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Abstract 

Nanoplatelets open up a wide range of possibilities for building macroscopic advanced materials 

with novel properties linked to their shape anisotropy. A challenge consists of controlling the order 

of positioning and orientation in three dimensions by assembly to exploit the collective properties 

at the macroscale. To date, most of the research effort has been focused on controlling the phase 

behavior of hard nanoplatelets. In this letter, we tackle the case of core/shell nanometric platelets, 

composed of an athermal mineral core (laponite clay) and a polymeric soft shell (triblock 

copolymer) whose conformation can be thermally modulated. The structural and mechanical 

investigations show that the behavior of these nanoplatelets allows the emergence of a non-

birefringent phase, composed of random stacks of nanoplatelets, in a relatively low concentration 

range. The thermosensitive nature of the shell prompts a transition from random stacks to columnar 

stacks, associated with a steep increase of viscoelasticity and birefringence yielding highly 

viscoelastic birefringent suspensions. The sequence of these textures were recently predicted 

numerically, including in the ionic strength range of the phase diagram investigated here. Our 

results, based on an easy-to-implement process, open up a new route for controlling the assembly 

of nanoplatelets at the nanoparticle scale. 
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Two-dimensional nanoparticles (i.e. nanoplatelets) are used to self-assemble advanced 

macroscopic materials with novel properties linked to their platelet shape. This has recently been 

demonstrated in single-photon emitting devices [1], solar cells, electrode materials [2], solar 

concentrators [3] or photo-catalytic devices [4]. The new emerging applications based on collective 

properties indicates renewed interest in studying the phase behavior of nanoplatelets, with the aim 

of controlling the order of positioning and orientation of nanoplatelets in three dimensions by 

nanoparticle assembly [5-10]. 

To date, most of the research effort has been focused on controlling the phase behavior of hard 

nanoplatelets. However, many many questions remain open, both experimentally and theoretically, 

because when the shape anisotropy of the nanoparticle is in play, a very rich phase diagram akin to 

liquid crystalline-type phases is expected. For nanoplatelets, equilibrium isotropic (I) and nematic 

(N) phases were identified a long time ago [11]. The nematic phase exhibits a long-range 

orientational order but lack long-range positional order. However, it is only recently that 

experimental formation of mesophases with positional order in addition to orientation, such as the 

cubatic-like (CUB) and the columnar (C) structures, has been observed though these phases were 

predicted decades before by numeric simulation [12-16]. The pioneering theoretical investigation 

was carried out for hard nanoplatelets at 3 varying aspect ratios (thickness/diameter) of 0.1, 0.2 and 

0.3. For aspects ratios between 0.2 and 0.3 the new CUB mesophase emerges instead of a N 

mesophase [17] whereas the occurrence of I/N/C phase transitions was detected for the smaller 

aspect ratio. The CUB mesophase consists of finite stacks of nanoplatelets, orthogonally oriented 

with respect to closest neighboring stack. The transition from I to CUB was described by the 

authors as a weakly first order phase transition because the nanoplatelets show a strong tendency 

to associate in short columns even in the dilute regime. Later on, other numerical studies have 

questioned the stability of the CUB mesophase, arguing that the CUB structure is a metastable 

glassy state in the I/C phase transformation [18]. From an experimental point of view, the 

identification of the CUB mesophase is a difficult task due to the absence of optical birefringence 

[13] and the need to use high resolution structural analysis techniques that are non-disruptive [6]. 

However, the appearance of the different liquid crystalline phases presented above (i.e. 

I/N/CUB/C) has been confirmed by a few experimental studies on hard nanometric platelets 

showing the particular aspect ratios previously identified in the numerical simulations [12-13]. 

Interestingly, the CUB mesophase has also recently been detected by magnetic resonance imaging 
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in millimeter-sized granular disks. [19] Beyond the CUB mesophase, the existence of new 

structures composed of alternating nematic-antinematic sheets has been predicted by recent 

numerical simulations that take into account the anisotropy of shape and anisotropy of the 

electrostatic interaction potential between the charged and infinitely thin platelets within the 

nonlinear Poisson-Boltzmann formalism [20, 21]. These textures, which to our knowledge have 

not yet been experimentally detected, are expected to appear in the isotropic region of the phase 

diagram near the I/N transition. 

In the present study, we investigate for the first time the phase behavior, structure and rheology of 

suspensions of core/shell nanometric platelets composed of an athermal mineral core and a thermo-

responsive soft shell. More precisely, we considered aqueous suspensions of polydisperse 

core/shell nanoplatelets composed of laponite RDS clay nanoparticles and a soft shell of pluronic 

copolymer F127 coated on them. Laponite is a synthetic smectite clay that can be considered as 

nanoplatelets having a thickness l = 9.2 Å and an average diameter d = 280 Å with a diameter 

polydispersity of 30 %. Electrostatic interactions between the nanoplatelets are screened due to the 

presence of a conterion, Na4P2O7, which yield a Debye length comparable to the nanoparticle 

thickness. The addition of the conterions also ensures full thermalization of the aqueous 

suspensions because it screens the positive edge charges on the laponite platelets and then decreases 

their viscosity in aqueous dispersions when the concentration  ≤ 12 wt. %. The pluronic 

copolymer, F127, coating the laponite particles is a triblock copolymer poly(ethylene 

oxide)/poly(propylene oxide)/poly(ethylene oxide), noted PEO-PPO-PEO. The thermo-sensitive 

nature of this macromolecule, in water solutions, is reflected in two successive processes mediated 

by temperature: (i) self-association of the most hydrophobic propylene oxide blocks, above a 

critical temperature, while the PEO stays in contact with water forming a shell that protects the 

PPO blocks; (ii) when the temperature increases further, there is an induced increase in size of the 

PEO brushes, yielding an effective volume fraction increase. Accordingly, when this copolymer is 

solely present in solution, it first micellizes at the critical micellization temperature and forms 

solidlike cubic phases above the gelation temperature [22, 23]. 

The block copolymer poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide), has a 

nominal weight average molar mass of 12600 g/mol (Sigma-Aldrich). The synthetic laponite RDS 

clay nanoparticles possess tetrasodium pyrophosphate counterions, Na4P2O7, which screen the 

electrical charges and improve their complete dispersion and stability in aqueous solutions without 
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changing the structural behavior of the suspensions [24]. The amount of this counterion present in 

solution is in the form of (4Na+, P2O7
4-) and yields us to estimate the ionic strength 𝐼 =

ଵ

ଶ
∑  𝑐௜௜ 𝑍௜

ଶ 

and thus the Debye length -1 = 7.8 Å at the laponite concentration of 9 wt. %, where ci is the ion i 

molar concentration and Zi is its valency. Likewise, the estimated Debye length at 3 wt. % is 13.4 

Å. As a consequence, electrostatic interactions are screened for the concentrations investigated in 

this study. 

Small angle X-ray scattering (SAXS) measurements were carried out at Synchrotron Soleil facility 

in France. The typical specifications of the experimental setup were: X photon energy = 12 keV, 

wavelength = 1.03 Å and sample-to-2d detector distance = 3.5 m. The scattering profiles on each 

sample, sealed in 1.5 mm quartz cell, were recorded at different temperatures, radially averaged 

and normalized by water scattering intensity to get intensities in absolute scale (cm-1). The 

contribution of the nanoparticles to the scattering signal is predominant because the contrast factor 

of the organic polymer is insignificant. 

Sample preparation and observation by cryogenic transmission electron microscopy, CryoTEM, 

were realized according to the following procedure. First, a (low viscosity) sample droplet was first 

placed on a carbon membrane grid and any excess of sample was quickly removed by a filter paper, 

leaving a thin film on the grid, then it was immediately quench-frozen in liquid ethane and cooled 

with liquid nitrogen. After verification that sample thickness was adequate, its observation was 

achieved with a LaB6 JEOL JEM2100 electron microscope. 

The evolution of elastic and viscous moduli, G’ and G” respectively, was measured as a function 

of temperature at a fixed shear frequency of 1 Hz, an applied strain of 0.2 %, and a heating/cooling 

rate of 1 °C/min. The measurements were carried out on a Physica RheoCompass rheometer by 

using a cone and plate geometry having a diameter = 50 mm and cone angle = 1° fitted with a 

solvent trap to minimize water evaporation. Birefringence of the samples was observed between 

cross-polarizers on samples previously heated to the measuring temperature.  

We worked at a fixed molar ratio between laponite and F127 for which the copolymer does not 

form micelles. Instead, the macromolecules adsorb onto the laponite particles to produce hairy 

platelets as already shown in the past [23, 25, 26]. The adsorbed layer of copolymer has a thickness 

△e = 32 Å, which is assumed to be uniform on both the edge and sides of the nanoplatelets, and 

up to an adsorbed amount of 0.81 g of copolymer per g of nanoparticles at saturation (data shown 
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in supplemental material, figure S1). This thickness is mainly associated with the PEO blocks 

exposed to the solvent, while the PPO blocks are adsorbed directly onto the nanoparticles. Coating 

the nanoparticles with a polymeric shell has the additional effect to provide steric stabilization thus 

it avoids nanoparticles aggregation and ensure adequate phase equilibrium [27]. Overall, these 

characteristics lead to an effective thickness and diameter for the coated nanoplatelets of 73 and 

344 Å respectively, giving a modified aspect ratio l/d ~ 0.21. In addition, the temperature 

dependence of the conformation of PEO chains in water allows the volume fraction of the coated 

nanoplatelets to vary with a minimal influence on the aspect ratio [28]. We therefore have two 

levers for studying the phase behavior of coated nanoplatelets in solution: by varying the 

concentration or the temperature. The results are discussed in the frame of existing theories and 

compared with the behavior of bare colloidal nanoplatelets in solution, having a lower aspect ratio 

l/d ~ 0.03.  

Our main result is to show that the behavior of these somehow polydisperse coated nanoplatelets 

shows the emergence of a non-birefringent phase, composed of random stacks of nanoparticles as 

it is evidenced from structural techniques in a relatively low concentration range. These results are 

in line with most recent numerical predictions developed for (monodisperse) nanoplatelets [21, 29]. 

Additionally, we show that a transition from random stacks to nematic columnar order, i.e., nematic 

stacks, is easily triggered by an increase of temperature thanks to the thermosensitive nature of the 

PEO chains. As it could be anticipated, this structural transition is associated with a modification 

in both rheological and optical properties yielding highly viscoelastic and birefringent suspensions. 

We believe that these results, based on an easy-to-implement self-assembly process, open up a new 

route for the development of architecturally engineered nanocomposite from common polydisperse 

nanometric platelets. 

We first studied the structure of both bare and copolymer coated nanoplatelets suspensions at room 

temperature as a function of concentration ( = 1 wt. %  14 wt. %), displayed on figure 1a and 

1b respectively. For the sake of comparison with numerical data reported in the literature, these 

concentrations correspond to dimensionless number densities, * = d3number density, ranging 

from 0.14 to 2.2 for the bare nanoplatelets and from 0.44 to 6.8 for the coated nanoplatelets 

respectively. On the one hand, the scattering curves of bare laponite (figure 1a) display the 

characteristics known from previous studies [30-32]. At the lowest concentration, the scattering 

curves correspond to the theoretical form factor of polydisperse nanoplatelets, whereas at higher 
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concentrations two different regimes appear as a function of the wavevector q (figure S2). For q ≥ 

2/d (~ 0.02 Å-1), experimental scattering data and theoretical form factor of polydisperse platelets 

overlap. For q < 2/d, the scattered intensity, I(q), starts to decrease due to excluded volume 

interactions in agreement with data usually observed for laponite suspensions. We did not observe 

neither a correlation peak nor a permanent birefringence in this concentration range. 

 

Figure 1. Scattering curves at room temperature for laponite concentrations () ranging from 1 to 

14 wt. % for bare laponite suspensions (a) and coated laponite suspensions (b). The figures (c) and 

(d) show scattering intensities at  = 9 wt. % and T = 14, 22, 37, 45, 60 and 71°C for bare and 

coated laponite respectively. 

On the other hand, while the scattering curves for coated laponite are similar to those observed for 

bare laponite at low concentrations, they become progressively different as the particle 

concentration increases (figure 1b). Thus, when  ≥ 2 wt. %, the scattering curves of coated laponite 

show the progressive emergence of a structural peak located at q ~ 0.03 Å-1. The amplitude of the 

peak increases with particle concentration, and a second order peak gradually emerges as shown 

on figure 1b and will be discussed later. The scattering data is drawn in Kratky representation 
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because when q ≥ 2/d ~ 0.02 Å-1, the form factor decays as q-2 thus the factor q2I(q) is 

proportional to the structure factor S(q) [33]. The position of the peak does not show significant 

shift when  increases. It is worth adding that the sample viscosity sharply increases when  ≥ 13 

wt. %. Moreover, we did not notice any permanent birefringence of the samples (figure S5) though 

cryoTEM images clearly show the progressive stacking of nanoparticles as their concentration 

increases, as it can be seen on figure 2 where the nanoplatelets stacks of coated laponite are clearly 

visible. These results strongly indicate that the structural peak in I(q) is due to the progressive 

appearance of isotropic stacked platelets having a separation distance of ~ 200 Å.  

As mentioned earlier, recent predictions have shown that the transition from I to random stacks 

prevails instead of a nematic mesophase. It is expected that when the Debye length is large and the 

average distance between particles decreases, it tends to reveal particle anisotropy and favors 

isotropic (or random) stacks [20]. This is because the repulsion is minimal for stacked configuration 

while it is maximum for side-to-side configurations, thus prompting the phase to evolve towards 

an isotropic distribution of short range stacked particles in full agreement with the present 

experimental observations [21]. 

 

Figure 2. CryoTEM images at  = 0.6 (a), 3 (b), 6 (c) and 9 wt. % (d), at room temperature. 
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We then investigated the behavior of our two systems as function of temperature in order to probe 

the contribution of the thermosensitive copolymer making up the shell of coated laponite. The 

grafted PEO blocks exposed to water are expected to show an increasing extension with increasing 

temperature, so that the effective volume fraction occupied by each hairy nanoparticle should 

increase [28]. Consequently, this thermally induced increase in volume fraction should make it 

possible to obtain highly oriented stacks (i.e. nematic stacks or nematic columnar mesophase), 

usually obtained by increasing particle concentration. The results are shown for the sample at  = 

9 wt. % for T ranging from 14 and 71°C (figure 1d), while, as it is expected, the behavior of bare 

laponite remains athermal (figure 1c). Let's first consider the case of coated particle data of figure 

1d. For this system, two temperature domains can be distinguished. For T < 37°C, only the formerly 

observed correlation peak associated with stacking is present in SAXS data of coated nanoplatelets 

which is positioned at q ~ 0.03 Å-1. Looking at the curves in more detail, one can see that the peak 

position shifts slightly with temperature, suggesting a decrease in the interparticle distance within 

the stacks. 

When T increases above 40°C, the measurements show that a new order peak progressively appears 

and whose amplitude increases with T (ample data are displayed on figure S3 in supplemental 

material). It appears in the form of a shoulder at  < 6 wt. % around q ~ 0.005 Å-1. The appearance 

of this low q scattering peak strongly suggests that the suspensions evolve towards noticeable side-

to-side positional ordering upon temperature increase as a result of intense excluded volume 

interactions.  
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Figure 3. Evolution of elastic (G’, solid symbols) and viscous (G’’, open symbols) moduli as a 

function of temperature for suspension of coated nanoplatelets at  = 9 wt. %. The inset images 

were taken between crossed polarizers at the different temperatures indicated in the figure. 

Moreover, the previous experimental structural data are supported by additional results of the 

occurrence of the birefringence on the suspensions observed between cross-polarizers and by 

rheology measurements which are shown on figure 3 (and figures S5, S6 and S7). We should recall 

that at room temperature the suspensions of coated nanoplatelets with  < 13 wt. % are free flowing 

solutions, while they are highly viscous at 13 wt. % and viscoelastic at 14 wt. %. However, the 

observation between cross-polarizers, of the samples at room temperature, do not show detectable 

birefringence. When the temperature increases, both elastic and viscous moduli show a steep 

increase by many decades upon reaching a temperature threshold for all the samples when  ≥ 3 

wt. %. Above this span interval G’ displays a light decrease while G” reaches a plateau. Inspection 

of the suspensions in the solidlike phase between cross-polarizers shows bright birefringent phases 

as it is displayed on the figure 3 for the sample at  = 9 wt. %. These rheological behaviors are 

similar in many ways to the ones classically observed for micellar thermosensitive copolymer 

solutions as a function of temperature.  

On the light of recently reported studies on nanoplatelets systems, such as the numerical 

calculations which investigated the phase behavior as a function of the charged nanoplatelets 

concentration and the range of the electrostatic potential [21], we rationalize our data as follows. 

First, in our experiments we explored the upper part of the phase diagram, where the electrostatic 

potential is screened, by varying the concentration between 1 and 14 wt. %, which corresponds to 

dimensionless number densities * varying from 0.44 to 6.8 for the coated nanoplatelets. Our 

results of the structural investigations show a succession of 3 phases. At concentrations < 2wt% 

(* < 0.88) the structure of the nanoplatelet suspensions corresponds to an isotropic phase which 

does not show the occurrence of any structural peak in SAXS intensity. Moreover, in this low 

concentration domain, the samples have low viscosities and remain non-birefringent. As the 

concentration increases above 2 wt. % (* ≥ 0.88) the scattering intensities explicitly show the 

appearance of a structural peak, which we index as a 00l order peak located at q ~ 0.03 Å-1 and 

corresponds to a correlation distance of 200 Å, less than the nanoplatelet diameter. A second order 

correlation peak also appears for the concentrated samples. The data are shown in figure 4. All 



10 
 

these samples do not exhibit birefringence, which is in agreement with the results of cryoTEM. 

The latter clearly display the organization of nanoplatelets in stacks of a few nanoplatelets 

throughout the concentration range studied. No long-range orientation could be observed between 

the stacks, with some of them appear oriented parallel while others are perpendicular to the beam, 

in good agreement with the organization expected for the phase of random stacks predicted in the 

moderate concentration and high ionic strength domains, as it is the case in our experiments.  

 
Figure 4. SAXS intensities normalized by the concentration for coated laponite at 6, 7, 8, 9, 10 and 
11 wt. % and T = 22 °C (○, □, ◇, ●, ■ and ◆ respectively). (━) is the polydisperse form factor 
with d = 280 Å, l = 9.2 Å, polydispersity = 0.30. Inset: q2I(q) (Kratky representation) at 11 wt. 
%. 
We also mentioned that the nanoplatelets are functionalized using a grafting polymer which has 

the ability to stretch upon temperature increase [35, 36]. First, the correlation peaks that arise from 

particle stacking are still present as it is observed in the scattering spectra in figures 1 and 4. 

Moreover, above 50 °C, we observe 3 significant changes compared to the phase of random stacks. 

they consist of the appearance of a new structural peak localized in the low q value domain, ranging 

from 0.003 to 0.008 Å-1, when the nanoplatelet concentration increases from 2 to 14 wt. % (* 

ranging from 0.88 to 6.8). The occurrence of such low-q structural peak is associated with the 

emergence of strong birefringence and a steep increase of almost 5 orders of magnitude in the 

viscoelastic moduli. These characteristics are clearly the signature of a phase composed of oriented 

stacks or nematic stacks. The correlation peak corresponds to the average distance between the 

stacks, and whose position decreases from 2000 to 1000 Å when the concentration increases in the 

range investigated here. We also note that for this system made up of polydisperse nanoplatelets 

having a polydispersity index of 30%, only one single peak is visible. This observation is clearly 

in agreement with previous data which have shown that a large polydispersity index does not allow 
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the system to reach a high order organization such as a hexagonal crystal in this case. Actually, the 

structural studies of concentrated platelet suspensions made of gibbsite have shown that hexagonal 

packing of columns is triggered at high volume fractions, with successive secondary correlation 

peaks clearly visible in the spectra, but only when the polydispersity index is controlled below 25% 

[34]. 

In summary, we have studied the phase behavior, structure and rheology of suspensions of 

core/shell nanometric platelets, composed of an athermal mineral core and a thermo-responsive 

soft shell. We used aqueous suspensions of polydisperse laponite clay nanoparticles with a thermo-

sensitive coating. The investigation shows that by tailoring the coating adequately, the small angle 

scattering of X-rays hints to the occurrence of randomly oriented stacks. The observation is in 

agreement with the data of cryoTEM which clearly display the organization of nanoplatelets in 

random stacks of a few nanoplatelets throughout the concentration range studied. When the 

temperature increases above a critical temperature, the shell of the adsorbed polymer increases in 

size and induces a phase transition from isotropically random stacks towards birefringent columnar 

phase formed by long range stacking of nanoplatelets, or so-called nematic stacks. The study of 

viscoelasticity shows a sharp increase of both moduli, as well as of the birefringence for the nematic 

stacks phase when the sample temperature decreases in this thermosensitive system. These findings 

are in agreement with the sequence of mesophases computed for platelets taking into account the 

anisotropy of the screened Coulomb potential. These results are an easy-to-implement process that 

could pave the way for the development of self-assembly of nanoplatelets at the nanoscale. 
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