of residual ions coming from the synthesis 

(Cres ≃100 mol/L, see SI) and of the concentration of electrolyte possibly added further (Cadd). 

The simple model of anisotropic objects assuming at the first order a monodisperse distribution 

for the d parameter describing the size of the INT is able to well reproduced all the experimental 

data, without any fit and for a shell extension parameter l set around 6 nm. The origin of a high 

negative value in the I4
V
 parameters is clearly attributed to the orientation of water on this 

characteristic length which is about a fifth of the Debye length in this condition. 

Effect of the ionic strength on the surrounding water shell. Figure 3A presents the evolution of 

the Vout polarization plot under the NaCl salt addition for suspensions of long INT. The evolution 

of       
  parameter, determined according to equation (1), is presented in Figure 3B as a function 

of the addition of various inorganic, organic, weak or strong electrolytes but also of non-

electrolyte solutions. For all the inorganics electrolytes tested here, i.e. NaCl, CsNO3, HCl, 

NaSCN, the evolution is nearly the same with a large change in the I4
V

SHS parameter under the 

10-100 M ion addition range. At ionic strength higher than 0.5 mM (see green data in Figure 

3A) the polarization plots are similar to the signal obtained for pure liquid water shown in Figure 

1A. This result validates the above assumption that imogolite does not exhibit any intrinsic 

nonlinear response and that the difference in the polarization plots comes from the oriented and 

organized water domain surrounding the INT. The solid lines in Figure 3B represents the I4
V

SHS 

parameter computed with the model equations (8-9). It reveals that the size of the oriented water 

domains decreases and falls to zero with the addition of ionic species in line with the decrease of 
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the Debye length. Moreover, our experimental results are independent of the chemical nature of 

the ion pairs studied demonstrating the effectiveness of the SHS signal in probing the organized 

water in the first layer. To go further, the effect of adding non-electrolyte molecule like ethanol 

or weak organic electrolyte compounds (acetic CH3COOH and formic CH2O2 acids) has been 

investigated. In this last case, the quantity of electrolyte added in the suspension is estimated by 

solving numerically the quadratic weak acid equation, which is written:  

   
    

         
  (11) 

where X= CH3COO
- 

or CHOO
-
, [X] is the molar concentration in X species, Ka is the acid 

constant equal to 3.75 for formic acid and 4.75 for acetic acid and Cacid is the molar concentration 

addition of the acid species. The results are the same as for the inorganic ions, which confirms 

the conclusion done on these species. On the contrary, in the case of ethanol, the       
  parameter 

remains constant, showing that such non-ionic molecules do not play any role in the water 

organization around the INT.  
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Figure 3.  A) Vout polarization plot for NaCl salt addition in the long imogolite suspension at 0.5 

g/L. B) The       
  evolution after different compounds addition in the long INT suspension at 0.5 

g/L. The black solid line is the model equations (8-9) with the following parameters d=750 nm, 

R=2.2 nm, [INT]=0.5 g/L,        
 = 0.00,             

 = -0.79,   
  

 
 . For formic and acetic acid 

addition, the quantity of CHCOO
-
 or CH3COO

-
 ions is estimated according equation (11).  
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In summary, this letter highlights for the first time the relevance and potential of the SHS 

technique in probing the water organization around 1D imogolite nanotubes in suspension. The 

SHS measurements are analyzed in terms of coherent and incoherent SHS contributions. The 

model developed here is able to compute both contributions from microscopic organization, 

allowing a direct comparison from the experimental data obtained on suspensions of INTs with 

different aspect ratio. The modeling demonstrates that the SHS coherent contribution observed 

for highly anisometric nanotubes arises from the radially oriented water molecules surrounding 

the nanotube. At low ionic strength, those molecules are aligned with the electric field coming 

from the charged INT wall on a distance in the range of 5-6 nm. The I4
V
 parameter exhibits large 

variation for ionic strength in the 10-100 M range for long INTs. This parameter is independent 

of the chemical nature of the monovalent ion pairs studied here but it remains constant when 

non-ionic molecules like ethanol are added in the suspension. The model and the related 

numerical code developed here are quite general and open new perspectives to probe the electric 

double layer extension in any 1D colloidal system.  

Notes 

The software package presented and developed for this work is available on GitHub at the 

following url: https://github.com/pmgassin/SHS_simulation.git 

The authors declare no competing financial interests. 
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Supporting Information. Additional information about Imogolite synthesis and 

characterization, evaluation of the long imogolite mass concentration in urea batch, SHS 

experimental setup,  derivation of the model of bulk and organized water, the computational 

model used to calculate the             
  and             

   parameters, and additional polarization 

resolved plots predicted by the model for different length l.  The following files are available free 

of charge. 
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