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ABSTRACT 13 

The mobility of radiocesium in the environment is largely mediated by cation exchange 14 

in micaceous clays, in particular illite—a non-swelling clay mineral that naturally contains 15 

interlayer K+ and has high affinity for Cs+. Although exchange of interlayer K+ for Cs+ is 16 

thermodynamically non-selective, recent experiments show that direct, anhydrous Cs+-K+ 17 

exchange is kinetically viable and leads to the formation of phase-separated interlayers through a 18 

mechanism that remains unclear. Here, using classical atomistic simulations and density 19 

functional theory calculations, we identify a molecular-scale positive feedback mechanism in 20 

which exchange of the larger Cs+ for the smaller K+ significantly lowers the migration barrier of 21 

neighboring K+, allowing exchange to propagate rapidly once initiated at the clay edge. Barrier 22 

lowering upon slight increase in layer spacing (~0.7 Å) during Cs+ exchange is an example of 23 

“chemical-mechanical coupling” that likely explains the observed sharp exchange fronts leading 24 

to interstratification. Interestingly, we find that these features are thermodynamically favored 25 

even in the absence of a heterogeneous layer charge distribution. 26 

 27 
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 29 

INTRODUCTION 30 

Ion exchange in layered silicate minerals mediates contaminant immobilization,1-11 31 

weathering of micaceous minerals,12-14 and formation of interstratified nanocomposite structures 32 

for engineering and petrochemical applications.15-18 Widespread soil radiocesium contamination 33 

following the Chernobyl and Fukushima Daiichi nuclear disasters has stimulated research on 34 

how micaceous minerals, which bear sites with an extremely high affinity for Cs+, mediate 35 

radiocesium transport. The availability of these high-affinity sites will largely dictate the long-36 

term retention of soil Cs+, and these sites are thought to be located in the edge and interlayer 37 

regions of micas and micaceous clay minerals.19 Edges have a relatively small exchange capacity, 38 

with estimates ranging from ~2%20 to ~20%21-22 of the total cation exchange capacity (CEC) 39 

depending on particle size and solution composition. Only a fraction of these (~0.5-10%) are 40 

thought to be high-affinity sites.23. Counterions occupying interlayer regions in micaceous 41 

minerals are typically considered inaccessible to exchange, severely limiting the overall 42 

availability of high affinity sorption sites for long-term radiocesium immobilization.  43 

Exchange of interlayer K+ in layered silicates has been studied for more than half a 44 

century to understand mica weathering and to quantify overall ion exchange capacities of the 45 

layered silicates.12-14, 24 The key parameters controlling the extent of anhydrous potassium ion 46 

exchange (i.e. “weatherability”) include the magnitude of the layer charge, particle size, the 47 

identity of the exchanger ion, and the presence of K+ in solution.12, 25 Divalent ions and small 48 

monovalent ions maintain solvation complexes in the interlayer region, while large monovalent 49 

ions such as K+, Cs+, and NH4
+ tend to be anhydrous. Exchange experiments in relatively high 50 

structural charge micas and illite clays have demonstrated that replacement of anhydrous K+ by 51 

hydrated ions of Na+, Ba2+, and Sr2+13, 25-28 is kinetically accessible through a hydration 52 

mechanism involving significant clay layer expansion or “decollapse” typical of clay minerals 53 

classified as vermiculites. Replacement of interlayer K+ from micas proceeds inwards from the 54 

edge, often leaving behind a central core of ions inaccessible to exchange.29 Nanoscale imaging 55 

of the interlayer exchange process in situ has shown that propagation of the exchange front—the 56 

interface between non-exchanged and exchanged interlayer regions—is linear in the square root 57 

of time, indicating diffusion controlled exchange kinetics.25 In all prior determinations of 58 
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interlayer exchange and diffusion kinetics, the exchanger ion has been either been hydrated,13, 25, 
59 

27-28, 30 or exchange of an anhydrous ion has been mediated by prior exchange by a hydrated 60 

ion.14, 31-32 In this case, a “collapse-decollapse” kinetic mechanism involving hydrated ion 61 

intermediates was assumed to facilitate exchange of Cs+ in the interlayer region.30 However, due 62 

to strong thermodynamic penalty for replacement of K+ by hydrated ions in the interlayer,26 the 63 

presence of even trace amounts of aqueous K+ or NH4
+ strongly inhibits exchange by solvated 64 

counterions,12, 33 making a decollapse mechanism unlikely under typical environmental 65 

conditions. Thus the underlying microscopic explanation for accessibility of clay interlayers to 66 

exchange with anhydrous ions such as Cs+ and NH4
+ is effectively unknown. 67 

Direct exchange of anhydrous ions in collapsed interlayers has received very little 68 

attention compared with hydrated ion exchange, until recent imaging34 and spectroscopic19 69 

studies demonstrated that direct Cs+ exchange for K+ in phlogopite and illite can occur in the 70 

absence of a decollapsed intermediate. Exchange of interlayer K+ for Cs+ is thermodynamically 71 

viable in the presence of aqueous K+, since the exchange reaction in mica and collapsed clay 72 

interlayers is only weakly selective towards K+ (Lammers et al., in review).35-36 Direct exchange 73 

was shown to cause phase separation within individual layers, meaning exchanged layer regions 74 

are nearly completely occupied by the exchanging ion (i.e. Cs+).34 This picture contrasts sharply 75 

with the smoothly varying concentration front expected during diffusion-controlled exchange 76 

reactions.25 The phase separation of ions within a given layer has long been thought to be 77 

thermodynamically favored over mixed interlayer structures, but there is no coherent prevailing 78 

view to explain how phase separation occurs in general, and multiple pathways are possible.17, 37 79 

In addition, direct exchange leads to the formation of interstratified structures,34 where Cs+-80 

exchanged layers alternate with layers showing little or no penetration of the exchange front. 81 

Interstratification is regularly observed in both anhydrous and swelling clays, for both organic15-
82 

16 and inorganic14, 17, 31, 38 exchanger ions. Cycles of interlayer expansion and collapse driven by 83 

exchange with solvated ions (i.e. Ca2+ or Mg2+) followed by K+ or Cs+ are thought to induce 84 

interstratification, because replacement of K+ by solvated ions in one layer may strengthen the 85 

K+ binding in the adjacent layers.14, 26, 31-32, 39-40 However, none of the hypothesized pathways can 86 

adequately explain formation of interstratified structures during the direct exchange of K+ for Cs+ 87 

as observed by Okumura et al.34 88 
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Here, we use classical molecular dynamics (MD) simulations and density functional 89 

theory (DFT) to investigate the mechanism, driving forces and kinetics of direct Cs+-K+ 90 

exchange in anhydrous interlayers of illite clay minerals. Classical MD simulations are used to 91 

identify the types of migration events responsible for interlayer ion exchange and to quantify the 92 

distributions in energy barriers associated with these events, and DFT is used to simulate the 93 

energy landscape of interlayer ion diffusion in the vicinity of Cs+. The combined simulation 94 

results provide a detailed understanding of the kinetic phenomena facilitating exchange of Cs+ 95 

for K+ in illite and other micaceous minerals. 96 

 97 

SIMULATION METHODS 98 

We use both classical atomistic molecular dynamics (MD) and density functional theory 99 

(DFT) simulations to understand the mechanisms of interlayer ion exchange in illite—ubiquitous 100 

in shale formations and known to have an extremely high affinity for Cs+. The MD simulations 101 

were performed using the simulation package LAMMPS41 with customized wrappers to perform 102 

high-throughput runs. Interatomic interactions between ions and atoms in illite were modeled 103 

using the ClayFF potential.42 For layered silicates, ClayFF has been shown to faithfully 104 

reproduce ion sorption behavior43-45 and the dynamics of solvated interlayer ions,46-47 but has not 105 

been previously tested with respect to ion migration dynamics in anhydrous interlayers. The 106 

Climbing Image Nudge Elastic Band (CINEB) method48 is employed to quantify the diffusion 107 

energy barriers in the interlayer, and harmonic transition state theory to evaluate transport rates 108 

based on those barriers.49 For the classical MD simulations, we created an atomic model of 109 

multilayer illite with the structure determined by Gualtieri50 using X-ray powder diffraction 110 

combined with Rietveld and reference intensity ratio methods. This 2:1 phyllosilicate is 111 

monoclinic with a chemical formula given by Kn[Si4-nAln]Al2O10(OH)2, where the square 112 

brackets indicate Si and Al located in tetrahedrally coordinated sites in the clay layer, with a 113 

fraction n of tetrahedral Si substituted by Al. This isomorphic substitution creates a negative 114 

structural charge compensated by K+ in the interlayer. Our model illite 115 

(K0.7[Si3.3Al0.7]Al2O10(OH)2) bears a structural charge of 1.81 mol c/kg, an intermediate value in 116 

the non-swelling clays,51 and contains approximately 30% interlayer site vacancies (Figure 1). 117 

The isomorphic substitutions are distributed randomly in the tetrahedral sheet with the 118 
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restrictions that substitutions cannot occur in neighboring tetrahedral sites.52 We optimize the K+ 119 

positions for each structure using conjugate gradient potential energy minimization.  120 

 121 

 122 
Figure 1. Atomistic illustration of a typical illite structure used in the molecular dynamics simulations in side (left) 123 
and plan (right) view. The K+ (cyan) located in the interlayer regions compensate the structural charge that arises 124 
due to Al3+ (pink) substitution for Si4+ (yellow) in the tetrahedral sheet of the clay layers. Other elements depicted 125 
include oxygen (red) and hydrogen (white). 126 

 127 

The DFT simulations are performed at the GGA level of theory with dispersion 128 

corrections (revPBE-D3).53-54 The systems studied contain 164 atoms (Figure 2a) and are 129 

composed of two interlayers, one of which is sampled (Figure 2b). Regardless of the number of 130 

isomorphic substitutions, the sampled interlayer contains only one ion (K+ or Cs+) to facilitate 131 

the sampling. The possible excess of negative charge in the sampled interlayer, e.g. if there is 132 

more than one isomorphic substitution, is compensated by the addition of K+ in the other 133 

interlayer such that the net charge of the system is neutral overall. The non-sampled interlayer 134 

contains K+ in all cases. In the main text, we show the results for interlayers where n = 0.75, the 135 

most representative structure for illite, although we also studied cases where n = 0.25 and 0.5 136 

(Supporting Information, SI). The trends reported for n = 0.75 also hold for the other cases. For 137 

each value of n, we study 3 distinct scenarios depending on the nature of the ion sampled and the 138 

optimized cell dimensions: K+ in a K+-optimized cell (i.e. K+ in K-illite), Cs+ in a Cs+-optimized 139 

cell (i.e. Cs+ Cs-illite), and K+ in a Cs+-optimized cell (K+ in Cs-illite). 140 

The protocol that we use to reconstruct the potential energy surface (PES) of K+ and Cs+ 141 

in the interlayer from DFT calculations is as follows. First, we optimize the simulation cells with 142 

either K+ or Cs+ in the sampled interlayer using the Broyden-Fletcher-Goldfarb-Shanno (BFGS) 143 

algorithm under triclinic symmetry conditions. Once we have the optimal cell parameters, we 144 
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generate configurations of the system where the x-y position of the ion in the interlayer is 145 

prescribed to a point in a rectangular grid of equispaced points—a total of 378 configurations. 146 

For each configuration, the geometry of the system is optimized (with the cell parameters kept 147 

constant) and the energy calculated. During the geometry optimization, one Al atom in the 148 

octahedral sheet of each layer is constrained, which prevents unphysical translational motions of 149 

the layers. The ion is constrained at the prescribed positions in the x-y directions, but it is 150 

allowed to relax in the direction perpendicular to the surface. The PES is then reconstructed from 151 

the DFT energy data points using a biharmonic interpolation scheme (Figure 2c). Finally, we 152 

calculate the minimum energy paths (MEP) connecting the different local minima in the 153 

landscape using the zero-temperature string method (ZTS),55-56 which is adequate given the 154 

smoothness of the PES. Additional technical details regarding the computational methods are 155 

provided in the SI.  156 

 157 

 158 

Figure 2. Atomistic illustration of the system used in the DFT simulations. (a) Snapshot of a typical system, where 159 
the ions are shown as cyan beads. (2) Plan view of the top and bottom surfaces of the sampled interlayer without the 160 
ion. (c) Example of a potential energy surface (PES) reconstructed from DFT energy data. 161 

 162 

RESULTS AND DISCUSSION 163 

Classical Molecular Simulations of Interlayer Energetics and Ion Dynamics 164 

Clay minerals contain vacancies at interlayer sites in inverse proportion to the magnitude 165 

of the structural charge. These vacancies facilitate mass transport through the interlayer and are 166 

Page 13 of 30

ACS Paragon Plus Environment

Environmental Science & Technology



 7

therefore critical to the process of interlayer ion exchange. In order to have a representative 167 

system, it is important to optimize the positions of ions and vacancies in the interlayer. Figure 3a 168 

shows the distribution of cohesive energies of interlayer cations before (grey) and after (black) 169 

optimization of their positions in the interlayer. We find that interlayer K+ counterions prefer 170 

local charge deficit regions adjacent to greater numbers of Si-Al isomorphic substitutions (Figure 171 

3b). Thus, layers with locally higher densities of substitutions are likely to contain more 172 

counterions and fewer vacancies, indicating that counterion distributions are likely non-173 

random.10  174 

 175 

 176 
Figure 3. (a) Distribution of cohesive energies of interlayer K+ before (grey) and after (black) optimization for their 177 
positions in the interlayer, (b) distribution of K+ cohesive energies segmented by the number of Al3+ nearest 178 
neighbors before and after optimization The analyses of variance between and within the groups gives F-statistic as 179 
234.65 (p =0) for n = 664, suggesting that the probability that these distributions arise from random, otherwise 180 
similar groups, is almost impossible.  181 

 182 
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Initially, brute force molecular dynamics (MD) simulations using the ClayFF force field 183 

were performed for temperatures between 500-900 K to determine whether interlayer ion 184 

migration is observable over nanosecond timescales in K-illite. No migration of the interlayer K+ 185 

was observed (SI Figure S1), which suggests that the barrier for migration is too high to directly 186 

observe over MD timescales, even at elevated temperatures. Instead, we use the CINEB method 187 

to investigate the kinetics of single interlayer ion migration events or hops from occupied to 188 

adjacent vacant counterion sites. These elementary steps collectively control the diffusion of 189 

interlayer ions and the propagation of ion exchange fronts. CINEB is used to determine the 190 

lowest energy path and calculate the energy barriers associated with interlayer ion migration 191 

events. Since the local environment around each K+ is variable—for example, different numbers 192 

of neighboring tetrahedral Al and K+—we expect there to be a distribution of K+ migration 193 

barriers. In order to capture this distribution, we calculated barriers for an ensemble of several 194 

hundred K+ migrating to all their possible vacant neighboring sites.  195 

The green line in Figure 4a shows a typical path followed by a migrating K+ after 196 

optimization of the initial assumed path (black line), in which the K+ moves past the oxygen ion 197 

at the center of the line joining two stable sites. Figure 4b shows a representative migration 198 

barrier, where the x-axis reaction coordinate is scaled such that 0 corresponds to one stable site 199 

and 1 corresponds to another adjacent, initially vacant, counterion site. In this particular example, 200 

the barrier for the forward migration is ~ 250 kJ/mol with the final state ~10 kJ/mol higher in 201 

energy than the initial state.  Figure 4c shows a distribution of migration barriers for over 650 202 

cases studied, including reverse migration barriers. For the ground state K-illite structure, we 203 

calculate a mean barrier to interlayer ion migration of 226 ± 51 kJ/mol (1σ). Migration events 204 

with such large energy barriers cannot be directly observed in conventional MD simulations 205 

unless the migration attempt frequencies are orders of magnitude greater than the Einstein 206 

frequency (1011–1014 s-1), which is typical for single-atom led migrations/transitions in solids. 207 

While it is possible for migrations/transitions to have large effective attempt frequencies, such 208 

large frequencies are usually only observed for collective processes involving the simultaneous 209 

motion of many atoms.57 210 

The considerable observed variability in the magnitude of the migration barrier requires 211 

further discussion. If we assume that the migration path and mechanism itself remains the same 212 

for all migration events, we can attribute this variation in part to differences in the cohesive 213 
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energies of K+ at stable sites. A simple regression analysis of the data suggests that we can 214 

expect about 0.5 kJ/mol increase in barrier for 1 kJ/mol increase in cohesive energy of the stable 215 

site (SI Figure S2). These findings demonstrate for the first time a mechanism by which local 216 

charge distribution can influence interlayer reaction kinetics. Other potential sources of 217 

variability, such as the migration direction (SI Figure S3), have a statistically insignificant 218 

impact on the migration barrier. In general, we expect ClayFF to underestimate the true 219 

magnitude of the migration barrier, due to the non-bonded nature of the force field that makes 220 

structures excessively deformable.58-59 221 

 222 

Interlayer K
+ 
Diffusion Dynamics: Comparison with Experiment 223 

Despite the wide range in calculated migration barriers, the values are far too high to 224 

explain the amount of exchange observed experimentally, where the exchange front between Cs+ 225 

and K+ is observed to propagate by at least tens of nanometers over 1 year timescales in illite19 226 

and by a similar distance over 24 hour timescales in K-phlogopite.34 This can be shown by 227 

simple arguments. Assuming ions diffuse in the interlayer following a random walk, the mean 228 

squared displacement (MSD) scales as: 229 

r2 = a2N , 230 

where N is the number of hops and a is the lattice spacing. The value of N depends on elapsed 231 

time (t, s) following: 232 

N = t ×ν0 exp
−Ea

RT











,

 233 

where ν0 is the frequency of ion vibration in the minima, Ea is the magnitude of the energy 234 

barrier for a single hop, R is the gas constant (0.008314 kJ/mol K), and T is absolute temperature 235 

(K). For reasonable values of these parameters (ν0 = 1013 s-1, a = 5.2 Å, t = 1 year, and T = 298 236 

K), the CINEB calculated migration barriers correspond to a root MSD of 1.4 × 10-19 m, and a 237 

range based on the 1σ uncertainty in the migration barrier of 4.2 × 10-15 m to 4.9 × 10-21 m. 238 

These displacement distances are significantly smaller than even the distances separating stable 239 

counterion sites in the illite structure (5.2 × 10-10 m). Thus, based on these migration barriers, we 240 

estimate that the self-diffusion of K+ in ground state ClayFF illite is far too slow to permit the 241 
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extent of exchange observed in experiments. In addition, our calculated migration barriers are 242 

significantly higher than values estimated for the diffusion of solvated Na+ into K-phlogopite,25 243 

which may be limited by the mobility of K+ at the exchange front. In fact, the largest reported 244 

barrier to hydrated ion exchange with K+ in mica is ~106 kJ/mol,26 significantly less than the 245 

average of our barrier distribution shown in Figure 4c.  246 

 247 

 248 
 249 

Figure 4. Results a typical CINEB calculation with the optimized ion migration path shown in (a) and its 250 
corresponding energy barrier (b). A histogram summarizing several hundred CINEB results (c) gives a mean energy 251 
barrier of 227 ± 102 kJ/mol (95% of data) for K ion migration from occupied sites to neighboring vacant sites. 252 

 253 

Electronic Structure Calculations of Interlayer Energetics 254 

Given the apparent mismatch with experiments, electronic structure DFT calculations 255 

were performed to verify that the calculated barriers and mechanistic assumptions based on the 256 

ClayFF force field are reasonable. The results are shown for n = 0.75 in Figure 5, with additional 257 

results in SI Figures S4 and S5, for n = 0.25 and n = 0.5 respectively. Overall, the magnitude of 258 

the energy barriers associated with K+ migration in K-illite (Figure 5a) averaged over all 259 

orientations is 317 ± 36 kJ/mol (1σ), which is approximately 30% higher than the energy barrier 260 

calculated from the CINEB simulations using ClayFF. The DFT simulations show two distinct 261 

pathways of ion migration between occupied and vacant interlayer sites. The first is in agreement 262 

with the CINEB calculations and connects two minima following a curved path that avoids the 263 

oxygen between tetrahedrally coordinated Si or Al (Figure 5a-c). The second pathway is a 264 

straight line between the two minima and occurs only in the horizontal direction (a-axis crystal 265 

orientation). These linear pathways, which ClayFF fails to identify, exhibit substantially lower 266 

energy barriers (by around 40-70 kJ/mol) than the curved paths (Figure 5a-c), suggesting that ion 267 
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exchange rates in single crystals may be anisotropic. Existing experimental evidence for the 268 

exchange front structure is inconclusive: in a recent study, in situ imaging of Na+-K+ exchange in 269 

phlogopite appears to show slightly elongated (oval) exchange front structures originating at 270 

defects on the scale of a single layer,25 while in an older study, optical imaging gives no evidence 271 

of exchange front anisotropy in biotite on the scale of a single crystal.29 Inspection of the clay 272 

structure reveals that the Al atoms in the octahedral sheet may be mechanically reinforcing the 273 

straight diagonal pathways, forcing the ion to take the alternative curved path (SI Figure S6). The 274 

inability of ClayFF to capture this behavior may lay in the fact that it fails to reproduce the 275 

ditrigonal geometry of the cavities in the surface of the tetrahedral sheet (SI Figure S7), and also 276 

on its inadequate representation of the mechanical properties of layered silicates.58-59 Layer 277 

stacking may also influence the occurrence of exchange front anisotropy, which may explain 278 

why it can be observed in a single layer but not in a single crystal.  279 

Somewhat surprisingly, these calculations show no discernable dependence of the energy 280 

barriers on structural charge (Fig. 5 versus SI Figures S4 and S5), which is likely due to the fact 281 

that these barriers are controlled by the physical width of the interlayer and thus the size of the 282 

counterion. Experiments suggest that exchange of interlayer ions proceeds more rapidly in 283 

phases with lower structural charge when driven by a decollapse mechanism,12, 30 but these 284 

results are not directly comparable to the  direct exchange process investigated here. There are no 285 

studies to the authors’ knowledge investigating the impact of layer charge on rates of ion 286 

exchange in anhydrous interlayers. We hypothesize that in the case of interlayers with a large 287 

number of interlayer vacancies (i.e. low structural charge), the direct exchange process is likely 288 

to be limited by individual migration events, and hence the diffusion energy barriers. However, 289 

in the case of interlayers with very high structural charge, where the number of vacancies is 290 

minimal, the exchange process will likely be limited instead by the diffusion of vacancies 291 

themselves. In this case, exchange rates are expected to be largely independent of the diffusion 292 

energy barriers to single ion migration events. This emergent behavior as a function of the 293 

interlayer occupancy, or structural charge, merits further research. 294 

  295 
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 296 

Figure 5. Minimum energy paths (MEP) found on the DFT-reconstructed potential energy surfaces (PES). Top-297 
plots show the energy along the different paths, and bottom-plots show the actual path over the PES. (a) K+ in K-298 
illite, (b) Cs+ in Cs-illite, and (c) K+ in Cs-illite. 299 

 300 

Chemical-Mechanical Coupling as a Driver for Exchange 301 

The results of these DFT calculations reinforce our conclusion that the ion migration 302 

barriers of K+ in ground state K-illite are far too high to explain observed Cs+-K+ exchange 303 

dynamics. Thus, an alternative mechanism must be invoked to explain the observed exchange 304 

phenomena. Upon close inspection, we find that the exchange reaction alters the structure of the 305 

interlayer to accommodate the larger size of Cs+ with respect to K+, making the interlayer in the 306 

vicinity of a Cs+ larger than for K+. The ClayFF model predicts a linear increase in the interlayer 307 

spacing with Cs+ substitution for K+ (SI Figure S8), and the interlayer spacing of the Cs-illite end 308 

member is 0.67 ± 0.03 Å larger than that of pure K-illite. Similarly, the DFT calculations predict 309 

in increase of the interlayer spacing of 0.75 Å between K- and Cs-illite end-members, consistent 310 

with measured values.19, 34 Since the maximum of the energy barrier predicted by both atomistic 311 

and ab initio methods is controlled by the position of oxygen atoms that delineate the ditrigonal 312 

cavities, increasing the width of the interlayer region is likely to decrease the magnitude of the 313 

barrier. We hypothesize the existence of a molecular mechanism involving larger exchanging 314 
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ions, such as Cs+, that lowers the migration barrier for K+. The increment in interlayer spacing 315 

provided by neighboring Cs+ ions likely reduces the migration barrier for K+
 at the exchange 316 

front, leading to a positive-feedback exchange mechanism that accelerates subsequent exchange 317 

and migration events.  318 

Both DFT and ClayFF CINEB results support this positive feedback hypothesis. Using 319 

DFT, we observe that the average energy barrier of K+ in Cs-illite (Figure 5c)—a realistic 320 

scenario for a K+ ion located at the front of the exchange process, where it has a substantial 321 

percentage of Cs+ neighbors—drops dramatically by 125 kJ/mol (from 317 to 192 kJ/mol). 322 

Similarly, the mode of the distribution of activation energy barriers for ion migration calculated 323 

using CINEB with ClayFF decreases linearly with increasing ∆d (Figure 6). Complete 324 

substitution of K+ by Cs+ is expected to lower the barrier for K+ migration at the exchange front 325 

to approximately 150 kJ/mol (SI Figure S9). The local increase in interlayer spacing caused by 326 

Cs+ exchange for K+ lowers the energy barrier for K+ ion migration, leading to an exponential 327 

increase in K+ diffusivity. According to Equations 1-2, the decrease in barriers predicted by 328 

atomistic and ab initio simulation results would yield an expected increase in the K+ ion 329 

migration kinetics by 6 and 10 orders of magnitude respectively. These results provide evidence 330 

of a new mechanism for direct exchange of anhydrous ions that arises from the interplay between 331 

interlayer structure and reactivity (i.e., “chemical-mechanical coupling”) and that does not 332 

require intermediate swelling states (decollapse) to occur. 333 

  334 

 335 
Figure 6. The magnitude of the K+ migration barrier decreases linearly with increasing interlayer spacing, from the 336 
K-illite end-member (∆d = 0 Å) to layer spacings typical of the Cs-illite end-member (∆d = 0.67 ± 0.03 Å). 337 
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Formation of Phase-Separated Interlayers 338 

Experimental observations of the structure of the exchange front show that it is sharp, 339 

instead of a smooth, diffusive interface, and that the Cs+ substituted region is almost completely 340 

clear of K+.34 The positive-feedback exchange mechanism proposed here explains why a sharp 341 

front will facilitate K+ exchange (i.e. K+ is only highly mobile in the vicinity of Cs+) but does not 342 

fully elucidate the near-complete exchange that is observed. To explain this behavior, we 343 

evaluated the thermodynamic driving force for Cs- and K-illite phase separation by calculating 344 

the change in free energy as a function of the mole fraction of Cs+ randomly mixed in the 345 

interlayer. Based on an ensemble of ClayFF energy minimization calculations, we find that there 346 

is a significant energetic penalty for mixing small amounts of Cs+ in K-illite interlayers and vice 347 

versa (SI Figure 10). For example, replacing 10% of the K+ by Cs+ results in a per-molar free 348 

energy penalty of 13.2 ± 6.0 kJ/mol. Thus, the de-mixing of Cs+ and K+ in the interlayer is 349 

strongly favored. We conclude that both the bulk phase thermodynamics and the kinetic 350 

feedbacks associated with Cs+-K+ exchange lead to the formation of phase-separated interlayer 351 

regions. Thermodynamically favorable phase-separated domains naturally arise even in the 352 

absence of a heterogeneous layer charge distribution, which has long been invoked to explain the 353 

prevalence of these structures in clays.60 354 

 355 

Additional Factors Influencing Interlayer Exchange Kinetics 356 

Despite some quantitative discrepancies between DFT and ClayFF, both methods capture 357 

the trend that supports our hypothesized molecular mechanism for promoting the K+/Cs+ 358 

exchange. It is worth noticing that the energy barriers reported here refer to potential energy, and 359 

although we do not expect entropy to play a major role in the process due to the large binding 360 

energies involved, it is important to keep in mind that these are upper limits to the real free 361 

energy barriers. While it is possible that the presence of trace interlayer water or structural 362 

defects could accelerate K+ migration, it is not necessary to invoke these phenomena to explain 363 

the observed direct exchange dynamics. The feedback between interlayer structure and exchange 364 

kinetics—chemical-mechanical coupling—is sufficient to explain the direct exchange of Cs+ for 365 

K+ in micaceous minerals. 366 

 367 
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Additional geochemical factors such as the composition of the aqueous solution and the 368 

structure and protonation state of the edge will play a role in mediating the macroscopic kinetics 369 

of the exchange reaction, but these are unlikely to alter the basic molecular mechanism driving 370 

the exchange. Formation of interstratified structures in which substituted layers randomly 371 

alternate with pristine layers may arise as a consequence of mechanical interactions between 372 

layers, which promote exchange in some layers at the expense of others, and the dynamics of this 373 

process will be the focus of a future study.  374 

 375 

Environmental Significance 376 

The accessibility of interlayer sites to exchange implies that the ion exchange capacity of 377 

non-swelling clays, those that have an extremely high affinity for radiocesium, may be 378 

significantly greater than expected based on standard short-term (often 24 hour) exchange 379 

experiments. It is likely that ions of similar size and charge to K+, also including NH4
+, can 380 

undergo direct exchange with micaceous clay interlayers in the absence of an expanded 381 

intermediate. Indeed, redox gradients in the environment can generate high concentrations of 382 

NH4
+ in pore fluids, which in turn can remobilize illite-bound radiocesium.61 The contribution of 383 

the clay interlayer specifically to such ion exchange driven remobilization has not been 384 

established.  385 

In addition to their role in regulating radiocesium transport, non-swelling clay minerals 386 

control the availability of critical soil nutrients, K+ and NH4
+.24, 27, 62 Given the slight 387 

thermodynamic preference of the interlayer for K+ relative to species of like size and charge, 388 

direct exchange reactions can proceed even in the presence of aqueous K+, which is known to 389 

inhibit interlayer ion exchange in the swelling clays.28, 63 Thus, we expect the long-term transport 390 

behavior of these species in the environment to be controlled at least in part by exchange 391 

reactions involving micaceous clay interlayers. Because these phases dominate the clay mineral 392 

fraction of sedimentary rocks globally, collapsed interlayers may in fact constitute a reservoir of 393 

ion exchange capacity that has been largely overlooked. Direct anhydrous interlayer ion 394 

exchange could play a significant role in regulating the mass transport of nutrients and 395 

radionuclides in the environment and thus merits further study. 396 

 397 

 398 
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