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Abstract 

Thanks to the use of small-angle neutron scattering (SANS), a detailed structural description 

of thermosensitive polymer-grafted cellulose nanocrystals (CNCs) was obtained and the 

behavior of aqueous suspensions of these derivatized biosourced particles upon temperature 

increase was revealed. Although literature data show that the surface grafting of 

thermosensitive polymers drastically enhance the colloidal properties of CNCs, direct space 

microscopic investigation techniques fail in providing sufficient structural information on 

these objects. In the case of CNCs decorated with temperature-sensitive polyetheramines 
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following a peptide coupling reaction, a qualitative and quantitative analysis of SANS spectra 

show that CNCs are homogeneously covered by a shell comprising polymer chains in a 

Gaussian conformation with a thickness equal to their radius of gyration in solution, thus 

revealing a mushroom regime. An increase of the temperature above the lower critical 

solution (LCST) of the polyetheramine results in the formation of finite size bundles whose 

aggregation number depends on the particle concentration and suspension temperature 

deviation from the LCST. SANS analysis further reveals local changes at the CNC surface 

corresponding to a release of water molecules and related denser polymer shell conformation. 

Noticeably, data show a full reversibility at all length-scales when a sample was cooled down 

below the LCST after being heated above it. Overall, results obtained by SANS allow an in-

depth structural investigation of derivatized CNCs that is of high interest for the design of 

functional materials comprising these biosourced colloids. 

 

Introduction 

Cellulose nanocrystals (CNCs) appear as unique rod-like biosourced colloids that are 

attracting growing attention from both the academic and industrial communities. The reasons 

for this interest are manyfold. From a material science point of view, CNCs display a range of 

highly valuable properties such as renewability, biodegradability, lightweight, nontoxicity and 

impressive mechanical properties with an axial elastic modulus estimated between 110 and 

220 GPa and further benefit from a recent intensification of their industrial-scale production.
1-

3
 CNCs can also have variable dimensions that depend on their biological origin and to a 

lesser extent on the hydrolysis conditions, leading to a tunable aspect ratio, along with 

adjustable charge density and charge type, making them model colloids.
4-5

 From a colloidal 

science perspective, CNCs exhibit spectacular properties such as ability to be oriented in 

magnetic and electric fields, to stabilize emulsions and to self-organize into chiral nematic 
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liquid crystals, leading to iridescence properties.
6-13

 All these characteristics make CNCs good 

candidates for a wide variety of applications, e.g. as reinforcing agents in nanocomposites or 

packaging, as rheology modifiers in cosmetics, paints or oil recovery, as well as additives in 

biomedical devices.
14

 In many cases, the implementation of additional CNC functionalities is 

required, such as stimuli-responsiveness or fulfilling compatibility conditions of CNCs with 

the solvent or matrix. To achieve this, a large range of surface functionalization strategies has 

been developed, mostly based on chemical modification or adsorption of molecular or 

macromolecular species.
15-18

 In this framework, we could show that the covalent grafting of 

thermosensitive polymer chains (Jeffamine® polyetheramine M2005, with a lower critical 

solution temperature, LCST, of about 16°C) onto the surface of CNCs can be efficiently 

achieved using a peptide coupling strategy. Unlike their as-prepared counterpart, the resulting 

polymer-decorated CNCs exhibited a new range of properties: colloidal stability at high ionic 

strength in aqueous media, redispersion ability in organic solvents, amphiphilic character, 

thermoreversible and pH-sensitive aggregation, and finally temperature-induced gelation.
19-20

 

Importantly, this grafting maintained the self-organization properties into cholesteric phase 

and favored a smaller helical pitch.
21

  

The characterization of the dimensions bare- and derivatized CNCs has become a major 

concern since the particle size and shape are key in a number of physical processes such as 

percolation or self-organization, directly impacting mechanical or optical properties.
22

 In the 

case of polymer-decorated CNCs, the object comprises a flexible polymer shell exhibiting a 

solvent-dependent conformation and surrounding a crystalline cellulosic core. The 

determination of the structural features, including dimensions and conformation, of this dual 

structure is a challenging task that requires specific tools. Indeed, conventional microscopic 

techniques such as transmission electron microscopy (TEM) or scanning electron microscopy 

(SEM) do not allow the visualization of the polymer corona in its hydrated state and can 
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suffer from sample preparation artifacts. Even if cryo-TEM is able to reveal structural features 

of the objects in their suspended form, it is restricted to low-concentration samples and the 

lack of contrast prevents imaging the low-density polymer shell around the high-density 

cellulosic core. In contrast, scattering techniques such as small-angle neutron and X-Ray 

scattering techniques (SANS and SAXS) are well-suited to extract the detailed structural 

features of such hairy particles in the nano- to submicron length scale. SANS and SAXS also 

benefit from the possibility to probe samples in their original state in a very broad 

concentration range and under various experimental conditions. Moreover, these statistically 

relevant methods probe a large number of particles when compared to EM techniques. While 

SAXS and SANS have already been used to characterize the dimensions and the assembling 

or aggregation properties of as-prepared CNCs,
23-37

 they have been barely used to characterize 

coated or derivatized CNCs.
38-40

 In this work, we successfully used SANS to unravel the 

structural features of polyetheramine-grafted CNCs, including the determination of the 

characteristic sizes as well as the grafted polymer shell conformation below and above its 

LCST. To this end, both a qualitative analysis based on the characteristic decays and 

quantitative fitting procedures based on models were used. The extent and reversibility of the 

temperature-induced aggregation were also investigated at multiple length scales. 

Experimental section 

Materials. Cotton linters were provided by Buckeye Cellulose Corporation and used as is. 

Jeffamine® polyetheramines M600, M2005 and M2070 were donated by Huntsman 

Corporation. These polymers are statistical amine-terminated copolymers of ethylene oxide 

(EO) and propylene oxide (PO). Table 1 summarizes the EO/PO ratio, molecular weight and 

LCST of the three polyetheramines used. Other chemicals were purchased from Sigma-

Aldrich. Deionized water was used for all experiments. 
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Cellulose nanocrystals (CNCs) 

CNCs were obtained from the sulfuric acid hydrolysis of cotton linters with small 

modifications to the method described by Revol et al.
41

 Briefly, the cellulose was treated with 

65 wt.% sulfuric acid for 30 minutes at 63 °C. The suspension was washed by centrifugation, 

dialyzed against distilled water, and sonicated for 4 min with a Branson model 450 sonifier at 

30% intensity. After these treatments, the suspensions was filtered through 5 m and then 

1 m cellulose nitrate membranes (Sartorius) and the resulting 2.3 wt.% suspension was 

stored at 4 °C. To avoid any bacterial contamination, some chloroform was added to the 

suspension. Conductometric titration and elemental analysis gave a sulfur content value equal 

0.7%. Combining these values with the size of the particles allowed us to estimate the average 

surface charge density as 0.48 e
-
/nm

2
. A zeta potential of -46  5 mV was determined with a 

NanoZS instrument from Malvern on a 0.1 wt.% CNC suspension using the Smoluchowski 

approximation.  

 

Carboxylation of Cellulose Nanocrystals by TEMPO Oxidation. Cellulose nanocrystals 

resulting from sulfuric acid hydrolysis of cotton linters were subjected to TEMPO-mediated 

oxidation as previously reported.
19, 42-44

 NaBr (1.588 g, 15.4 mmol) and TEMPO (135 mg, 

0.86 mmol) were added to 500 mL of a 1 wt.% cellulose nanocrystals suspension (30.8 mmol 

anhydroglucose units) and magnetic stirring was applied for 1 h. NaOCl (1.46 M, 21.1 mL 

corresponding to 1 equivalent per anhydroglucose unit) was then added dropwise under 

stirring to the cellulose suspension. During NaOCl addition, the pH was maintained at 10 by 

using a 0.5 M NaOH solution. When the pH value stabilized, the TEMPO reaction was 

stopped by adding methanol (20 mL) and the pH was adjusted to 7 with 0.5 M HCl. The 

resulting suspensions were washed three times with distilled water by successive 

centrifugation at 20,000 g and redispersion. 0.5 M NaCl was added to facilitate the 
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nanoparticle separation and the washing procedure was repeated three times using a 0.1 N 

HCl solution. After dialysis against distilled water, a colloidal suspension stable over years 

was obtained.  

Polymer grafting by peptidic coupling in water. The grafting of amine-terminated 

Jeffamine® polyetheramines was achieved through peptidic coupling according to Bulpitt and 

Aeschlimann
45

 and is described in more details in our previous works.
19-21

 The pure polymer 

was added (Np moles per carboxyl unit measured by conductometry) to a 1 wt.% carboxylated 

CNC suspension and stirred until dissolution. The reaction was performed at 4 °C to ensure 

that the macromolecules were under good solvent conditions. The pH was adjusted to 7.5-8.0 

before the addition of 2 mL of an aqueous solution containing N-(3-dimethylaminopropyl)-

N’-ethylcarbodiimide hydrochloride (EDAC) and N-hydroxysuccimide (NHS) (NEDAC and 

NNHS mol per carboxyl group, respectively). The reaction was carried out with 

NP = NEDAC = NNHS = 4. The reaction lasted 24 h at room temperature under stirring while 

maintaining the pH of the mixture at 7.5-8.0 using 0.5 M NaOH or 0.5 M HCl. The pH was 

finally lowered to 1-2 by addition of 0.5 M HCl and the resulting suspension was dialyzed 

against distilled water to remove excess reagents including non-grafted polyetheramines. 

Unless otherwise stated, the pH of the suspension was about 7.5. As described in our previous 

work,
19

 the degrees of substitution were measured by conductometric titration and solid-state 

NMR and values ranging from 0.02 to 0.05 mol of polymer per mol of anhydroglucose unit 

were found depending on the reaction conditions.  

 

Small Angle Neutron Scattering (SANS). SANS experiments were performed either 

at Laboratoire Léon Brillouin (Saclay, France) on the instrument PAXY or at Institut Laue 

Langevin (Grenoble, France) on the instrument D22. On PAXY or D22, three configurations 

(average wavelength and detector distance being, respectively, 5 Å at 1 m, 5 Å at 5 m and 



7  

13 Å at 5 m) or two configurations (5.86 Å at 2 m and 5.86 Å at 14 m) were used, 

respectively, to access a momentum transfer range   from 4.10
-3

 Å
-1

 to 0.4 Å
-1

. The radially 

averaged spectra were corrected for solvent, empty cell, incoherent scattering and background 

noise to yield intensity, I, in cm
-1

 vs scattering vector,  , in Å
-1

 plots. The general expression 

of the scattering intensity as a function of   for rigid centrosymmetric objects of 

homogeneous scattering length density (SLD),  , is 

                                   (1) 

where         is the difference in SLD between the considered particles and the solvent, 

  is the number of particles per unit of volume,   is their individual volume,      is the form 

factor (related to the shape and size of the particles) and      is the structure factor 

(describing the interactions between the particles). With this notation, the volume fraction is 

    . 

Form factors for SANS data analysis. As-prepared cotton CNCs were shown to be 

comprised of 2 to 3 laterally aggregated elementary crystallites.
46

 In agreement with these 

results, dilute suspensions of as-prepared CNCs were fitted using the form factor of a 

rectangular parallelepiped, averaged over all orientations in space (Eq. 1). For this purpose, a 

concentration of 1 wt.% was assumed low enough to neglect the interactions between the 

CNCs and consider that        over the whole Q-range (i.e., the system behaves like a 

perfect gas). It was further recently shown that this model was very well adapted to fit the 

SANS spectrum of 0.78 wt.% CNCs derived from Whatman filters, which is very close to our 

experimental conditions.
23

 

The form factor      is defined as the squared modulus of the scattering amplitude     . To 

simplify the notations used throughout this work, we introduce for a simple rectangular 
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parallelepiped the volume-weighted form factor amplitude                 

                , defined as
47-48

 

                           
 

 
      

 

 
      

 

 
   (2) 

where H, W and L respectively stand for the height, width and length of the CNC rods, 

                is the 0th-order spherical Bessel function of the first kind and    

         ,              and         . The angles   and   are the polar and 

azimuthal angles in spherical coordinates and allow for the orientation average of the volume-

weighted form factor over the full solid angle: 

          
 

 
                        

   

 

   

 
 (3) 

This latter expression describes the case of anisometric scatterers that are freely 

rotating in suspension, and, in the following, all integrals for orientation averaging will be 

shortened for convenience as       . Combining Equations 1, 2 and 3, the scattering intensity 

for a parallelepipedic CNC is then given by        CNC
   CNC

          , where  CNC  

    is the volume of a single CNC. 

For polymer-decorated CNCs, first a core-shell rectangular parallelepipedic model was 

considered (“model 1”), where the core consists of a CNC with a scattering length density 

 CNC and the shell consists of a polymer layer with a SLD   oly. This model considers the 

polymer shell as a homogeneous one, with a smooth interface, and therefore does not take into 

account the polymer conformation. For this first model, the SLD-weighted and volume-

weighted scattering amplitude,   CNC  oly
model    , is given by 

  CNC  oly
model        oly              CNC    oly   CNC    (4) 
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where   CNC                    and                                 are 

derived from Equation 2, and   is the thickness of the polyetheramine shell. Finally, the total 

scattering intensity of this core-shell parallelepiped can be written as: 

  CNC  oly
model        

      CNC  oly
model     

 
 
 

 (5) 

where the total scattering volume    is now including the thickness h.  

A second model (“model 2”) considering parallelepipeds with grafted Gaussian chains 

was also used.
49-50

 The complete equation for this effective, SLD-weighted and volume-

weighted form factor is given by: 

 

  CNC  oly
model       CNC

    CNC    
  

      oly   oly 
 
        

    CNC  CNC       oly   oly                                 

            oly   oly 
 
         

                         

 

  (6) 

where the first term on the right hand side accounts for the form factor of the bare CNC (see 

Eq. 2) and the second term for the contribution of    polyetheramine chains, by means of the 

Debye function,        . This function corresponds to the self-correlation term of a 

Gaussian chain polymer of radius of gyration   :  

          
       

  , where        
 
 (7) 

The third term in Equation 6 is the cross-term between the core CNC and the polyetheramine 

chains, and the fourth and last term corresponds to the cross-term among two chains.
42-43

 In 

these last terms, the function         represents the equivalent scattering amplitude of the 

Gaussian chain:  
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, where        

 
 (8) 

The parameters   oly and    are, respectively, the volume of a polyetheramine chain block 

and the number of grafted chains on the surface of the parallelepiped. Here again, we use the 

notation          , where i stands for cellulose (CNC) or polyetheramine (Poly). The 

function            corresponds to the scattering amplitude of a parallelepiped shell of 

infinite-thin thickness with dimensions      , and dRg represents the distance between the 

CNC core surface and the center of mass of the polymer chain. The function       

2   , +2   , +2    thus describes the distribution of the grafted chains along the 

surface of the core. Its expression is given by:  

           
  

        
cos    
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 (9) 

In this second model the polydispersity of the CNC nanorods was also included in order to 

take into account the lack of defined oscillation in the high Q-range. As in this very range the 

scattering oscillation from a monodisperse parallelepiped would be given by the shortest 

dimension,  , the polydispersity integration was solely applied to this parameter. Then, the 

final scattering intensity can be written as: 

  CNC  oly
model          CNC  oly

model     
 
           (10) 

where          is a log-normal probability distribution function (PDF), whose parameters   

and   define the mean value and the standard deviation of the natural logarithm of  .  
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Results 

As shown in our previous work and further evidenced by 
13

C solid-state NMR and infrared 

measurements, thermosensitive Jeffamine® polyetheramines can be successfully covalently 

grafted onto CNCs using the grafting onto strategy through peptide coupling after TEMPO 

oxidation.
19-21

 When the reaction is performed in water, a degree of substitution (DS) in the 

0.03-0.05 range is obtained, depending on the polymer. These DS values correspond to a 

moderate grafting density, which suggests that these grafted polymer chains of relatively low 

   (Table 1) are in a mushroom regime, i.e. without polymer-polymer interactions between 

vicinal chains. To get more insight into the structure of such polymer-decorated CNCs, SANS 

experiments were carried out. To facilitate data analysis, the SANS spectra of each individual 

component were also recorded separately. 

Single component characterization 

The SANS study of the initial sulfated CNCs was performed from protonated nanoparticles, 

which were freeze-dried and redispersed in heavy water at a concentration of 1 wt.%. Using 

D2O as solvent maximizes the constrast     in Equation 1, hence optimizing the signal-to-

noise ratio of scattered intensity, and minimizing the incoherent scattering contribution 

generated by H2O. Prior to freeze-drying, as demonstrated by Beck-Candanedo et al.,
51

 the 

successful redispersion of sulfated CNCs in water requires to exchange the proton counterions 

(H-NCC acid form) by sodium counterions (neutral salt form Na-NCC), which was carried 

out by pH neutralization with sodium hydroxide. The excellent redispersion of the CNCs in 

D2O was attested by dynamic light scattering measurements, whereby the particle size 

distribution obtained in D2O fully superimposed with the initial one measured in H2O before 

freeze-drying (data not shown). 

The SANS spectra of a 1 wt.% cotton CNCs suspension is shown in Figure 1. The variation of 

the scattered intensity can first be qualitatively analyzed. For as-prepared sulfated CNCs, a 
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    decay is observed in the low Q-region, showing that CNCs exhibit a rod-like 

morphology. In the high Q-region, where the interface between the particles and the solvent is 

probed, a     decay is measured, which demonstrates a sharp and smooth interface with the 

solvent (Porod law). This result is consistent with the well-ordered character of the CNC 

surface and its low roughness. Given the low concentration of the samples (about five times 

lower than the onset of formation of the anisotropic phase), the scattered intensity can be 

considered as resulting solely from the isolated CNC form factor. Consequently, a 

quantitative analysis of the SANS spectrum of CNCs was performed using the form factor of 

isotropically distributed rectangular parallelepipeds given in Equation 1, as used by different 

groups to extract the dimensions of CNCs.
23, 27, 30, 37-38

 

 

Figure 1. SANS spectrum of a 1 wt.% as-prepared sulfated CNCs suspension (open circles). 

The red continuous line is a fit of the data using the form factor of a parallelepiped, while 

solid straight lines are guides to the eye for the characteristic decay of the intensity in the 

different Q-regions. 

 



13  

As shown in Figure 1, a very good agreement between the model and the data was achieved, 

using dimensions of   = 129 nm for the length,   = 28.6 nm for the width and   = 4 nm for 

the thickness. The high quality of the fit using a pure form factor analysis readily shows the 

that the structure factor can be considered as equal to unity. The confidence range about the 

length cannot be accurately extracted due to the lack of data in the low Q range (Guinier 

plateau) but can be estimated to be equal to a few tens of nanometers. For the width and 

height, errors on the mean values are respectively equal to 10% (± 3 nm) and 2% (~ ± 0.1 

nm). These dimensions are highly consistent with our TEM data and previously reported 

results.
19, 46

 Additionally, a very good agreement is noted with the width and thickness values 

extracted by Cherhal et al. from SANS data on CNC suspensions obtained from a comparable 

cellulose source and preparation protocol.
23

 These results confirm that cotton-derived CNCs 

are composed of few laterally associated elementary crystallites, each of the crystallite having 

a square-shaped cross-section and length comparable to that of the final particles. Such a 

composite morphology may reflect the tight organization of the cellulose microfibrils in the 

initial cotton linters cell wall.
23, 46
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Figure 2. SANS spectra of 2 wt.% Jeffamine® polyetheramines M600 (red), M2005 (black) 

and M2070 (blue) solutions in D2O. Curves have been arbitrarily shifted for clarity. The 

dotted straight line shows a     decay and continuous lines are fits using the Debye function 

(Equation 7).  

 

Figure 2 shows the SANS spectra of 2 wt.% Jeffamine polyetheramine M600, M2005 and 

M2070 solutions in D2O. All spectra exhibit the same features, i.e. a    decay at high   

values and a plateau when   tends to zero, which are typical features of individualized 

polymer chains in theta solvent. The fit of the experimental curves was performed using the 

Debye function,         (Equation 7), for Gaussian polymer chains.
52

 As shown in Figure 2, 

an excellent agreement is obtained for the three polymer chains investigated, from which    

values of 0.7, 1.2 and 1.3 nm were obtained for Jeffamine® polyetheramines M600, M2005 

and M2070, respectively. These values consistently scale with the molecular weights of the 

polyetheramines, which are equal to 600, 2000 and ~2000 g.mol
-1

 for M600, M2005 and 

M2070 polymers, respectively (Table 1). 

 

Table 1. Characteristics of the Jeffamine® polyetheramines. The radii of gyration are derived 

from the analysis of the SANS data using the Debye function.  

Polymer EO/PO ratio LCST (°C)    (g.mol
-1

)    (nm) 

M600 1/9 55 ~600 0.7 

M2005 10/31 ~16 ~2000 1.2 

M2070 29/6 65 ~2000 1.3 

 

Qualitative analysis of polymer-decorated CNC spectra 



15  

As for as-prepared sulfated CNCs, polyetheramine-g-CNC suspensions were freeze-dried and 

redispersed in D2O at a concentration equal to 1 wt.%. As we already reported,
20

 

polyetheramine-g-CNCs readily redisperse in water after freeze-drying without special 

treatment, in contrast to sulfated CNCs. The SANS spectra of a M2005-g-CNC suspension 

and of the corresponding as-prepared sulfated CNC suspension were recorded at 8 °C (Figure 

3). This temperature is 8 K below the LCST of the polymer, which ensures that the chains are 

in good solvent conditions and that individual polymer-decorated CNCs are probed in absence 

of any aggregation.  

  

Figure 3. SANS spectra of 1 wt.% as-prepared sulfated CNCs (black circles) and M2005-g-

CNCs (red squares) suspensions. The measurements were performed at 8 °C, i.e., 8 K below 

the LCST of Jeffamine polyetheramine M2005. Solid straight lines show the characteristic 

decay of the intensity in the different Q-regions. 

 

The spectrum corresponding to M2005-g-CNCs significantly differs from the one of as-

prepared sulfated CNCs. First, a higher intensity at low   and a shift towards lower   

(typically from 0.02 to 0.01 Å
-1

) of the cross-over regime between the      and      decays 
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are observed for M2005-g-CNCs when compared to the parent CNCs. Both features can be 

attributed to the presence of the polymer chain corona that increases the cross-section (width 

and thickness) of the nanoparticles. This excess of intensity is not accompanied by a steep rise 

but tends to plateau for the lowest Q-values, as in the case of as-prepared CNCs. This 

observation is consistent with a non-aggregated nanoparticle state and shows that both 

samples have a finite cross-section, the one for M2005-g-CNCs being slightly larger than the 

one for sulfated CNCs. As shown in our previous work, for temperatures below the LCST, the 

presence of the surface chains contributes to colloidal stability due to steric repulsions. A 

remarkable difference can also be observed in the high Q-region, where the interface between 

the nanoparticles surface and the solvent is probed. Unlike the     decay observed for CNCs, 

which is typical of a sharp interface with a low roughness in agreement with the crystalline 

CNC-water smooth interface, a      decay is obtained for M2005-g-CNCs at this local length 

scale. The latter behavior is in agreement with the M2005-g-CNC/water interface being 

composed of polymer chains in theta solvent (Gaussian statistics). Indeed, at this local length 

the polymer conformation is probed and a       decay is expected for chains displaying a  

Flory exponent      . The overall scattering of the grafted objects in this Q-range is 

dominated by the polymer scattering as its contribution to the scattered intensity is much 

larger than the one of the CNC core (    versus     decay). In the intermediate Q-region, 

the intensity of the grafted sample is very slightly higher than that of the non-grafted one. 

Overall, all the features displayed by the M2005-g-CNC sample are fully consistent with the 

presence of a polymer corona around the CNCs with chains obeying Gaussian statistics. As 

shown in Supporting Information Figure S1, the same conclusions can be drawn from spectra 

recorded for M2070-g-CNCs and M600-g-CNC. The presence of a polymer corona around 

the CNCs after grafting of polyetheramines M600, M2005 and M2070 is therefore 

qualitatively attested by SANS.  
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Quantitative modeling of polymer-decorated CNC spectra 

In addition to the qualitative analysis of the SANS data, an alternative fitting approach was 

carried out. First, data were fitted using the form-factor of core-shell rectangular 

parallelepipeds with homogeneous but different SLDs for the core (equal to the one of 

crystalline cellulose) and the shell (representing a homogeneous swollen polymer corona), 

averaged over all orientations (see experimental section). As shown in Figure 4, a good 

agreement between the model and the experimental data is obtained at the low and 

intermediate Q-range, up to   = 0.15 Å
-1

 for M600-g-CNC and M2070-g-CNC and up to    = 

0.06 Å
-1

 for M2005-g-CNC.  

 

Figure 4. SANS spectra of 10 g/L M2005-g-CNCs (black squares), M2070-g-CNCs (blue 

circles) and M600-g-CNCs (green triangles) suspension in D2O at 8 °C. Red lines are best fits 

using the “model 1”  of a simple core-shell parallelepiped (Equation 5). 

 

The poor agreement in the high-Q region is inherent to the model, which considers a 

homogeneous polymer shell rather than a polymer conformation-dependent SLD variation 

from the surface. For the three suspensions, the best agreement was obtained for a polymer 
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shell thickness, h, equal to the radius of gyration of the considered free polymer (Table 1). 

Indeed, when h >   , a discrepancy between this model and the experimental data appears in 

the high   region from 0.08 Å
-1

. For h <   , the discrepancy is rather observed in the 

intermediate or small   region (between 0.004 and 0.04 Å
-1

) (Supporting Information Figure 

S2).  

 

A more realistic model considering parallelepipeds with surface Gaussian chains was then 

tested, as described in the experimental section. Aforementioned values of   = 129 nm,   = 

28.6 nm and the mean value   = 4 nm (polydispersity index 0.42) of the CNC core, derived 

from the fitting of as-prepared sulfated CNCs with Equations 1 and 3, were injected as fixed 

values in the model, and SANS data for dilute suspensions of polyetheramine-g-CNC were 

fitted using the expression in Equation 10. The polydispersity average was applied by using a 

log-normal probability distribution function over the shortest side  , in agreement with 

previous work.
46

 SLDs of polyetheramines M600, M2005 and M2070 were calculated as   = 

0.308·10
-4

, 0.359·10
-4

 and 0.382·10
-4

 nm
-2

, respectively. As shown in Figure 5 and in contrast 

to Figure 4, a good agreement between the fit and experimental data could be achieved over 

the entire Q-range probed for all the three samples. As expected, this result shows that the 

outer polyetheramine shell is much better described by regular polymer chains with a 

Gaussian conformation rather than by a homogeneous and smooth corona. The radius of 

gyration of the grafted chains, the number of chains, Na, and the grafting density, Na/area, 

were extracted from the fits and the results are summarized in Table 2. In the case of 

polyetheramines M2005 and M2070, a very good agreement between    in solution (Table 1) 

and    at the CNC surface can be noted (respectively 1.2 and 1.3 nm for Jeffamine® 

polyetheramine M2005 and 1.3 and 1.2 nm for Jeffamine® polyetheramine M2070). This 

result suggests that polymer chains grafted on the surface of CNCs adopt a statistical coil 
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conformation. In other words, the grafting density is such that polyetheramines chains on the 

surface are in a mushroom regime, whereby the chains do not interact with each other. This 

result is not surprising given the relatively low degrees of substitution of 0.02 measured by 

solid-state NMR, which corresponds to grafting densities of about 0.2 chain/nm
2
, in fair 

agreement with the values extracted from the fitting of the SANS data (Na/area values in 

Table 2). Durand-Gasselin et al. had obtained a polymer layer thickness varying between 2 

and 6 nm by grafting Jeffamine® polyetheramines M600 and M1000 on gold nanoparticles of 

2 and 18 nm in diameter.
53

 These values are significantly higher than ours for M600-g-CNC. 

This can be simply attributed to a higher grafting density (of ~ 4 chain/nm
2
 obtained for the 

grafting of M600 on gold nanoparticles, which corresponds to a mean distance of 0.7 nm 

only, lower that   ), which forces the chains to adopt a stretched conformation and results in 

a polymer brush regime.  

Some discrepancy is observed in the case of Jeffamine® polyetheramine M600 (   = 0.7 nm 

in solution and 1.1 nm at the surface), which can be attributed to a lack of accuracy due to the 

small size of the chain and/or can be ascribed to strong correlations between   ,   ,  and   oly 

values. 



20  

 

Figure 5. SANS spectra of 1 wt.% M2005-g-CNC (black squares), M2070-g-CNC (blue 

circles) and M600-g-CNC (green triangles) suspensions in D2O at 8 °C. Continuous lines are 

best fits using the “model 2” based on a core parallelepiped and a shell of Gaussian chains 

(Equation 10). Spectra and fits have been shifted vertically for clarity. 

 

Table 2. Parallelepiped with Gaussian chains form factor analysis of polyetheramine-g-CNCs 

Sample    (nm)       area 

(nm
-2

) 

  oly (nm
3
) 

M600-g-CNC 1.15 890 0.1 1.8 

M2005-g-CNC 1.32 720 0.09 2.9 

M2070-g-CNC 1.23 670 0.08 2.9 

 

 

Probing the effect of temperature using SANS 

As shown in our previous work, the grafting of Jeffamine® polyetheramine M2005 onto the 

surface of CNCs leads to a reversible temperature-induced aggregation behavior when the 

samples are heated above the LCST of the polymer, equal to 16 °C.
19-20

 A remarkable 
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reversibility and reproducibility of the phenomenon was evidenced by DLS measurements, 

while the aggregate morphology could be observed by TEM and cryo-TEM. The latter 

observations had shown that below the LCST the polymer-decorated CNCs consisted in stable 

individualized rod-like nanoparticles that looked similar to the initial sulfated CNCs since the 

polymer shell was not dense enough to generate any detectable contrast in the TEM images. 

As aforementioned, SANS allowed us not only to confirm the colloidal stability below the 

LCST and the presence of individual particles in the suspension, but to evidence the presence 

of a polymer shell at the surface of the CNCs. In addition to negative surface charges, these 

polymer chains contribute to the colloidal stability by providing repulsive steric interactions 

when the temperature is below the LCST. For samples prepared at T = 40 °C (i.e., 24 K above 

the LCST), TEM images shown in our earlier work had revealed aggregates with a length 

ranging from 300 to 700 nm, and a width from 75 to 200 nm.
21

 Given the average dimensions 

of the initial CNCs, these aggregates likely result from the lateral assembling of M2005-g-

CNCs into bundles. Their apparent width corresponds approximately to that of 4 to 10 

individual particles, while their length is 2 to 4 times that of initial CNCs. This temperature-

induced aggregation was further investigated by SANS since, unlike DLS and TEM, this 

technique allows for probing concentrated suspensions and the observation of structural 

changes. Figure 6 shows the SANS spectra of a 1 wt.% M2005-g-CNCs suspension in D2O at 

8, 15, 25 and 40 °C. As the temperature is progressively increased from 8 °C (below the 

LCST) to 15 °C (close to the LCST) and finally to 25 and 40 °C (above the LCST), an 

increase in the scattered intensity at small Q values is clearly observed, reflecting the 

aggregation of M2005-g-CNCs. Although a limited scattering vector range was probed, the 

observed increase in intensity appears moderate and seems to plateau, suggesting the formed 

aggregates are of finite size. These observations are in agreement with those from TEM and 

DLS.
19-20

 The increase of the intensity in the low-Q region with the temperature is also 
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accompanied by a variation of the slope in the high-Q region, reflecting variations in the 

particle-solvent interface with the increase of the temperature. Indeed, at T < LCST, the 

behavior at high-Q is close to a Q
-2

 decay, which is consistent with the Gaussian coil 

conformation signature (theta solvent) of the polymer chains in the outer region of M2005-g-

CNCs. In contrast, at T = 25 °C, less than 10 K above the LCST, a decay close to Q
-3

 is 

observed and at 40 °C, 24 K above the LCST, it tends to Q
-4

. This behavior can be attributed 

to the progressive desolvation of the surface polymer shell. At the highest temperature probed, 

almost all water molecules are expelled and collapsed chains form a smooth layer at the CNC 

surface, leading to a     Porod characteristic scattering decay. Closer to the LCST, the 

polyetheramine chains are not fully desolvated and form a heterogeneous and rough layer, 

yielding the     decay expected for rough surfaces.  

 

 

 

Figure 6. SANS spectra of a 10 g/L M2005-g-CNCs suspension in D2O at 8 °C (blue circles), 

15 °C (black squares), 25 °C (green triangles) and 40 °C (red diamonds). Solid straight lines 

show the characteristic decay of the intensity in the high Q-region. Inset: SANS spectra of the 
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same suspension in D2O at 8 °C before any thermal treatment (blue circles) and after heating 

at 40°C and subsequent cooling at 8 °C (red crosses).  

 

These detailed information extracted from SANS measurements are perfectly in line with 

previously reported TEM and DLS data and support the following interaction variation 

mechanism: for temperatures below the LCST of Jeffamine® polyetheramine M2005 (e.g., 

8 °C in Figure 3), grafted polymer chains are in theta solvent conditions and behave as 

Gaussian coils that generate steric repulsion forces between M2005-g-CNCs. As a result, 

individual particles are observed by SANS. It has however to be noted that in the ionic 

strength conditions probed, these electrostatic repulsions are not strong enough to generate a 

detectable scattering peak. For temperatures higher than the LCST (e.g., 25 and 40 °C in 

Figure 6), polyetheramine chains undergo a collapse since water is then a poor solvent and 

aggregation based on attractive interactions between hydrophobic polymer globules at the 

surface of CNCs take place. As previously reported, the aggregate size strongly depends on 

the presence of remaining electrical charges on the surface of the CNCs. The suppression of 

these charges by pH decrease or their screening by salt addition result in bigger size 

aggregates.
20

 Consistently, SANS data recorded here in conditions where some electrical 

charges are still present (neutral pH) and not screened (no added salt) reveal the presence of 

finite-size aggregates that are most probably stabilized by electrostatic repulsions. The size of 

theses aggregates made the samples turbid but no sedimentation could be observed. 

The inset in Figure 6 shows a perfect superposition of the SANS spectra of a M2005-g-CNCs 

suspension originally at 8 °C and the one recorded on the same suspension after it was 

successively heated to 40 °C and cooled down to 8 °C. This comparison confirms a perfect 

reversibility of the aggregation phenomenon at all probed lengthscales. 
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To probe the effect of concentration on the aggregation process, SANS spectra of M2005-g-

CNCs at 1 and 6 wt.% were measured at 8, 20, 40 and 60 °C. As shown in Supporting 

Information Figure S3, the increase in intensity at low-Q is enhanced when the concentration 

is higher, suggesting that larger size aggregates are formed at 6 wt.% than at 1 wt.%. The 

aggregation number could be tentatively derived from the SANS data using the relation 

 agg        , where      is the structure factor. However here the structure factor 

cannot be rigorously extracted from the data since the form factor is temperature dependent. 

Consequently, in an attempt to semi-quantitatively describe the results, an apparent 

aggregation number,  agg
app

, was estimated from  agg
app

 
           

           
. 

As shown in Figure 7, aggregates with apparent aggregation numbers between about 4 and 40 

are formed. The higher the temperature and/or the concentration, the higher the apparent 

aggregation number. An apparent aggregation number about 3 times higher is obtained when 

the concentration is increased from 1 to 6 wt.% and an about 4 times-increase is observed 

when the temperature is increased from 20 to 60 °C.  

  

 



25  

Figure 7. Apparent aggregation number as a function of temperature for M2005-g-CNCs 

suspensions at 1 wt.% (full blue circles) and 6 wt.% (open red circles). The black open circle 

below the LCST stands for the reference of individual polymer-decorated CNC ( agg
app

   . 

The dashed horizontal line shows the LCST (16 °C). Blue and red dashed lines are guides to 

the eye. 

 

Conclusion 

In this work, the potential of SANS to describe the structural features of thermosensitive 

polymer-decorated CNCs was investigated. In contrast with electron microscopy or AFM 

observations, the qualitative interpretation of characteristic decays and quantitative analysis 

with good fitting results of SANS spectra allowed us to extract detailed structural information. 

At temperatures below the LCST of the thermo-sensitive polymer, grafted polyetheramine 

chains obey Gaussian statistics and the thickness of the polymer shell around the CNCs is 

very comparable with the radius of gyration of free chains in aqueous medium. A relatively 

low grafting density was measured, evidencing that the grafted chains on the surface are in a 

mushroom regime and not as dense brushes. Despite this low grafting density, the polymer 

shell ensures an entropic stabilization of the derivatized rods, which results in the enhanced 

colloidal properties we revealed in previous works. When the temperature of the suspension 

was increased above the LCST of the thermosensitive polymer, SANS spectra showed the 

formation of aggregates with an apparent aggregation number that increases both with the 

sample concentration and temperature deviation from the LCST. When the sample was cooled 

down below the LCST, SANS evidences a perfect thermo-reversibility at all length-scales, i.e. 

a complete disintegration of the aggregates into individual particles and the recovery of 

surface chains in theta solvent. Results obtained here based on SANS measurements are 
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helpful in the understanding of the structure-properties relationship of derivatized CNC 

samples, which in turn broadens their applicative potential. 
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