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Fine tuning the structural colours of photonic nanosheet 
suspensions by polymer doping   

Karin El Rifaii,a Henricus H. Wensink,*a Claire Goldmann,a Laurent Michot,b Jean-Christophe P. 
Gabriel *c and Patrick Davidsona  

Aqueous suspensions of nanosheets are readily obtained by exfoliating low-dimensional mineral compounds like H3Sb3P2O14. 

The nanosheets self-organize, at low concentration, into a periodic stack of membranes, i.e. a lamellar liquid-crystalline 

phase. Due to the dilution, this stack has a large period of a few hundred nanometres, it behaves as a 1-dimensional photonic 

material and displays structural colours. We experimentally investigated the dependence of the period on the nanosheet 

concentration. We theoretically showed that it cannot be explained by the usual DLVO interaction between uniform lamellae 

but that the particulate nature of nanosheet-laden membranes must be considered. Moreover, we observed that adding 

small amounts of 100 kDa poly(ethylene oxide) (PEO) decreases the period and allows tuning the colour throughout the 

visible range. PEO adsorbs on the nanosheets, inducing a strong reduction of the nanosheet charge. This is probably due to 

the Lewis-base character of the EO units of PEO that become protonated at the low pH of the system, an interpretation 

supported by theoretical modeling. Oddly enough, adding small amounts of 1 MDa PEO has the opposite effect of increasing 

the period, suggesting the presence of an additional intermembrane repulsion not yet identified. From an applied 

perspective, our work shows how the colours of these 1-dimensional photonic materials can easily be tuned not only by 

varying the nanosheet concentration (which might entail a phase transition) but also by adding PEO. From a theoretical 

perspective, our approach represents a necessary step towards establishing the phase diagram of aqueous suspensions of 

charged nanosheets.   

 

1. Introduction 

 

The controlled delamination in a solvent of layered crystalline 

materials, such as oxides, phosphates, graphite, II-VI 

compounds, or clays, is a widely used process to obtain colloidal 

suspensions of nanosheets.1–24 By nanosheets, we mean thin 

disk-like nanoparticles of very small, monodisperse, thickness 

(t) and very large, polydisperse, diameter (D), with a well-

defined in-plane crystallographic structure. Apart from their 

many industrial applications, like the ubiquitous uses of clays, 

these colloidal suspensions have recently raised much interest 

from a fundamental perspective as versatile model systems to 

explore the liquid-crystalline behaviour expected for particles of 

such high aspect ratio (D/t  100 – 1000). Apart from the 

nematic phase which has often been reported,25–38 the lamellar 

(or smectic) phase also sometimes occurs (Figure 1).39–45 

Interestingly, for highly charged nanosheets dispersed in polar 

solvents, the lamellar phase may appear at very high dilution, 

for nanosheet weight fractions below  1 wt%. Then, the 

lamellar period is similar to the wavelength range of visible light, 

which imparts these suspensions with a wide range of structural 

colours.39,42 Moreover, depending on the precise chemical 

nature of the nanosheets, the structural colour of the 

suspensions varies upon exposure to different chemicals or 

physical stresses, which makes them good candidates for sensor 

applications.46,47 

Although various hybrid liquid-crystalline systems comprised of 

nanosheets and polymers have already been investigated,48–50 

the influence of the addition of a neutral flexible polymer on the 

period of the lamellar phase of nanosheet suspensions has not 

been explored yet. In this work, we show how the lamellar 

period of H3Sb3P2O14 nanosheet suspensions can be decreased 

or increased at will by adding small amounts of poly(ethylene 

oxide) (PEO) of low or high molecular weight, which allows 

shifting the suspension structural colour, for example, from 

green to blue or from blue to green, respectively 

Furthermore, we provide a detailed theoretical description of 

the dependence of the lamellar period on nanosheet 

concentration which, in contrast to previous work,19,42 takes 

into account the particulate nature of the smectic layers (Figure 

1). Indeed, upon dilution, the swelling of the lamellar phase is a 

complex process as both the lamellar period and the inter-

particle distance within each layer may increase, which is an 
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issue has received limited attention thus far.41,51 Hence, our 

theoretical description essentially captures the evolution of the 

structural colours with nanosheet concentration as well as with 

the addition of low molecular weight PEO. 

This article is organized as follows: The next section provides 

experimental details. Section 3 describes and briefly discusses 

all experimental results obtained first with pure aqueous 

suspensions of H3Sb3P2O14 nanosheets, then with hybrid 

systems of nanosheets and PEO of low and high molecular 

weight. Section 4 deals with the theoretical modelling of the 

period of the lamellar phase, taking explicitly into account the 

particulate nature of the lamellae. Finally, in the conclusion 

(Section 5), we summarize our most salient results, comment 

on pending issues, and discuss ways to further improve the 

theoretical description. 

2. Materials and Methods  

2.1. Materials 

H3Sb3P2O14 synthesis & characterization  

H3Sb3P2O14 was synthesized according to a scaled-up procedure 

derived from a previously published method.39,40 K3Sb3P2O14 

was first synthesized using a stoichiometric mixture of 

NH4H2PO4 (homemade, 0.224 mol, 25.823 g), Sb2O3 (MERCK, 

0.166 mol, 48.367 g), and KNO3 (PROLABO, 0.332 mol, 33.552 g) 

that was placed in a large platinum crucible and heated in air, 

up to 300°C (ramp: 50°C.h-1) for 10 hrs to decompose NH4H2PO4, 

then up to 1000°C (same ramp) for 24 hrs, yielding 83.633 g 

(0.109 mol; yield = 98.4%) of K3Sb3P2O14 (X-ray powder 

diffraction showed impurities level < 1%).  

Then, a cationic exchange of K3Sb3P2O14 was performed to 

synthesize the final product, H3Sb3P2O14, using repeated acidic 

treatments as follows: 60.001 g of K3Sb3P2O14 powder was 

thoroughly ground and stirred in a 2 L solution of 7.5 N nitric 

acid at 50°C for 24 hrs. Then, the resulting white powder was 

recovered by centrifugation (4500 g) and immediately 

dispersed again in 2 L of 7.5 N nitric acid. This cation exchange 

procedure was overall repeated three times to ensure complete 

exchange of the alkali metal cations for protons, to yield 

H3Sb3P2O14. Finally, the white H3Sb3P2O14 powder was rinsed 

several times using absolute ethanol followed by material 

recovery by centrifugation. 

A mother suspension of H3Sb3P2O14 was finally produced by: (1) 

dispersing 20 g of H3Sb3P2O14 into 1 L of 18 MΩ.cm water under 

strong agitation for 30 min; (2) centrifuging the suspension at 

3600 g for 15 min; (3) collecting the supernatant. This last 

procedure allows removing traces of solid impurities as well as 

the largest size fraction of particles. Overall,  1 L of H3Sb3P2O14 

opalescent suspension at 1.62 wt% was collected (81% yield). 

Its nitrate ion concentration was measured to be less than 

1 ppm (JBL, nitrate test). The weight fraction of the H3Sb3P2O14 

suspension was determined by thermogravimetric analysis 

under N2 (TGA92 from SETARAM, Caluire, France) by heating to 

250°C. The calcined material collected after TGA was white, 

showing the absence of any organic contamination. Moreover, 

scanning electron microscopy (SEM) experiments (see figure SI 

1) have shown that the H3Sb3P2O14 nanosheets have an irregular 

shape, an average diameter <D>  1100 nm, in fair agreement 

with previous measurements (<D>  800 nm)40, and a diameter 

polydispersity of about 70%. The thickness of the nanosheets 

was measured by AFM (see figure SI 2) to be 1.1 ± 0.1 nm, 

similarly to previously published values. 

H3Sb3P2O14 nanosheet aqueous suspensions have a strong 

acidic character, leading to a pH of  1.5 at 1.62 wt%, which was 

already reported.52 This corresponds to a negative nominal 

(“bare”) surface charge density of 0.55 C.m-2, a value that can 

also be inferred from the crystallographic structure of the solid-

state compound. 

The presence of a large negative charge on the nanosheets in 

aqueous suspension is qualitatively confirmed by the 

measurement of their zeta-potential ( -50 mV).   

Most nanosheet / polymer mixtures were prepared with PEO of 

molar mass MW = 100 kDa (average polymerization 

degree: 2300), purchased from Sigma-Aldrich. Additional 

experiments were also performed with PEO of 1 MDa MW, as 

well as with dextran (a natural polysaccharide also purchased 

from Sigma-Aldrich) of 100 kDa MW. The polydispersity 

distributions of these polymers were not determined by the 

provider. 

 

2.2. Methods 

Sample preparation 

In order to investigate the 2-dimensional phase diagram 

represented in function of the nanosheet and polymer 

concentrations, H3Sb3P2O14 nanosheet and PEO mixtures were 

prepared by mixing directly the nanosheet suspensions with 

PEO solutions in deionized water. The composition of each 

sample was defined by the weight fractions, CH3 and CPEO, of the 

H3Sb3P2O14 nanosheets and PEO, respectively. We use weight 

fraction in most of this work because the density of these 

Fig. 1. Schematic organization of the lamellar phase of aqueous suspensions of 

H3Sb3P2O14 nanosheets (depicted as small disks gathered in equidistant layers). 

Nanosheets of the same grey shade belong to the same layer. d is the lamellar 

period and D is the nanosheet diameter. 
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corrugated and somewhat porous nanosheets is not very 

precisely known. When absolutely required, for example, for 

comparison with the theory, we used a density of 4.2 g.cm-3. All 

volumes were measured precisely by using a calibrated 

micropipette, the suspensions had the same 1.00 mL volume 

and were poured into 2 mL glass vials. The suspensions of 

H3Sb3P2O14 nanosheets are quite stable (for many years in the 

absence of PEO and for at least two years in presence of PEO), 

from the points of view of both chemical and colloidal 

stabilities. However, the structural colours slowly evolve during 

the first months after sample preparation but this evolution is 

almost over after three months. For this reason, most of the 

data shown in this article were obtained from three-month old 

samples. 

 
Visual inspection of the samples 

To assess the influence of doping H3Sb3P2O14 nanosheet 

suspensions with polymers, series of samples with constant CH3 

or CPEO, were examined in natural light and in polarized light (i.e. 

between crossed polarizers) to determine the number and 

nature of coexisting phases. A schematic representation of the 

setup used to observe the samples in polarized-light is shown in 

Figure SI 3. These observations were documented with an 

Olympus XZ-1 camera, using the flash at normal incidence.  

 
SAXS experiments 

The H3Sb3P2O14 / PEO (100 kDa) system was first investigated at 

the ID02 (Time-Resolved Ultra-Small-Angle X-Ray Scattering) 

beamline of the European Synchrotron Radiation Facility, in 

Grenoble, France.53 The X-ray energy was 12.46 keV 

(wavelength  = 9.95 x 10-2 nm), the sample-to-detector 

distance was 20.007 m, so that the scattering vector modulus, 

q (q = (4sin)/ where 2 is the scattering angle) ranges 

between 0.005 and 0.230 nm-1. The beam size was 75 x 75 µm2 

at the sample level and the detector was a Frelon camera. The 

exposure time was typically 1.00 s.  

Complementary SAXS measurements of the H3Sb3P2O14 / PEO 

(1 MDa) were made at the Swing SAXS beamline of the SOLEIL 

synchrotron radiation facility at Saint-Aubin, France. The X-ray 

energy was 12.0 keV, corresponding to the wavelength 

= 0.1033 nm, and a q-range between 10-2 and 1.0 nm-1. The 

sample-to-detector distance was 6.226 m and the beam-size at 

the level of the sample was 375 x 75 m2. The exposure time 

was typically about 0.5 s. The scattering patterns were recorded 

with a Eiger-4 M detector.  

In both cases, usual data reduction procedures were made and 

data were displayed either as 2-dimensional SAXS patterns or as 

plots of the scattered intensity versus scattering vector 

modulus, I(q), obtained by azimuthal averaging of the SAXS 

patterns. In first approximation, a quantity directly proportional 

to the structure factor, S(q), of the phase can simply be 

recovered by multiplying I(q) by q2 (Kratky representation) since 

the particle form factor decays as q-2 in this q-range (called 

“intermediate” range).54  

The samples were filled into cylindrical Lindemann glass 

capillaries of 1.0 ± 0.1 mm diameter (Glas-Technik & 

Konstruktion, Germany) and sealed with hot glue. 

 
Thermogravimetric analysis (TGA) 

TGA measurements (TGA92 from SETARAM, Caluire, France)) 

were performed under a N2 atmosphere by heating samples up 

to 250°C at a rate of 1°C.min-1, to determine the nanosheet 

weight fraction of the initial suspension batch, which was used 

to prepare all the samples described in this work. TGA was also 

used to determine the weight fractions of the coexisting phases 

in biphasic samples along a dilution line (in absence of polymer), 

for detailed comparison with the theory.  

 

 
Adsorption isotherms  

As PEO shows no peak in UV-vis-NIR light absorption 

spectroscopy, its adsorption isotherm on H3Sb3P2O14 

nanosheets was obtained with a two-step, slightly involved, 

protocol already described in detail.50 In a first step, the 

viscosity of 14 solutions of PEO (100 kDa) with different 

concentrations, ranging from 0 to 2.0 wt%, was measured using 

an Anton Paar automatic Microviscosimeter AMVn, producing a 

calibration curve relating viscosity with PEO concentration. The 

second step was to mix 0.5 ml of each of these solutions with 

2.0 ml of an H3Sb3P2O14 suspension at CH3 = 1.6 wt%. After 16 

hours, the suspensions were centrifuged at 105 000 g, and the 

viscosity of the supernatant was measured. Then, the remaining 

PEO content could be deduced, based on the calibration curve. 

The adsorbed amount was then obtained by the relation 

Qa = (V/M)(ci – ce) where ci and ce are the initial and equilibrium 

concentrations in PEO, respectively, V the suspension volume, 

and M the mass of solid in the suspension. 

 
Zetametry  

Electrophoretic measurements were carried out using a 

Zetasizer Nano ZS (Malvern) at a wavelength of 632 nm in a 

folded capillary polycarbonate cell, with gold electrodes, that 

contains ≈ 1 ml of suspension. The applied potential was set 

around 150 V. The electrophoretic mobility was measured at 

25°C. If required, the contribution of the PEO to the solvent 

viscosity was taken into account by using the values measured 

previously with the microviscosimeter. The data was averaged 

over two sets of measurements.   

3. Experimental results and discussion 

3.1. Dilution of the H3Sb3P2O14 lamellar phase 

 

Dilution with water has a remarkable influence on the 

H3Sb3P2O14 lamellar phase, as illustrated in Figure 2. Indeed, the 

structural colour of the phase gradually evolves from blue to 

red, which suggests that the lamellar period increases with 

decreasing concentration.  

Moreover, observation of the samples between crossed 

polarizers reveals that the proportion of lamellar phase in the 

sample gradually decreases upon increasing dilution. This latter 

observation is expected because, briefly, first-order phase 

transitions occur from the lamellar phase to a nematic phase 
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and then to the isotropic phase (see reference 40 for more 

details on the polymorphism of these suspensions). 

Presumably, the increase of lamellar period with decreasing 

concentration is a consequence of the nanosheet diameter 

dispersity, in which case the concentration and composition of 

the lamellar phase (and of the coexisting nematic) both change 

upon traversing the biphasic gap. 

 

 

These observations and conclusions are confirmed by a small-

angle X-ray scattering investigation of the samples (Figure 3). 

The SAXS patterns of the lamellar phase show very sharp 

diffraction features (rings and/or spots) that arise from its 

(quasi-)long-range 1-dimensional positional order. The 

corresponding scattered intensity, I(q), (azimuthal averaging of 

the pattern, see Materials and Methods section) shows 

equidistant sharp diffraction peaks. The lamellar period, d, is 

related to the position, q0, of the first-order diffraction peak by 

d = 2π/q0. 

The lamellar periods measured by SAXS are consistent with the 

structural colours of the samples assessed from photographs 

recorded with the flash of the camera (i.e. in reflection, at 

normal incidence). The wavelength  of the structural colour 

diffracted by a layered composite material at normal incidence 

is simply given by 2nd = where n is the refractive index of 

water and the nanosheet thickness was neglected in front of the 

lamellar period.55 For example, the samples with CH3 = 0.81, 

0.54, and 0.32 wt%, respectively have lamellar periods of 167, 

200, and 224 nm, corresponding to diffracted light of 

wavelength 444, 532, and 596 nm, which is consistent with their 

respective blue, green, and red structural colours (Fig. 2a).   

The dependence of the lamellar period on the nanosheet 

concentration will be discussed in more detail below (Section 

4).   

 

 

3.2. The H3Sb3P2O14 / PEO system 

3.2.1. PEO of molecular weight 100 kDa 

Fig. 2 Photographs of a series of sample tubes with weight fraction of 

H3Sb3P2O14 decreasing from left to right : cH3= 1.62, 1.30, 0.81, 0.54, 0.32, and 

0.16 wt% observed a) in natural light: the structural colour changes upon 

sample dilution and b) between crossed polarizers where the proportion of 

birefringent phase decreases with cH3. The birefringent phase appears at the 

bottom of the samples because it is denser than the isotropic phase.

Fig. 3 SAXS investigation of the samples shown in Figure 2. SAXS patterns of the 

lamellar phase a) for the most concentrated sample with CH3=1.3 wt%  and b) a 

diluted sample  with CH3=0.54 wt%, c) the corresponding curves of azimuthally-

averaged scattered intensity in Kratky representation, and d) the dependence of the 

lamellar period on the nanosheet weight fraction.



Journal Name  ARTICLE 

 Soft Matter., 2021, 17(41), 9280-9292  – PRE-PROOF | 5 

The most striking effect of PEO (100 kDa) addition to the 

suspensions of H3Sb3P2O14 nanosheets is a change of their 

structural colours (Figure 4a). For example, the lamellar phase 

of a H3Sb3P2O14 biphasic nanosheet suspension at 

CH3 = 0.32 wt% shows, in natural light at normal incidence, a red 

colour in the absence of PEO, but it turns green at 

CPEO = 0.5 wt% and then blue at CPEO = 2.0 wt%. This colour 

change strongly suggests that the lamellar period progressively 

decreases upon PEO addition. The observation of the samples 

between crossed polarizers (Figure 4b) shows that they remain 

biphasic and that the proportion of their birefringent part first 

remains almost constant until it slightly decreases at high 

polymer doping. This means that the liquid-crystalline phase is 

only marginally destabilized with respect to the isotropic one. 

These observations were confirmed by a synchrotron high-

resolution SAXS investigation. Even doped with PEO, the 

pattern of the lamellar phase (Figure 5a) shows a series of 

equidistant diffraction peaks, which is again its classical 

signature.40  

The measurements by SAXS of the lamellar period of six series 

of samples of constant H3Sb3P2O14 nanosheet concentration but 

increasing PEO doping are gathered in Figure 5b). The most 

salient feature is that the lamellar period decreases with 

increasing PEO doping, particularly so at the lowest nanosheet 

concentrations. For example, at the lowest concentration 

(CH3 = 0.16 wt%), the lamellar period decreases by 40% when 

CPEO increases from 0 to 2.0 wt%. Another example is shown in 

Figure SI 4. The fact that the lamellar period is hardly affected 

by PEO doping for the most concentrated samples is 

reminiscent of the behaviour of lamellar phases of 

homogeneous surfactant membranes. At high overall 

concentration, nanosheet crowding within each lamella is 

considerable such that the particles are tightly packed together. 

Conservation of mass then dictates that the lamellar period 

follow a simple swelling law defined by d =  where  is the 

membrane thickness (here the nanosheet thickness) and  is 

the membrane volume fraction, which both remain constant 

upon PEO addition. This scenario will be discussed in paragraph 

4.4 (Figure 10).  

 

The structural colours displayed by the H3Sb3P2O14 / PEO 

samples (Figure 4a) are also consistent with the lamellar periods 

measured by SAXS (Figure 5b). Using Bragg’s law, as in section 

3.1 above, for the diffraction of light by a lamellar composite 

system, we find very good agreement between the lamellar 

periods and the structural colours of the samples For instance, 

for two samples with CH3 = 0.32 wt% and CPEO = 0 and 5 wt% 

respectively, the lamellar periods measured by SAXS are 224.5 

and 179.5 nm, corresponding to diffracted light of wavelength 

respectively 597 and 477 nm, and therefore orange and light-

blue structural colours (see Fig. 4a).   

Fig. 4 Photographs of a series of sample tubes, with constant CH3 = 0.32 wt% 

and PEO weight fraction increasing from left to right: CPEO = 0, 0.05, 0.1, 0.5, 1, 

2, and 5 wt%, observed a) in natural light: the structural colour changes from 

red to blue due to PEO doping, and b) between crossed polarizers: the 

birefringent phase is barely destabilized.
Fig. 5 a) Curves of azimuthally-averaged scattered intensity in Kratky representation, 

q2.I(q) versus q, of two samples with same nanosheet weight fraction, CH3 = 0.32 wt%, 

but different PEO weight fractions: 0 and 2 wt%. b) Dependence of the lamellar period 

on the PEO weight fraction for six series of samples with constant H3Sb3P2O14 weight 

fractions.
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The phase diagram of the H3Sb3P2O14 / PEO (100 kDa) system 

(Figure SI 5), as function of CH3 and CPEO, has a biphasic region 

that tilts towards higher nanosheet concentration as CPEO 

increases. Indeed, both liquid-crystalline lamellar and nematic 

phases are slightly destabilized with respect to the isotropic 

phase upon PEO doping. However, this effect is not much 

pronounced, even at the highest PEO concentration explored, 

which cannot exceed the solubility of PEO in water. In 

comparison, a much stronger destabilizing effect has been 

recently reported when PEO was added to the nematic phase of 

beidellite clay suspensions.50    

Interestingly, we observed the same change of structural 

colour, due to a decrease of lamellar period upon addition of 

dextran polymer coils of 100 kDa molecular weight (see Figures 

SI 6 and SI 8). Dextran is a polysaccharide and therefore has a 

molecular structure quite different from that of PEO. This shows 

that the phenomenon described here is not restricted to the 

case of PEO and is not specific.    

A study of PEO (100 kDa) adsorption on H3Sb3P2O14 nanosheets 

shows that PEO has in fact some affinity for the nanosheets, as 

illustrated by the PEO adsorption isotherm (Figure 6). The curve 

of PEO adsorption regularly increases until it saturates to an 

average value of  0.1 g adsorbed PEO per g of H3Sb3P2O14. This 

value is lower but still of the same order of magnitude as that 

recently reported for the adsorption of the same 100 kDa PEO 

on beidellite clay.50 This saturated value corresponds to about 

3000 PEO coils adsorbed on each nanosheet (1500 per side). 

Since the gyration radius, Rg, of PEO is about 25 nm,56,57 the 

saturation value would roughly correspond to three times the 

full coverage if independent Gaussian coils were considered. 

Moreover, PEO bridging conformations also seem improbable 

because the average distance between nanosheets is 

100 – 300 nm, which is much larger than the end-to-end 

distance of the polymer, while the elastic penalty for stretching 

is  kBT (d/Rg)2 where kB is the Boltzmann constant and T the 

temperature.58 Then, the PEO is likely to be adsorbed as tails, 

adsorbed trains, and loops at the surface of the nanosheets.59  

Zetametry measurements (Figure 7) of the H3Sb3P2O14 / PEO 

samples provide information about the evolution of the surface 

charge density of the nanosheets upon PEO addition. We only 

qualitatively discuss here the evolution of the zeta potential 

upon PEO addition because the absolute values are computed 

by the apparatus software from the measured electrophoretic 

mobilities by assuming a spherical shape for the nanoparticles, 

which is not the case here at all. Qualitatively, nevertheless, the 

zeta potential of the nanosheets, which is negative, decreases 

regularly as the PEO concentration in the mixtures increases. 

This means that the surface charge density of the nanosheets 

clearly decreases as the PEO doping increases. 

A possible explanation of this behaviour is based on the Lewis-

base character of the ether oxygens of PEO which has been 

emphasised several times in the literature to explain its 

adsorption properties.60,61 Indeed, the pH of a PEO aqueous 

solution reaches values  8 at CPEO = 2.0 wt% (see Figure SI 7). In 

a H3Sb3P2O14 nanosheet suspension with pH  2, the ethylene 

oxide repeat units of PEO, which are Lewis bases, could be 

protonated, which would impart a positive electric charge to 

the polymer. This could explain the adsorption of PEO on the 

nanosheets which are negatively-charged and the strong 

reduction of zeta potential of the nanosheets after PEO 

adsorption. We note that dextran, whose addition also 

decreases the lamellar period, happens likewise to be regarded 

as a Lewis base (see Figure SI 9) in the literature.62  
 

3.2.2. PEO of molecular weight 1 MDa 

 

The behaviour of the lamellar phase of H3Sb3P2O14 doped with 

PEO of high molecular weight seems to be at odds with that 

described above with low molecular weight PEO or dextran. 

Indeed, Figure 8a shows that the structural colour of the 

lamellar phase shifts from blue to green upon addition of PEO 

(1 MDa), which suggests that the lamellar period increases with 

PEO content. Moreover, the lamellar phase is very slightly 

stabilized with respect to the isotropic phase (Figure 8b), in 

contrast with the case of PEO (100 kDa) shown in Figure 4b. 

Fig. 6 Adsorption isotherm of PEO (100 kDa) on H3Sb3P2O14 nanosheets showing 

the adsorbed mass of PEO per gram of H3Sb3P2O14 versus the PEO 

concentration in the solution. 

Fig. 7 Dependence of the zeta potential of H3Sb3P2O14 nanosheets versus PEO 

doping. The straight line is just a guide to the eye. 
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The SAXS study (Figure 9) of these samples confirms the 

conclusion that the addition of small amounts of PEO of high 

molecular weight does not alter the lamellar phase, apart from 

a small increase of its lamellar period. 

This behaviour strongly suggests that the addition of high 

molecular weight PEO induces an additional repulsive 

interaction between the nanosheets. Since the Lewis-base 

character of the ether oxygens of PEO is most probably 

independent of its molecular weight, we still expect the PEO 

(1 MDa) to bear a positive electric charge at pH = 2. It should 

then adsorb on the nanosheets and therefore reduce their 

negative electric charge and electrostatic repulsions, as PEO 

(100 kDa) does. However, the gyration radius of PEO 1 MDa is 

approximately 100 nm, which is comparable to the period of the 

lamellar phase of the nanosheets. We therefore argue that the 

increase of the lamellar period upon addition of PEO (1 MDa) 

could be due to a soft steric repulsion related to the loops and 

tails of the partially adsorbed PEO coils.     

 

4. Theory of lamellar order of charged nanosheets 

 

Fig. 8 Photographs of a series of sample tubes with constant CH3 = 0.54 wt% and 

PEO (1 MDa) weight fraction increasing from left to right: CPEO = 0, 0.1, 0.5, 1, and 

2 wt% observed a) in natural light: the structural colour changes from blue to 

green due to the PEO (1M) doping, and b) between crossed polarizers: the 

birefringent phase is barely stabilized with respect to the isotropic phase. 

Fig. 9. a) SAXS curves of azimuthally-averaged scattered intensity in Kratky 

representation of three samples with constant CH3 = 0.81 wt% with and without 

addition of  PEO (1 MDa) (CPEO = 0 and 0.5 wt%)  b) Dependence of  the lamellar 

period on  the PEO (1 MDa) doping.
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In this section, we try to model the lamellar phase of charged 

nanosheets and to account for the dependence of the lamellar 

period first on the nanosheet volume fraction (Sections 4.1-4.4) 

and then on the PEO doping through a variation of the 

nanosheet charge (Section 4.5).   

 

4.1. Modified DLVO theory for bilamellar system 

Let us first attempt to predict the typical lamellar distance of 

the nanosheets by interpreting the lamellae as uniform layers 

of thickness h at a distance d. First, we consider the typical van 

der Waals energy between two such lamellae. In view of the 

large distance (d >> 10 nm), retardation effects are expected to 

be significant. Considering a retarded van der Waals potential 

U =  - Cr/r7 between atoms at center-of-mass distance r and 

performing a pairwise summation over atoms between two 

lamellae of density , we find that the energy per unit area 

reads:63 
 

𝑈𝑣𝑑𝑊

𝐴
=  

−𝐶𝑟𝜋𝜌2

30
 {

1

𝑑3
− 

2

(𝑑+ℎ)3
+ 

1

(𝑑+2ℎ)3
}   (1) 

Taking the limit h << d, we find that the van der Waals term 

decays as the fifth power of the lamellar distance: 

 
𝑈𝑣𝑑𝑊

𝐴
~ − 4𝐵 

ℎ2

𝑑5
      (2) 

 

where B = 2Cr/10 refers to the retarded Hamaker constant 

which needs to be evaluated from Lifschitz theory. In fact, since 

the lamellae interact through aqueous medium, an effective 

Hamaker constant BLWL = BLL + BWW - 2BLW should be considered 

with “L" referring to the lamellae and “W" to water. The 

retarded Hamaker constant (in vacuum) should typically be of 

the order B  10-28 J.m. We stress that this value might be quite 

different for two surfaces of material (possibly polymer-coated) 

immersed in water. 

As for the electrostatic repulsion between lamellae, we note 

that the bare charge density on the nanosheet surface is very 

high (σ ≈ 3.4 e/nm2). The presence of ionic impurities in the 

solvent, on top of the H+ counter-ions, act as added salt with a 

small but non-zero concentration ns ≈ 10-5 M and corresponding 

Debye screening length of λD ≈ 100 nm. Due to the high surface 

charge, the degrees-of-freedom of the ions in solution are 

strongly affected by the charged surface, as reflected by a 

coupling constant being much larger than unity 

( = ℓB/ℓGC  10).  This situation gives rise to strongly non-

linear effects such as counter-ion condensation onto the 

nanosheet surface which can be accounted for from the non-

linear Poisson-Boltzmann (PB) equation.63 

Approximate analytical solutions exist for the simple bilayer 

geometry under certain circumstances.64 Our bilayer system 

clearly operates in the so-called intermediate regime 

characterized by large interlamellar distances (d⁄λD ≫ 1) and a 

very small Gouy-Chapman length (ℓGC  0.067 nm so that 

ℓGC ⁄λD  ≪1). The osmotic pressure between two charged walls 

with respect to a reservoir of pure electrolyte takes the 

following approximate form:64 

 

∏𝑖𝑛𝑡  ~
8𝑘𝐵𝑇

𝜋𝑙𝐵𝜆𝐷
2  exp (

−𝑑

𝜆𝐷
)     (3) 

in terms of the Bjerrum length ℓB  0.67 nm at room 

temperature. We remark that the current theory deviates 

somewhat from the conventional DLVO model for colloidal 

stability where retardation effects are usually ignored and 

electrostatic interactions between colloidal particles are 

treated at the level of linearized PB or Debye-Hückel theory. 

 
Equilibrium lamellar distance 

Combining the van der Waals and electrostatic pressures gives 

the total (disjoining) osmotic pressure between two charged 

lamellae: 

 

∏~ 
8𝑘𝐵𝑇 exp(

−𝑑

𝜆𝐷
)

𝑙𝐵𝜆𝐷
2 − 20𝐵

ℎ2

𝑑6
    (4) 

The osmotic pressure is measured against a reservoir of ideal 

electrolyte. Then, taking ∏ = 0 and using the values specified 

thus far, we find maximum swelling with a typical lamellar 

distance of about d*  35λD  3500 nm which is more than an 

order of magnitude larger than the typical lamellar spacing 

d*  300 nm found in experiment. Parameter variation within 

reasonable limits does not markedly change the interlamellar 

distance. 

The discrepancy with the experimental value for lamellar 

phases becomes less striking when we realize that the lamellar 

phase is in fact composed of a stack of membranes in osmotic 

equilibrium with an isotropic (or nematic) fluid phase (F) of 

charged discs. In that case, we should set ∏ = ∏F > 0 with the 

latter being the pressure of the fluid suspension relative to the 

electrolyte reservoir pressure. Furthermore, the number 

density of discs may not be equal in both phases and particle 

exchange is allowed to happen such that the chemical potential 

μ = (F + ∏V)/N is equal in the coexisting fluid and lamellar 

phases (μL = μF). 

 

4.2. Nanosheet-laden lamellae 

In order to arrive at a more appropriate description of the 

lamellar system under consideration, we must realize that the 

lamellae do not consist of a uniform material but are of a 

particulate nature, i.e. they are composed of strongly aligned 

rigid nanosheets with a very disperse diameter D with average 

〈D〉 = 800 nm organized into a quasi-bidimensional fluid. The 

subtle balance between the average nanosheet distance along 

and transverse to the sheet normal (or nematic director) has 

been addressed previously in the context of Poisson-Boltzmann 

cell theory that was mainly applied to non-lamellar laponite 

clays.65,66 Let us denote  = (π/4) ρ D2 as the average 

bidimensional filling fraction of discs in each lamella, with ρ the 

corresponding intralamellar number density. Since  < 1, we 

may associate to this an effective surface charge density that is 

smaller than the bare one: 

 
𝜎𝑒𝑓𝑓~


 𝜎𝑏𝑎𝑟𝑒      (5) 
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where we reiterate that σbare  0.55 C/m2. If we further take a 

typical intralamellar packing fraction  = 0.5, we find an 

effective Gouy-Chapman length: 

 

𝑙𝐺𝐶
𝑒𝑓𝑓

=  
𝑒

2𝜋𝑙𝐵|𝜎𝑒𝑓𝑓|
≈ 1𝑛𝑚     (6) 

We conclude that the effective Gouy-Chapman length remains 

about two orders of magnitude smaller than the Debye 

screening length (λD  100 nm). This means that the 

interlamellar electrostatics continues to reside in the 

intermediate regime with the asymptotic pressure given by Eq. 

(3). In the Supplementary Information (Figure SI 10), we 

compare the disjoining pressure associated with Eq. (3) to the 

one obtained from a numerical solution of the nonlinear PB 

equation and find that the analytical form performs well for 

λD/ℓGC > 100, provided that the interlamellar distance remains 

large (d > λD). Overall, Eq. (3) tends to give a slight 

overestimation of the disjoining pressure at large distance while 

underestimating the numerical result at shorter lamellar 

distances. Moreover, lamellar undulations are expected to be 

strongly suppressed given that the individual H3Sb3P2O14 

nanosheets that make up the membrane are supposed to be 

rather rigid. Furthermore, since the lamellar distance is of the 

same order as the typical Debye length, the effect of the (long-

wavelength) membrane fluctuations on the electrostatic 

interlamellar forces is expected to be negligible.67–69  

 
From bilayer to multistack lamellae 

A lamellar phase is composed of M lamellae which we assume 

to have identical physicochemical properties. Let us ignore the 

van der Waals contribution which is likely to be unimportant for 

the thermodynamics. For the Debye-Hückel regime (low 

effective surface charge density), one can show that the energy 

stored in each lamella is negligible if h >> d (ϵL/ϵW) so that both 

sides of the membrane can be considered electrically 

independent.70,71 If we consider this to hold for the 

intermediate regime as well, then by assuming pairwise 

additivity among lamellae, we can express the excess (over 

ideal) free energy of the lamellar phase (henceforth labelled 

"L") in terms of a sum of M - 1 independent bilayer systems: 

 

𝐹𝐿
𝑒𝑥~𝐴(𝑀 − 1)

8𝑘𝐵𝑇

𝜋𝑙𝐵𝜆𝐷
exp (

−𝑑

𝜆𝐷
)    (7) 

Conservation of the total number of nanosheets implies that 

N = ρL (M-1)Ad. Since the nanosheet thickness is negligible 

compared to the lamellar distance d, the total particle number 

density is trivially connected to the intralamellar distance via 

ρL = ρ/d. We thus obtain for the interlamellar free energy: 

 
𝐹𝐿

𝑒𝑥

𝑁𝑘𝐵𝑇
~

8
𝜋⁄

𝜌𝐿𝑑𝑙𝐵𝜆𝐷
 exp (

−𝑑

𝜆𝑑
)     (8) 

The fact that the free energy per particle drops with the overall 

nanosheet concentration ρL is a direct consequence of the 

extremely high lamellar surface charge density. In the 

intermediate regime, the interlamellar repulsion is simply 

saturated and no longer depends on the surface charge density 

itself. This means that adding nanosheets to a lamella at fixed 

distance d does not enhance the interlayer repulsion, so that 

the free energy per particle drops. 

Alternatively, if we assume each lamella to interact with all its 

neighbours, then we may naively sum Eq. (3) over all M(M-1)/2 

lamellar pairs: 

 
𝐹𝐿

𝑒𝑥

𝑘𝐵𝑇
~

8𝐴

𝜋𝑙𝐵𝜆𝐷
∑ ∑ exp (−

𝑑(𝑗−𝑖)

𝜆𝐷
)𝑀

𝑗=𝑖+1
𝑀−1
𝑖=1    (9) 

Taking the limit M → ∞ leads to: 

 

 
𝐹𝐿

𝑒𝑥

𝑁𝑘𝐵𝑇
~

8/𝜋

𝜌𝐿𝑑𝑙𝐵𝜆𝐷
 [exp (

𝑑

𝜆𝐷
) − 1]

−1

    (10) 

which reduces to Eq. (8) for large lamellar separations d >> λD as 

should be the case. 

 

4.3. Thermodynamics of the intralamellar fluid 

So far, we have not addressed the issue that each lamella exerts 

a lateral osmotic pressure (i.e., perpendicular to the lamellar 

direction) arising from the thermal motion of the discs across 

the lamellar plane. For simplicity, the nanosheets are 

considered to be parallel to each other, i.e., the orientational 

degrees of freedom are frozen. The free energy of a planar 

nanosheet fluid of which each lamella is composed can formally 

be established from liquid-state theory with the help of the 

direct correlation function c2(r). Rather than resorting to 

numerical strategies based on integral equation theory to 

resolve the intralamellar fluid structure, which is further 

compounded by the considerable diameter dispersity of the 

particles, we opt here for a naive but analytically tractable 

approach. We decouple the correlations between nanosheets 

into a hard-core contribution from Scaled Particle Theory72,73 

combined with a mean-field expression for the electrostatic 

part.74 Furthermore, the sheets are assumed to be in a fluid 

state without long-ranged positional order across the lamellar 

plane. Experimental scattering data suggests that the 

intralamellar fluid structure to be very weak because no 

interference peak is observed in the plane perpendicular to the 

row of lamellar reflections in SAXS patterns of single domains of 

the lamellar phase.40 The one-body density then reads ρ(r) = ρ 

with ρ the bidimensional concentration of nanosheets in each 

lamella. The following expression for the excess (over ideal) free 

energy ensues: 
 

𝐹𝑖𝑛𝑡𝑟𝑎
𝑒𝑥

𝑁
~

1

2
𝜌 ∫ 2𝜋𝑟𝑈(𝑟)𝑔(𝑟)𝑑𝑟 + 𝑘𝐵𝑇 (

1

1−
− ln(1 − 


))

∞

0
 (11) 

where g(r) denotes the intralamellar radial distribution 

function, as per the virial theorem.74 Here, we approximate it by 

the expression g(r) = H(r - σ) which ignores fluid structure 

beyond simple hard-core exclusions between nanosheet pairs, 

with H(x) denoting a Heaviside step function and σ some 

effective hard-core diameter. The latter is naturally related to D 

but it shall be retained here as an adjustable parameter since it 

is intricately affected by the nanosheet size dispersity as well as 

by details of the intralamellar fluid structure, both of which we 
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do not treat further here. The average distance between the 

mass centers of the nanosheets residing in a single lamella can 

be rather large, which suggests the use of Debye-Hückel far-

field approximation for the pair interaction between 

nanosheets, provided the bare charge surface is replaced by a 

much smaller effective charge:75 
 

𝑈

𝑘𝐵𝑇
≈ 4𝑙𝐵𝑍𝑒𝑓𝑓

2  (
𝐼1(𝑦 sin 𝜃′)

𝑦 sin 𝜃′
)

𝑒−𝑟/𝜆𝐷

𝐷
    (12) 

With I1 denoting a modified Bessel function with argument 

y = (1/2) D/λD and  denoting the angle between the disc 

normal and center-of-mass distance vector. Note that 

 = ’ = π/2 for co-planar parallel discs. The prefactor features 

an effective charge Zeff and a shape factor specific to the discotic 

colloidal shape. For highly charged discs, the saturation value 

for the effective surface charge is independent of the surface 

charge itself and takes the following scaling form:75 

 

𝑍𝑒𝑓𝑓
𝑠𝑎𝑡 ≈

𝐷

𝑙𝐵
𝑦~5. 103      (13) 

which is about three orders of magnitude smaller than the bare 

number of charges  106 per nanosheet. The integral in Eq. (11) 

is easily solved to obtain the following compact expression for 

the total intralamellar free energy: 

 
𝐹𝑖𝑛𝑡𝑟𝑎

𝑒𝑥

𝑁𝑘𝐵𝑇
~𝜋𝑙𝐵𝜆𝐷𝜔𝐿𝜌𝐿𝑑 +

1

1−


− ln(1 − 


)   (14) 

The intralamellar repulsion amplitude L combines various 

characteristics pertaining to the effective charge, shape, and 

intralamellar fluid structure of the nanosheets: 

 

𝜔𝐿 = 4 𝑍𝑒𝑓𝑓
2 (

𝐼1(𝑦)

𝑦
)

2
exp (

−𝜎

𝜆𝐷
)    (15) 

If we take σ ≈ D, we find that the amplitude should be of the 

order L   ̴ O(106). It should be understood that an appropriate 

estimate of L remains elusive in view of the approximate 

nature of the effective charge, at least for the intralamellar 

configurations considered here, and because of our cavalier 

treatment of the fluid structure which is strongly impacted by 

the considerable diameter dispersity of the nanosheets. 

We further note that the intralamellar free energy increases 

with lamellar distance given that the lamellae get more 

crowded as more particles need to be accommodated in the 

layers when d increases at fixed particle density. Furthermore, 

the free energy diverges as the nanosheets reach close packing 

   1 (in fact, actual close packing happens at 

  = π√3/6 ≈ 0:907). The hard-core contribution provides a 

natural upper bound for the lamellar spacing set by the overall 

nanosheet concentration, dmax/D  (π/4)(ρLD3)-1. This we will 

discuss next. 

 

 

4.4. Lamellar spacing versus nanosheet concentration 

 

Combining the inter- and intra-lamellar electrostatic free 

energies and minimizing with respect to d we obtain a criterion 

for (mechanical) stability of the lamellar distance: 

 
𝜕

𝜕𝑑
 (𝐹𝐿

𝑒𝑥 + 𝐹𝑖𝑛𝑡𝑟𝑎
𝑒𝑥 ) = 0      (16) 

 

We reiterate that the interlamellar repulsion has a Yukawa-type 

decay ∝ d-1 e-d/λD with lamellar distance, while the intralamellar 

free energy increases linearly with d. The balance between 

these two suggests the existence of an optimum spacing. 

Expressing all length scales in units of the nanosheet diameter 

D, we obtain: 
 

𝜋𝑙𝐵𝜆𝐷𝜔𝐿𝜌𝐿 −
8𝑒

−
𝑑

𝜆𝐷

𝜋𝑙𝐵𝜆𝐷𝜌𝐿
(

1

𝑑2
+

1

𝜆𝐷𝑑
) +

1

𝑑
(

1

(


−1)
2 − 1) = 0 (17)  

 

Note that the trivial ideal free energy of the lamellar phase is 

proportional to logL and does not depend on the intralamellar 

spacing. The results for the system under consideration are 

shown in Fig. 10. The spacings obtained from the “multistack” 

free energy Eq. (10) are very similar with values being only 

slightly larger for very concentrated samples (ρLD3 >> 1). The 

trivial swelling law reads d/D ≈ (2/√3)/ρLD3 and is recovered at 

larger nanosheet concentrations where the nanosheets are 

near close-packing. Away from this limit, the hard-core 

contribution has very little impact on the thermodynamics and 

may safely be neglected. For the concentration range probed in 

experiment (ρLD3  1 - 5), the intralamellar structure turns out 

to be rather sparse with filling fractions of less than 50%, 

depending on the value of the intralamellar repulsion amplitude 

L. The corresponding lamellar distances are about an order of 

magnitude smaller than those obtained from our modified 

DLVO theory (Section 4.1) and are in good agreement with the 

experimentally measured distances (100 – 300 nm), provided 

that the intralamellar repulsion L  108 is taken about two 

orders of magnitude larger than the value that would ensue 

Fig. 10: Intralamellar distance d/λD versus the inverse nanosheet concentration, 

normalized in units of the nanosheet diameter D for a number of intralamellar 

repulsion amplitudes L. The dash-dotted curves denote the corresponding 

intralamellar packing fraction  plotted on the right vertical axis. The experimental 

data are indicated by the symbols (open triangles indicate d/D, filled ones  ). 
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from Eq. (15).76 One possible explanation for the discrepancy is 

that the effective charge is larger than suggested by the naive 

scaling expression Eq. (13). The average edge-edge distance h 

between the sheets for typical intralamellar packing fraction of 

  = 0.3 is estimated to be h/D  (4 /)-1/2 - 1  0.6 which 

amounts to h being about four to five times the Debye screening 

length. This may not be sufficiently large to reach the far-field 

regime in which the linearized DH description with 

renormalized surface potential should apply.77 Furthermore, 

out-of-plane positional and orientational fluctuations of the 

nanosheets essentially disrupt the simple two-dimensional 

picture of the intralamellar fluid and enable the nanosheets to 

approach each other much more closely than the average 

diameter. This would render the contact distance σ << D, if not 

potentially zero.  
 

4.5. Effect of polymer adsorption 

The addition of low molecular weight (i.e. 100 kDa) polymer 

leads to adsorption onto the faces of the nanosheets (Fig. 6), 

resulting in nanosheets covered by a more-or-less uniform 

polymer coating. Even though there is a small fraction of free 

polymer in solution, the average separation between 

nanosheets is far too large for depletion forces to have any 

impact. Further, bridging forces due to simultaneous adsorption 

of a single polymer chain onto multiple nanosheets seem 

negligible as well. As far as the electrostatic properties are 

concerned, the main effect of the adsorbed polymer appears to 

be a drastic reduction of the bare nanosheet surface charge Zbare 

(Fig. 7). Consequently, the Gouy-Chapman length 

ℓGC = (8ℓBZbare)-1 may reach a few hundred nanometers, 

reiterating that we keep the average nanosheet diameter D as 

our implicit length unit in all expressions. It is then conceivable 

that the interlamellar pressure no longer operates in the 

intermediate regime (ℓGC << λD), but rather in the Debye-Hückel 

domain for weakly charged lamellae (ℓGC >> λD) in which case 

the disjoining pressure reads: 

 

∏𝐷𝐻~
2𝑘𝐵𝑇

𝜋𝑙𝐵𝑙𝐺𝐶
2  𝑒𝑥𝑝 (

−𝑑

𝜆𝐷
)      (18) 

 

The same reasoning applies to the intralamellar free energy 

where Eq. (14) still holds but with the saturated effective charge 

replaced by the bare nanosheet charge. We may now simply 

repeat the free energy minimization from the previous 

paragraph to obtain the following condition for the lamellar 

distance, now assuming Debye-Hückel electrostatics for weakly 

charged nanosheets: 

 

𝜋

64𝑙𝐵
𝜆𝐷0𝜌𝐿 −

2𝜆𝐷𝑒
−

𝑑
𝜆𝐷

𝜋𝜌𝐿𝑙𝐵
(

1

𝑑2
+

1

𝜆𝐷𝑑
) 

+
𝑙𝐺𝐶

2

𝑑
(

1

(


−1)
2 − 1) = 0     (19) 

where 0 = 4(y-1I1(y))2exp(-σ/λD) taking σ = D for simplicity. The 

result in Fig. 11 demonstrates that the addition of polymer and 

the subsequent reduction of the nanosheet charge density 

caused by the polymer adsorption leads to a marked deswelling 

of the lamellar structure, in line with experimental observation. 

 

The case of high molecular weight (i.e. 1 MDa) polymer is 

obviously more complicated than that of the low molecular 

weight polymer modelled here because the trend 

experimentally observed in the former case is opposite to that 

of the latter. Then, a complete theoretical description should 

also involve an additional effective membrane repulsion related 

to the polymer coils in a way that we do not yet understand. 

Another speculative argument is that large polymers might 

induce bridging attraction between adjacent nanosheets within 

the same lamella. Then, at constant overall nanosheet 

concentration, such bridging attraction should decrease the 

intralamellar particle distance, which should in turn increase the 

lamellar period.      

Furthermore, we wish to reiterate that the present theoretical 

model only applies to lamellar system; it does not take into 

consideration phase coexistence between lamellar and nematic 

or isotropic phases. This is a challenging issue that requires an 

appropriate thermodynamic description of (anisotropic) fluids 

of charged discotic colloids that remains largely elusive to 

date.78,79   

5. Conclusions 

The lamellar phase of H3Sb3P2O14 aqueous suspensions results 

from the self-assembly of the nanosheets in membranes that 

spontaneously organize in a periodic stack. In this work, we 

have shown that the particulate nature of the membranes is an 

essential ingredient required to understand the dependence on 

the nanosheet concentration of the lamellar period, hence the 

structural colour of the phase. Indeed, in this system, the usual 

DLVO approach based on infinite uniform lamellae fails to 

explain this dependence whereas our model that considers 

nanosheet-laden stacked lamellae provides a satisfactory semi-

quantitative description of the data.  

Fig. 11: Intralamellar distance d/λD from Debye-Hückel theory for the case of polymer 

adsorption reducing the nanosheet charge, as reflected by an increase of the Gouy-

Chapman length ℓGC normalized by the Debye screening length λD. The overall 

nanosheet concentration was kept constant at ρLD3 = 3. The dash-dotted curve denotes 

the corresponding intralamellar packing fraction .
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Moreover, we showed that adding PEO to the lamellar phase 

has an unexpected and spectacular effect on its structural 

colour. This effect is due to a change in lamellar spacing that 

decreases in the case of 100 kDa PEO but increases in the case 

of 1 MDa PEO. We found that PEO adsorbs on the nanosheets 

and therefore strongly reduces their negative charge. We argue 

that this is due to the Lewis-base character of the ethylene 

oxide repeat units that makes PEO positively charged at the low 

pH of the H3Sb3P2O14 suspensions, which is qualitatively 

confirmed by theoretical modelling. This interpretation is 

further supported by the fact that the same trend is observed 

with Dextran which also happens to have a Lewis-base 

character. Yet, the origin of the additional repulsion 

experienced by the nanosheet-laden membranes in presence of 

the 1 MDa PEO still remains unclear to date.  

From a more applied point of view, our work shows how the 

structural colour of these 1-dimensional photonic materials can 

finely be tuned in the whole visible range not only by adjusting 

the nanosheet concentration but also by simply doping the 

phase with small amounts of polymer of carefully chosen 

molecular weight.          
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