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Abstract 25 

In this manuscript we address the formation of highly organized clay tactoids intercalated with 26 

a charged polymer (ionene) in aqueous environment. We report on an original route to achieve 27 

such tactoids by starting with pre-formed clay tactoids, held together by multi-valent inorganic 28 

atomic ions, as is the case in clay suspensions exchanged with Ca2+ or La3+ ions. Contrary to 29 

previously evoked mechanisms of disaggregation-aggregation or successive delamination of 30 

individual platelets (“peeling”), we observe clearly a reversible transition between the two types 31 

of clay tactoids, at an almost constant number of clay nanoplatelets per tactoid. This hints at 32 

an “earthworm” mechanism of the charged chains exchanging with the multivalent atomic ions 33 

inside the tactoids, which is surprising. Our observations are based on small angle X-ray 34 

scattering, where a strong correlation peak, called the stacking peak, is an undisputable 35 

signature of the stack/tactoid formation and is distinct for the multivalent-ion clay stacks and 36 

charged-polymer clay stacks. The linear charge density of the polymer chains is a key parameter 37 

for the tactoid transition. For weakly charged polymer chains, the transition simply does not 38 

take place, even under conditions of strong excess of the charged polymer. The initial state of 39 

multivalent-ion clay tactoids is essential for the formation of highly organized final charged-40 

polymer clay tactoids. Starting from individual delaminated clay layers (Na+ exchanged clays) 41 

does not lead to the same final charged-polymer clay stacks. Overall, the final structure of 42 

charged-polymer clay stacks strongly depends on the initial structural state of the host clay 43 

layers, and on the linear charge density of the guest polymer chains.  44 
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1. Introduction 45 

The coagulation/flocculation of clay minerals is a major process in various industrial 46 

applications. For instance, bentonite muds that are extensively used in civil engineering and oil 47 

drilling operations need to be processed by coagulation for a safe release of treated water into 48 

the environment [1]. Whereas simple inorganic cations can act as coagulating agents, the use 49 

of organic polymers and above all polyelectrolytes (charged polymers) generally provides a 50 

more efficient flocculation pathway [2]. Indeed, in addition to screening provided by an 51 

electrolyte, the presence of polyelectrolytes involves additional mechanism that are generally 52 

referred to as (i) polyelectrolyte bridging, (ii) polyelectrolyte patching, and, (iii) depletion 53 

flocculation involving the free, desorbed polyelectrolyte [3,4]. 54 

  In all studies dealing with clay flocculation by polyelectrolytes, the charge density of 55 

the polymer appears as a key parameter controlling flocculation efficiency. For this reason, we 56 

recently focused on flocculation using ionene charged polymer chains. These molecules display 57 

a simple chemical structure, free of bulky side groups, and a regular charge density along the 58 

chains, as positive quaternary ammonium centers are separated by a predefined number of CH2 59 

spacer units [5-7], which allows tuning the linear charge density. The combination of ionenes 60 

of varying charge density, with clay platelets with different size and charge then appears as a 61 

very relevant system to study in detail the aggregation mechanisms of charged colloidal 62 

bidimensional objects.  63 

In our first studies on this system, we investigated the aggregation of size-selected 64 

delaminated Na-exchanged clay platelets in the presence of ionene polymers using a 65 

combination of light absorbance, ζ-potential measurements and both X-ray and neutron small 66 

angle scattering techniques [8-9]. We could first show that the onset of efficient aggregation 67 

occurred for low ionene contents. More precisely, it appeared to be located at c+/c- values 68 

significantly lower than 1, where c+/c- is the ratio of the total positive charge on the ionene 69 
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chains and total negative charge on the clay platelets in the system. Still, differences in 70 

aggregation behaviour were observed depending on the relative charge density on the polymer 71 

chains and the clay surface. The nanoscale features of the formed clay aggregates were 72 

dominated by the presence of a stacking peak, giving clear evidence for a dominant face-to-73 

face aggregation geometry of the clay platelets. The position and width of this stacking peak 74 

were shown to vary with the chain charge density of ionenes, highly charged chains leading to 75 

a flat conformation of the intercalated chains between clay platelets, whereas, for weakly 76 

charged chains, undulation of the intercalated ionene chains could be evidenced. In addition, 77 

the kinetics of clay-ionene aggregate or floc formation in the investigated systems, where 78 

ionene chains interact with freely moving individual charged clay platelets, appeared to be 79 

extremely quick (seconds to minutes).  80 

However, in most real-life situations where clay minerals have to be flocculated, the 81 

initial clay system is very rarely the one in which individual platelets are present in suspension, 82 

as this requires the presence of monovalent counterions only and low ionic strength (typically 83 

≤ 10-2 M/L) [e.g. 10]. In fact, in most “real” systems, where the compensating interlayer cation 84 

is multivalent, the initial clay particles are present as preformed stacks with repetition distances 85 

around 2nm that correspond to interlayers containing approximately 3 water layers. In the 86 

present paper we then examine how ionene polyelectrolytes with various charge densities 87 

interact with clay suspensions where already pre-formed clay tactoids are present, held together 88 

by multivalent inorganic cations, Ca2+ and La3+. We show that for the case of pre-formed clay 89 

tactoids, the exchange of multivalent atomic ions and ionene polymer chains takes place only 90 

in certain cases. Even if the exchange takes place, it leads to different final aggregation states 91 

in comparison to ionene-induced aggregation of individual delaminated clay layers (the case of 92 

Na-exchanged clay suspensions). We give some indications regarding the mechanism via which 93 

the observed highly ordered clay-ionene aggregates are reached.  94 
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2. Experimental section 95 

2.1. Clay preparation 96 

The clay used in the present study is Na-Wyoming montmorillonite (SWy-2) that was 97 

obtained from the Source Clays Minerals Repository of the Clay Mineral Society at Purdue 98 

University. Clay suspensions were prepared, purified and size-sorted following the protocol 99 

described by Paineau et al. [11]. The size fractionation was performed by successive 100 

centrifugations and each obtained fraction has a defined platelet lateral size. In the present 101 

study, two different sizes were used. The physico-chemical parameters of the used clay samples 102 

are reported in Table 1. After size separation, the initial Na+ clay counterions were exchanged 103 

with Ca2+ or La3+ using a 0.5 mol L-1 solution of CaCl2 and a 0.1 mol L-1 solution of La(NO3)3, 104 

respectively. Salt solutions was added to the clay suspensions (≈ 20g/L) and stirred for 24h. 105 

The obtained mixture was then centrifuged at 7000 g during 30 minutes, the supernatant was 106 

eliminated and the flocculent was redispersed in the salt solution during 24h. These operations 107 

were repeated three times. After the third exchange, the suspensions were washed 10 times 108 

using ultrapure water in order to eliminate excess salts. The final ionic strength of the 109 

suspensions can then be estimated at around 10-4 mol L-1.  110 

 111 

Table 1 – Physico-chemical properties of studied clays [11, 12].  112 

Name Diameter 
nm 

Polydispersity 
% 

CEC 
mmol/100 g 

SWy-2 S1 410 130 96.4 

SWy-2 S3 100 45 96.4 
 113 

2.2. Ionene preparation 114 

Ionenes and their precursors were synthesized using a procedure adapted from those described 115 

previously [7, 13]. The first step in the synthesis is to prepare an aqueous solution of 116 
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Dimethylamine (DMA). For this, dimethylamine hydrochloride (86.0 g, 1.05 mol) was 117 

transferred in a two-necked, 500 mL round-bottom flask equipped with a magnetic stirrer. One 118 

neck was connected to a dropping funnel containing 23 M NaOH aqueous solution whereas the 119 

other one was connected to the tube immersed in ice-cold water (18 mL). NaOH was added 120 

dropwise to dimethylamine hydrochloride (DMA·HCl) under stirring at 10 °C. The mixture 121 

was warmed to its initial boiling point (55 °C) and then slowly further on up to 90 °C. DMA 122 

vapors condensed/dissolved while passing through ice-cold water. Such a procedure yielded an 123 

aqueous DMA solution (57%, 51.7 g, 0.63 mol) that was further used to synthesize N,N,N′,N′-124 

tetramethyl-1,12-dodecanediamine. For this, 1,12-dibromododecane (8.35 g, 25 mmol) was 125 

dissolved in tetrahydrofuran (70 mL) in a 250 mL round-bottom flask. The solution was cooled 126 

to −78 °C, and aqueous solution of DMA (57%, 39.5 g, 0.5 mol) was added. After 30 min 127 

stirring at -78 °C, the reaction mixture was allowed to warm to room temperature and was 128 

stirred further for 24 h. Volatile components were removed under reduced pressure, and the 129 

resulting white residue was dissolved in 2 M NaOH aqueous solution (200 mL). The liquid 130 

phase was then extracted with diethyl ether several times. The combined organic layers were 131 

collected and concentrated to obtain a yellow oil. This crude product was purified via vacuum 132 

distillation (100 °C, 1 mbar) from CaH2 to provide a clear colorless liquid product (4.5 g, 90% 133 

yield).  134 

N,N,N′,N′-tetramethyl-1,12-dodecanediamine (4.5 g, 22.5 mmol) was added to a solution of 135 

1,12-dibromododecane (5.77 g, 22.5 mmol) in methanol (55 mL). The reaction mixture was 136 

stirred for 3 days at 45 °C. The solution was then concentrated, and the residue was precipitated 137 

with diethyl ether. After decantation, the supernatant was eliminated. The remaining solid was 138 

then dissolved in water and washed with diethyl ether. After elimination of water by freeze-139 

drying, 12,12-ionene was obtained as a white solid (12.49 g, 95%). As far as 6,6- and 3,3-ionene 140 

bromides are concerned, they were prepared similarly using the appropriate dibromoalkanes 141 
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and diaminoalkanes [6, 7, 14]. In the case of 3,3-ionene bromide, small amounts of water were 142 

repeatedly added into the reaction mixture, when it became white and very viscous, to ensure 143 

a proper solubility of all components. The structural characteristics of the three ionenes used 144 

are summarized in Table 2. As can be seen, the linear charge density of ionenes decreases as 145 

we move from 3,3- to 12,12-ionenes.  146 

 147 

Table 2 – Structural characteristics of ionenes used. *Chain lengths of ionenes have been estimated from 148 
molecular weights as measured by size-exclusion chromatography. Further details can be found in refs [8,9].   149 

Ionene Structural formula of monomer 
[-(CH3)2N+-(CH2)x-(CH3)2N+-(CH2)y-]n 

Charge separation 
[Å] 

Chain length* 
[nm] 

3,3- x=y=3 5.00 100-300 

6,6- x=y=6 8.75 100-300 
12,12- x=y=12 16.25 100-300 

 150 

2.3. Clay-ionene floc preparation 151 

Ionene aqueous solutions were prepared at 20 g L-1 for 3,3- and 6,6-ionene, and at 17 g L-1 for 152 

12,12-ionene. Clay-ionene aggregates or flocs were prepared in test tubes to reach a final clay 153 

concentration of 11 g L-1.  c+/c- values of 0.4, 0.6, 0.8, 1.0, 1.2 and 2.0 were used where c+ and 154 

c- represent the concentration of positive charges from ionene and negative charges from clay 155 

platelets, respectively. Clay-ionene flocs were formed by adding the appropriate volume of the 156 

ionene solution to the clay suspension to reach the desired c+/c-. The mixture was shaken by 157 

hand, simply by inverting the test tube 2-3 times. 158 

 159 

2.4. Small angle X-ray scattering 160 

Small angle X-ray scattering (SAXS) measurements on equilibrated samples were performed 161 

on the SWING beamline at SOLEIL synchrotron (Orsay, France). Clay-ionene flocs were 162 

introduced into 1 mm cylindrical borosilicate capillaries that were sealed. The SAXS 163 

measurements were performed at a fixed energy of 16 keV using two sample-to-detector 164 
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distances, namely 0.5 and 6 m. This setup allowed covering a range of scattering vectors, q, 165 

from 0.002 Å-1 to 2 Å-1. 166 

Kinetic SAXS experiments were carried out on a lab-based set-up (XENOCS Xeuss 2.0) at an 167 

incident energy of 8 keV. The sample to detector distance was fixed to 0.3m that corresponded 168 

to a q range of 0.02 Å-1 to 1.2 Å-1. Clay ionene suspensions were introduced into 1 mm 169 

cylindrical borosilicate capillaries immediately after mixing ionene with the clay suspension 170 

and analysed immediately. As the acquisition time was 60s, in such conditions, the first time at 171 

which a pattern is obtained can be estimated at around 3 minutes after the first contact between 172 

ionene and clay. 173 

 174 

3. Results and discussion 175 

3.1. High density ionenes. 176 

Figure 1 displays the SAXS curves corresponding to flocs formed when SWy2-S1 initially 177 

exchanged with Na+, Ca2+ or La3+ is contact with various amounts of 3,3-ionene expressed as 178 

C+/C-, i.e. the charge ratio between the charge corresponding to the positive charge on ionenes 179 

and the negative charge born by clay platelets. Note that until further notice, we describe here 180 

the larger clay platelets (410 nm in lateral size), denoted S1 (refer back to Table 1). The bottom 181 

panels are enlargements of the q-range between 0.2 and 0.6 Å-1, i.e. the zone in which stacking 182 

peaks are observed. When the starting counterion is Na+, as already observed [9], flocculation 183 

can be evidenced both in the high q range, where weak stacking peaks corresponding to 184 

repetition distances of around 15 Å appear upon ionene addition, and in the low q-range, where 185 

the initial q-2 dependence corresponding to the form factor (shape) of isolated clay platelets in 186 

suspension is replaced by a dual evolution (slope ≈ -2.8 for q > ≈ 3.10-2 Å-1 and ≈ -2.5 for lower 187 

q values). The situation is strikingly different when the initial clay particles are exchanged with 188 

either Ca2+ or La3+ cations.  189 
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 190 

Figure 1: Evolution of the SAXS curves for SWy2-S1 in contact with increasing amounts of 191 
3,3-ionene. Left Na+-clay, middle Ca2+-clay, right La3+-clay. 192 

 193 

Firstly, the total scattered intensity is significantly higher for the multivalent case. Secondly, in 194 

the region where the stacking of clay platelets is observed, the addition of ionene leads to the 195 

development of a peak corresponding to a repetition distance of ≈ 14.5 Å, i.e. a value close to 196 

that obtained upon flocculation of Na+ clay. This peak seems to develop at the expense of the 197 

peak assigned to the initial Ca2+ or La3+ exchanged clay and grows in intensity with increasing 198 

ionene concentration. In the low q region, the slopes of the curves scale as q-3.2 and q-3.4 for the 199 

Ca2+ and La3+ systems, respectively.  The assignment of these two peaks to inorganic cation 200 

exchanged stacks (or tactoids) and ionene exchanged stacks (or tactoids) is confirmed by 201 

measuring the signal of a dry floc at ambient atmosphere (Figure 1 SI). Indeed, in that case, two 202 

peaks are observed, one at ≈ 15.5 Å that corresponds to a clay with a water bilayer (as would 203 

be expected for a multivalent-ion clay tactoid at ambient humidity) and one at ≈ 14.3 Å that 204 

corresponds to a dry clay tactoid containing ionene. This additionally shows that ionene 205 

interlayers are very poor in water when present in aqueous environment. For each sample 206 
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prepared with multivalent-ion clay stacks, it is possible to determine an approximate number of 207 

platelets belonging to stacks with a repetition distance of ≈ 19 Å, i.e. containing hydrated 208 

multivalent cations or belonging to stacks with a repetition distance of ≈ 14 Å i.e. intercalated 209 

with ionene molecules.  Such a calculation requires an estimation of the coherent scattering 210 

domain according to Scherrer’s formula [9]:  211 

𝐶𝑆𝐷 =
0.89	𝜆
𝛽cos	(𝜃) 212 

where l is the radiation wavelength, b the full width at half maximum of the diffraction peak 213 

and q the diffraction angle.  214 

 215 

 216 

Figure 2: Evolution of the relative number of platelets in Ca2+ and La3+ SWy2-S1 stacks as a 217 
function of the amount of added 3,3-ionene, expressed in terms of the C+/C- ratio, a measure 218 

of relative concentration. Lines are guides to the eye. 219 
 220 

Figure 2 displays the evolution with the ratio C+/C- of the relative number of platelets with a 221 

charge compensated with inorganic cations. It appears that this number tends to zero for both 222 

Ca2+ and La3+ samples for increasing ionene concentration. However, the amount of ionene 223 

required for reaching a complete exchange of the initial interlayer cation is significantly higher 224 

for La3+ counterions. The SAXS patterns of Figure 1 and the shape of the curves displayed in 225 
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Figure 2 suggest the occurrence in the system of a direct transition between two states, the 226 

“multivalent-ion stack” (abbreviated from now on as “m-ion stack”) and the “ionene stack”. To 227 

further test this assumption, it appears relevant to follow the evolution of the number of layers 228 

in the coherent scattering domain (CSD) for the various states of this transition (Figure 3). In 229 

the case of Ca2+, (Figure 3A), the transition appears to occur at a constant number of clay layers 230 

per stack. In the case of La3+, (Figure 3B), a slight evolution could be inferred.  231 

 232 

Figure 3: Evolution of the number of platelets per CSD in the two phases observed upon 233 
addition of 3,3-ionene to Ca2+ and La3+ SWy2-S1. Lines are guides for the eye. 234 

 235 
However, considering the error associated with the exact determination of the number of layers 236 

from the measurement of the CSD, to a first approximation it can be proposed that in this case 237 

also, the number of layers per particles remains almost constant during the transition from “m-238 

ion stack” to the “ionene stack”.  This strongly suggests that the exchange of inorganic 239 

multivalent cations by ionene chains occurs in structural units with a size that is fixed by the 240 

initial state of the sample.  241 
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 242 

Figure 4: Evolution of the relative number of platelets in La3+ SWy2-S1 stacks as a function 243 
of the amount of added 3,3-ionene. Lines are guides for the eye. 244 

 245 

It must be pointed out that such a result does not concur with the two classical models used for 246 

explaining polymer intercalation in swelling clay minerals, i.e. the disaggregation-247 

reaggregation model [15, 16], or the peeling mechanism [16-18]. Indeed, both mechanisms 248 

assume at some point a change in the number of platelets per stack, which clearly does not 249 

apply to the systems investigated here, where a direct transition seems to occur. In order to get 250 

further insight into the status of this transition, it is important to check if the process is 251 

reversible. Figure 4 displays for the case of the La3+- SWy2-S1 the evolution of the relative 252 

proportion of La exchanged platelets with both increasing and decreasing 3,3-ionene 253 

concentration. A small hysteresis between the two branches can be observed but clearly, the 254 

process appears reversible. This points towards a real phase transition between the two states, 255 

i.e. between the “m-ion stacks” and “ionene stacks”.  256 

 257 
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   258 

   259 

Figure 5: Time evolution of the integrated SAXS signals obtained for samples upon exchange 260 
with 3,3-ionene at a relative concentration C+/C- = 2. A: Ca2+ SWy2-S1, B:  La3+ SWy2-S1, 261 

C: La3+ SWy2-S1 in a dense floc region. 262 
 263 

In order to get further insight into the exchange mechanism between highly-charged ionene 264 

chains (3,3-ionene) and clays compensated by multivalent cations, kinetic experiments were 265 

carried out to follow the exchange process. Figure 5A presents the evolution obtained in the 266 

case of the Ca2+ SWy2-S1 for a relative concentration in ionene (C+/C-) equal to 2. Clearly the 267 

exchange process is rather slow, as it takes approximately one hour to obtain a full exchange 268 

between the two components, i.e. a full transition from “m-ion stacks” to “ionene stacks”. The 269 

exchange in the case of La3+ exchanged sample appears slightly slower (Figure 5B). 270 

Furthermore, in the case of La-clay, Figure 5C presents the evolution of the signal measured in 271 

a dense region of the sample in which the signal/noise ratio is significantly higher than in less 272 

dense regions such as that observed in Figure 5B. In such dense regions, the evolution of the 273 

system appears to be even slower as the patterns keep evolving over periods of several hours. 274 

This suggests that accessibility and diffusion of ionene chains to preformed multivalent 275 
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moieties is of prime importance in such a system. It must be pointed out that after initial fast 276 

mixing in large vials, these kinetic experiments were carried out in 1mm SAXS capillaries, 277 

which may also slow down diffusion and render the homogenization of the system at these 278 

longer time scales difficult.  279 

 280 

3.2. Effect of charge density. 281 

Thanks to the use of model polyelectrolytes such as ionenes it is possible to get further insight 282 

into the exchange process by examining the effect of charge density, which turns out to be a 283 

key parameter. In the case of individual delaminated clay platelets (Na-exchanged clay), as 284 

shown in our previous study [9], the addition of ionenes leads to the formation of clay 285 

aggregates with d-spacings and coherent scattering domains that depend on the ionene charge 286 

density. It was observed that aggregates with d-spacings of 14.3 Å, 14.6 Å and 18.4 Å were 287 

formed for ionene 3,3- and 6,6- and 12,12 respectively. In parallel, the size of the coherent 288 

scattering domains corresponded to 11, 8 and 5 clay layers with decreasing ionene charge 289 

density. When the clays are initially exchanged with multivalent cations, the scenario is 290 

different. Indeed, with decreasing ionene charge density, the exchange of multivalent inorganic 291 

cations with ionene chains is impaired, be it for Ca2+ or La3+. This is particularly striking when 292 

considering the ionene with the lowest charge density (12,12-ionene), for which no exchange 293 

of the inorganic atomic cations occurs whatever the amount of added ionene. Still, the tendency 294 

observed for 3,3-ionene holds for 6,6-ionene: the amount of ionene needed for reaching a given 295 

exchange ratio is lower for the Ca2+-exchanged clay than for the La3+-exchanged one.  296 
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 297 

Figure 6: Influence of ionene charge density on the relative number of platelets with Ca2+ 298 
(left) and La3+(right) Wyoming montmorillonite (all S1 platelets). Lines are guides to the eye. 299 

 300 

Figure 7: Evolution of the number of platelets per CSD in the two phases observed upon 301 
addition of 6,6-ionene to Ca2+ and La3+ SWy2-S1. Lines are guides to the eye. 302 

 303 
As far as the number of platelets per CSD is concerned, as shown in Figure 7, the evolution in 304 

the case of 6,6-ionene bearing a medium charge density, is different from that observed for the 305 

highly charged 3,3-ionene (Figure 3). Indeed, the number of platelets in the aggregates of “6,6- 306 

ionene-clay stacks” is constant at around 13, a value significantly lower than that observed for 307 

the 3,3 ionene case (≈ 22). It then appears that the final state of the stack is linked to the charge 308 

density of the interlayer chain. 309 
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Figure 8 displays the kinetic evolution of the system involving Ca2+ SWy2-S1 and La3+SWy2-310 

S1 and 6,6-ionene. As in the case of the 3,3-ionene, kinetics are rather slow with exchange time 311 

extending over a few hours or even more. The kinetics may be slightly slower than those 312 

observed with the higher charge density chains (3,3-ionene). However, reproducing the same 313 

local conditions in such an experiment is rather difficult, which somewhat mitigates the 314 

statement. 315 

 316 

 317 

Figure 8: Time evolution of the integrated SAXS signals obtained for samples upon exchange 318 
with 6,6-ionene at a relative concentration C+/C- = 2. A: Ca2+ SWy2-S1, B:  La3+ SWy2-S1. 319 

 320 

It is worth noting that the average particle size of clays seems to have only a marginal 321 

influence on the equilibrium state (Figure SI2) as well as on the kinetics of its formation (Figure 322 
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SI3). The system appears to behave indeed similarly for the two clay particle sizes investigated, 323 

410nm (S1) and 100nm (S3). 324 

All the data presented here strongly suggest that the exchange of charged polymers in 325 

clay suspensions strongly depends on both the initial state of the clay component and the charge 326 

density of the guest polymer molecule. In the case of Na-clay where the initial state of the 327 

system is that of individual clay layers dispersed in suspension, whatever the charge density of 328 

the guest molecule, exchange occurs. Still the final state of the sample depends on the charge 329 

density of the introduced polymer [8,9]. When the initial clay sample is exchanged with 330 

multivalent cations, only ionenes with sufficiently high charge density (3,3- and 6,6-ionenes) 331 

are able to exchange the multivalent cations in the preformed “M-ion stack” structure. For 3,3-332 

ionenes, the exchange kinetics and the evolution of the scattering coherent domains throughout 333 

the exchange curves strongly suggest a pure reptation of the polymer chains into the preformed 334 

“M-ion stack”, the structure of which remains similar all along the exchange process. For 6,6-335 

ionenes, kinetics also points towards some kind of “earthworm” mechanism. However, the final 336 

state of the sample is slightly different from the initial one as the average number of layers per 337 

stack in the “ionene stack” is slightly lower than in the “M-ion stack”. It then appears that the 338 

equilibrium state of stacked clay structures formed upon charged polymer intercalation depends 339 

on a subtle match between the charge density of the host structure and that of the guest species, 340 

in addition to the initial state.  341 

 342 

4. Concluding remarks 343 

The results presented in this paper show that the interaction of model charged polymer chains, 344 

with variable linear charge density, with particles of Wyoming montmorillonite leads to final 345 

structures that strongly depend on the initial structural state of the host layers, and on the linear 346 

charge density of the guest polymer chains. Exchange does not seem to occur through the 347 
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mechanisms currently proposed in the literature, i.e. disaggregation-reaggregation or peeling. 348 

In the case where pre-formed clay tactoids exist, some “earthworm” type mechanism appears 349 

to be more appropriate for describing the structural and kinetic evolution of the structures with 350 

increasing polymer concentration.  Furthermore, the final equilibrium state of stacked clay 351 

structures formed upon charged polymer intercalation seems to depend on a subtle match 352 

between the charge density of the host structure and that of the guest species. In that context, 353 

considering the charge heterogeneity of natural clay minerals, the evolution of the system upon 354 

increasing polymer addition could be a proxy for the charge distribution of the ensemble of clay 355 

layers. In that regard and to see whether this balance controls all clay systems for which stacks 356 

of particles are present it would be extremely fruitful to reproduce the experiments done in the 357 

present study using other natural clays with different charge and/or charge distribution or to use 358 

synthetic clay systems with controlled charge density. Performing simulations such as those 359 

described in [19, 20] could also help in better assessing the processes occurring when charged 360 

polymers are in contact with various types of clay stacks or tactoids. All these investigations 361 

could undoubtedly lead to a more efficient design of clay-polymer nanocomposites for all kinds 362 

of applications. 363 
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