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Abstract

Organoclays can effectively uptake organic contaminants (OCs) from water media,
but the sorption mechanisms are not fully established yet, because of the lack of
recognition of interlayer structure of organoclays. To unravel this complex behavior,
we have examined the effects of surfactant loading on the interlayer structure and
sorption behaviors of organoclays using molecular dynamics (MD) simulations. The
sorption behavior of phenol on three -cetyltrimethylammonium intercalated
montmorillonite (CTMA-Mt) with CTMA loading levels of 0.33, 1.0, and 1.66 times
of the Mt’s cation exchange capacity (CEC), was studied. The results demonstrated
that CTMA aggregates were the main sorption domains for phenol molecules,
consistent with a partition process. The interlayer structure of CTMA-Mt influences
the sorption affinity of phenol. CTMA aggregates increased in size with increasing
loading level, creating larger sorption domains for phenol uptake. On the other hand,
high CTMA loading level decreased the sorption affinity of CTMA-Mt (with 1.66
CEC loading) toward phenol by increasing the packing density and cohesive
characteristic of the aggregates. In addition, the siloxane surfaces of Mt and the
hydrated inorganic ions (Ca®" or Br) showed specific interactions with phenol
molecules by forming H-bond. The oxygen atoms on siloxane surface and water
molecules around Br™ serve as H-bond acceptor while water molecules around Ca*"
serve as H-bond donor, corresponding to polyparameter linear free energy
relationships (pp-LFERs) results. The modelling results correlate well with the
experimental findings, and further reveal that the sorption affinity strongly depends on
the size and packing density of surfactant aggregates. In addition, H-bond interactions
should be considered as well in the sorption of OCs containing particular groups.

Keywords: Organoclays; Cationic surfactant; Sorption; Organic contaminants;
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Introduction

Organoclays are synthesized by exchanging the interlayer inorganic cations using
cationic surfactants (e.g. cetyltrimethylammonium (CTMA)), to effectively and
efficiently uptake organic contaminants (OCs) from aqueous media. ' However, the
sorption mechanisms underlying the uptake process have not been unambiguously
clarified yet. Early studies indicated that the sorption of OCs was primarily a partition
process, i.e., partition of OCs between bulk water and the organic phases formed by
surfactant aggregates in organoclays.”® More recent studies, however, have shown
that the sorption mechanism is not just a simple partition process as the organic
carbon-normalized sorption coefficient (K,.) of a given OC varies over one order of

6-18

magnitude on different organoclays.” " Thus, the sorption results from the change in

the microstructure of the organoclays, which depends on an intricate play between

different depending on factors such as charge type and density of clay minerals,*'*

molecular structure and loading level of cationic surfactants.” 32!

Of particular interest is the effect of surfactant loading on K. K, for a given OC
often shows an evolution trend that first increases and then decreases with increasing
surfactant loading level, with the maximum value generally appearing at ~1.0 times of
the cation exchange capacity (CEC) of the clay minerals."”" ** To explain this
curious change in sorption behavior various hypothesis have been proposed. Bonczek
et al.** proposed that organoclays with larger basal spacing have greater interlayer
accessibility for OCs, while Chen e al.'® suggested that the intercalated cationic
surfactant forms adsorptive films with high affinity toward OCs at relatively low
loading level and bulk organic phases with weak affinity toward OCs at high loading

13, 14
L.

level. Bartelt-Hunt et al."® and Zhu et a proposed a change in the microstructure

of the surfactant aggregates at different loading level, which leads to a different
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sorption affinity toward OCs, while Xu ez al.'” and Bonczek et al.* suggested that the
hydration of interlayer inorganic ions decreases the hydrophobicity of the interlayer
space, which leads to a decrease of K,.. These wide range of explanations can be
attributed to the structure of the interlayer, which is rather complex (e.g. arrangement
of intercalated surfactant, solvent molecules, and intercalated ions) and can hardly be
characterized by experimental techniques, particularly in an aqueous environment.
Molecular modelling is an efficient method for understanding the interlayer
structure of clay minerals and organoclays by giving atom-level insights into
structural features and transport properties.”>>’ Zhao and Burns®>** and Zhu et al.*
showed that OCs molecules were primarily sorbed within CTMA aggregates. Shapley

et al*

calculated a negative free energy for the sorption of polychlorinated
dibenzo-p-dioxins (PCDDs) from bulk water into the interlayer space of CTMA-Mt,
finding that intercalated CTMA creates a hydrophobic environment for the sorption of
PCDDs. These molecular modelling studies further proved the sorption of OCs on
organoclays is primarily a partition process.

Although, the modelling research has laid the foundations to understand the
atom-level interaction between OCs and CTMA-Mt, the experimental observations
are still not fully understood and the effect of surfactant loading on the sorption of
OCs remains unexplained. Thus, this work explores the effects of surfactant loading
on the interlayer structure and sorption behaviors of organoclay CTMA-Mt using MD

simulations, to provide fundamental understanding of the experimental findings and

in general on the sorption mechanisms of OCs in organoclays.

MATERIALS AND METHODS

Models. Mt model with chemical formula Cag37s5[Al;2sMgo.75][Sig] O20(OH)s was
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used as in previous studies.”® In this model, the isomorphic substitutions obey
Loewenstein’s rule.”” The simulation cell has dimensions of 20.80 A x 36.02 A x
variable A, comprising of two layers of 16 unit cells of montmorillonite (4x x 4y x 1z
expansion). The surfactant cetyltrimethylammonium (CTMA) was chosen to allow for
comparison with previous studies.''"?*3" 4, 12, 20 CTMA ions, representing three
loading levels of CTMA, ie., 0.33, 1.00, and 1.66 times of Mt’s CEC, were
intercalated into the Mt interlayer to study the effect of the loading on the structure of
the interlayer. For 0.33 CTMA loading, 4 Ca" ions were added to the interlayer, while
for 1.66 CTMA loading, 8 Br™ ions were added to maintain overall charge neutrality of
the simulation cell. To model the water saturated conditions, water molecules were
gradually added (50 molecules at each step) into the interlayer of CTMA-Mt, until the
basal spacing value was close to experimental doo; values of wet samples (28.2 A for
0.33 CTMA loading, 30.5 A for 1.00 CTMA loading, 36.5 A for 1.66 CTMA
loading).”* * Finally, the water amount for 0.33, 1.0 and 1.66 CTMA loading was 400,
300, 300 respectively. Phenol was selected as representative of OCs as it has both
nonspecific van der Waals interaction and specific H-bond interaction with CTMA-Mt
and water.’® Experiments showed that the adsorption amount of phenol is about 12.3
mg/g of sorbed concentration, corresponding to 4.24 phenol molecules in our
simulation system.”® In addition, adsorption of phenol did not cause the increase of
basal spacing of CTMA-Mt, indicating that some of the water molecules left the
interlayer space during the sorption process. To clarify the exact number of water
molecules replaced by phenol, a serious of test modelling have been performed by
increasing the water / phenol ratio from 3 to 6. The results showed that when 4 water
were replaced by 1 phenol, the basal spacing values remained constant.* Therefore,

the sorption of phenol into water saturated CTMA-Mt was modeled by adding 4
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phenol molecules randomly into the interlayer while 16 water molecules were
removed.
Molecular modelling methods. MD simulations were undertaken using the
DL _POLY code (version 2.20).*® Classical potential modelling based on the Born
model description of the ionic lattice assumes the interaction forces between ions
consist of a long-range Coulombic term and a short-range potential. The equations of
motion were updated using the Verlet-Leapfrog algorithm and the Ewald method was
used for evaluating the electrostatic interactions. A short range potential cutoff of 9.5
A was used and three dimensional periodic boundary conditions were applied.
CLAYFF force field was applied to simulate the system.”” CLAYFF has been

2334 In this

widely and successfully used for modelling clay minerals and organoclays.
force field, the interactions between the atomic species are described by
Lennard-Jones parameters and Coulombic terms with partial charge, while hydroxyl
groups (OH) are described by a harmonic term. The water solvent was represented by
using the single point charge (SPC) water model as implemented within CLAYFF.*"%*
The CVFF force field was used to represent CTMA and phenol. % CVFF has been
successfully used in the simulations of mineral-organic interfaces and
alkylammonium intercalated Mt.*>° The strenght of this combination of force field is
that all use Lennard-Jones parameters and partial charges that can be mixed by using
simple mixing rules.”’

We applied a geometry optimization to each simulation cell first to obtain the
minimum energy structure, which ensured a faster equilibration. Then, NPT (300 K, 1
atm) simulations were performed for 3 ns to achieve equilibrium, and another 1 ns to

record the basal spacings. When systems reach equilibrium, the volume was fixed and

a further 3 ns NVT (300 K) simulations and data collection were performed. In all
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simulations the time step was set to 1.0 fs and all atoms were allowed to move.

Through post-analysis of the MD trajectories, 2D-density profiles, z-densities,
radial distribution function (RDF), average H-bond number, self-diffusion coefficients
and occupied volume of CTMA cations were analyzed as previously described.** * 4
The 2D-density profile is the 2 dimensional time-averaged (over the duration of the
simulation) density plots which give qualitative information not only about how dense
the CTMA and phenol in the interlayer but also the favored adsorption sites. The
z-density was calculated dividing the system into slices of 0.3 A along the z direction.
The H-bond between phenol and water molecules was determined by imposing two
conditions: (1) a distance between the donor and accepter smaller than 3 A; (2) a
H-O...0 angle smaller than 30°.* The packing density was evaluated from the mass
divided by the occupied volume of CTMA cations. The occupied volume of CTMA
cations was calculated by subtracting the occupied volume of other interlayer species
(including water, phenol, Ca®" and Br) from the interlayer spaces, and then the
packing densities of CTMA aggregates was further calculated. The height of the
interlayer space was determined considering the van der Waals radius of siloxane
surface. Though the density of water varies with different interlayer spacing because
of the confining effect of Mt layer, previous simulations have shown that the change
of water density in the interlayer of water saturated CTMA-Mt with increasing
loading level is negligible and the density mainly based on the chosen water potential
model.”® So the  volume of single water molecule was 0.0297 nm” basing on the SPC
water model.*® Phenol was calculated to be 0.1458 nm® basing on a NPT ensemble
simulation of 1500 water and 4 phenol under same P-T conditions. The volume of
Ca®" and Br” was 0.0042 nm® and 0.0315 nm’ basing on their ion radii.

RESULTS AND DISCUSSION
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1. Arrangement of the interlayer species

The snapshots, 2D density profiles of CTMA carbon on the alkyl chain (C3)
and phenol carbon (CR), and Z-density profiles of the interlayer species of
0.33CTMA-Mt, 1.0CTMA-Mt, and 1.66CTMA-Mt were compared (Figure 1). The
results showed that the charged head groups of CTMA cations were directly attached
to the siloxane surface, although the head groups are not tethered to the surface, which
could be attributed to the electrostatic interactions between the positively-charged

head groups and the negatively charged siloxane surface.”® *° The alkyl chains tended

to either adsorb onto the siloxane surface or extend into the interlayer space forming
alkyl chain aggregates. The loading level of CTMA affected the size of the CTMA
aggregates. At low loading level (i.e., 0.33CTMA-Mt), a large portion of the alkyl
chains adsorbed onto the siloxane surface while only a small amount extended into
the interlayer space to form aggregates (Figure 1a). With increasing CTMA loading
level, more alkyl chains extended in the interlayer space to form aggregates, and
accordingly the size of CTMA aggregates increased. In 1.66CTMA-Mt, the CTMA
loading exceeded the cation exchange capacity of Mt, causing Br” enter the interlayer
space as counter ions. Some bromine ions resulted trapped into the aggregates. This
caused the head groups of the extra CTMA (together with interlayer water molecules)
to re-locate in the middle of the interlayer space, while their alkyl chains stretched
away to form aggregates with CTMA cations (Figure 1c). This is again related to the
electrostatic interaction within to oppositely charged groups.

The transport properties of CTMA were investigated by calculating the
self-diffusion coefficients of C3 (CTMA carbon on the alkyl chain). It was found that
Dc; decreased with CTMA loading level (Table 1). The low mobility of CTMA at its

high loading level arises from the high packing density. Although several
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experimental studies suggested that the packing density of CTMA should increase
with loading level, this work for the first time accurately calculated the packing
density of CTMA aggregates on water-saturated CTMA-Mt, which was shown to
increase with increasing loading level (Table 1). Thus, this work clearly shows that
the packing density of CTMA increased with its loading level, indicating indeed that
the interlayer microstructure changes radically depending on the CTMA loading level.

When phenol was present in the interlayer, it was mainly located within the
CTMA aggregates on 1.0CTMA-Mt and 1.66CTMA-Mt (Figure 1b and c), which
suggested a partition mechanism for uptaking phenol, consistent with previous
experimental and modelling results.”">**** On the other hand, as the size of CTMA
aggregate on 0.33CTMA-Mt was rather small, some of the phenol molecules were
sorbed on the surface of the CTMA aggregate (Figure 1a). This indicates that at low
CTMA loading level, the surfactant was unable to form large aggregates which are
likely responsible for phenol uptake. The transport properties of phenol were also
investigated by calculating the self-diffusion coefficients of CP (phenol carbon)
(Table 1). Phenol showed higher mobility in 0.33CTMA-Mt, but similar lower
mobility in 1.0CTMA-Mt and 1.66CTMA-Mt, indicating the confining effect from
CTMA aggregates, in accordance with 2D density profile (Figure 1). Thus, we infer
that as the structure of the nano-sized surfactant aggregates changes with surfactant
loading level, their interactions with OCs will be affected to a different extent.
Besides the organic cations, the siloxane surface also contribute to the sorption of
phenol molecules. Phenol indeed could be sorbed on the siloxane surface through the
—OH group as the oxygen atoms of the siloxane surface could act as H-bond
acceptor.30

Although the arrangement of interlayer cations in montmorillonite has been

10
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reported by previous studies, the distribution of interlayer cations and anions in water
saturated organoclays was not well discussed. Our modelling results showed that Ca®"
cations on 0.33CTMA-Mt mainly located close to the siloxane surface (Figure la),
which is attributed to the electrostatic interactions between them. According to the
snapshot and Z-density profiles, Ca®" cations resided on the siloxane surface,
similarly to previous modelling study on montmorillonite without intercalated organic
cations.”” From the RDF profiles of Ca-OW (water oxygen) and Ca-HC (CTMA
hydrogen), the coordination number of water molecules surrounding Ca®" cations was
calculated to be 7-8 water molecules, indicating that there is no direct interaction
between Ca’" and CTMA molecules (Figure 2a). On the other hand, Br™ anions on
1.66CTMA-Mt, almost completely located in the middle of interlayer space, i.e.,
away from the siloxane surface (Figure lc), which is attributed to the electrostatic
interaction between Br™ and the head group of CTMA, and the electrostatic repulsion
between Br~ and negatively charged siloxane surface as well. The RDF profiles of
Br-HW and Br-HC (Figure 2b) indicated that hydrated Br™ does not directly interact
with CTMA as well. However, the RDF of Br-NC (CTMA nitrogen) reveals the
bonding of hydrated Br™ anions to the charged head group of CTMA (Figure 2b).
Within the interlayer spaces of 1.0CTMA-Mt and 1.66CTMA-Mt, water
molecules were shown to mostly occupy the spaces between CTMA aggregates
(Figure 1b, c). As for 0.33CTMA-Mt, water molecules occupied a large portion of the
interlayer space, and some water molecules could even penetrate into the loosely
associated CTMA aggregates (Figure 1a). On the other hand, the Z-density profiles
showed that water molecules had high density above the siloxane surface for all the
three samples, which could be attributed to the hydration of the siloxane surface and

the formation of H-bonds. 20~ +3-4¢

11
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2. Effects of inorganic ions on the sorption of phenol molecules

Although several experimental studies have proposed that inorganic ions affect

19,22 1 19

the sorption of OCs on organoclays, modelling studies are still lacking. Xu et a
suggested that the hydration of the inorganic ions decreases the hydrophobicity of the
interlayer spaces, leading to weaker sorption capacity of the organoclays. However,
no direct structural evidences were presented, as the experimental techniques can
hardly provide high resolution information of the arrangement and hydration of
inorganic ions in water saturated organoclays.

Our results demonstrated that the hydrated inorganic ions (Ca>" and Br) were
mainly located in the water solvent and generally would not be incorporated into the
CTMA aggregates and the uptake of phenol is partition process. As such, one might
expect the influence of the hydrated inorganic ions on the partition behaviors of the
CTMA aggregates would be less than the bulk water case. However, it is worth noting
that the nano-sized surfactant aggregates have large interface with the interlayer water,
and it is likely that some of the OCs would be sorbed at/near this interface. In this
instance, the inorganic ions affect the sorption of OCs on organoclays. As water
molecules surrounding Ca®" showed particular orientation, i.e., with OW (water
oxygen) pointing towards Ca>" (Figure 3a and 4a), they tend to act as H-bond donor
and then will help the sorption of OCs with H-bond acceptor capability. On the other
hand, water molecules surrounding Br™ had reverse orientation (Figure 3b and 4b), and
then they will help the sorption of OCs with H-bond donor capability.

The —OH group on phenol molecule can be both H-bond donor and acceptor. *” If
the inorganic ions can affect the sorption of phenol on organoclays, the orientation of
—OH group surrounding the inorganic ions (i.e., Ca®' or Br’) should be quite different.

To address these points, we present the RDF between the phenol and the inorganic

12
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cations. The RDF profiles of Ca-OP (~OH oxygen on phenol), Ca-HP (~OH hydrogen
on phenol), Br-OP, and Br-HP were compared in Figure 3c and 3d and showed that Ca
ions interacted more strongly with the OP while the Br ions with the HP, consistent
with our hypothesis. Interestingly, the RDFs clearly showed that phenol interacts only
with the hydration shell of Ca®* while it interacts directly with Br". Direct interactions
between OCs with inorganic ions were also reported in previous studies, particularly
for the ions with relatively weak hydration capacity such as Cs and K.**° The
hydration enthalpy of Br” is indeed -328 kJ/mol, close to that of K (-340 kJ/mol), but
much smaller than that of Ca®" (-1616 kJ/mol).”' It is worth noting that one may
expect that when anions with stronger hydration capacity (e.g., F, -504 kJ/mol)’" are
presented in the interlayer, phenol may interact with the hydration shell instead of the
anion. This is clearly not the case in this study.

The snapshots of 0.33CTMA-Mt and 1.66CTMA-Mt after removing CTMA
were plotted to show the interlayer H-bond network (Figure 4). Water molecules
around inorganic ions showed special orientation, i.e., with OW pointing toward Ca*"
on 0.33CTMA-Mt while HW pointing toward Br on 1.66CTMA-Mt. As a result,
water molecules around Ca®" could be H-bond donor when interacting with phenol
molecules (Figure 4a), while those around Br™ tended to be H-bond acceptor (Figure
4b). Moreover, phenol may also penetrate the hydration shell and directly interact
with Br'.

The average numbers of H-bond formed between water molecules and each
phenol molecule were calculated (Table 1). One should notice that phenol molecules
on all the three samples were more likely to be H-bond donor (D) rather than acceptor
(A) when forming H-bond with water molecules, which should be attributed to its

physicochemical properties, i.e., stronger ability to be H-bond donor than acceptor.*®

13
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With increasing CTMA loading level, the total number of H-bonds for each phenol
molecules decreased drastically, which is consistent with the phenol molecules being
located within the CTMA aggregates (as the aggregates became larger). In addition,
the numbers of D type H-bond did not change much with increasing CTMA loading
level, while those of A type decreased drastically. As a result, the ratio of D/A
increased significantly with increasing CTMA loading level, which again proved that
the hydrated inorganic ions can evidently affect the formation of H-bond between
phenol and water molecules. However, one should also notice that the number of
H-bonds formed between water and phenol molecules on CTMA-Mt was smaller than
those in bulk water (~0.78 H-bond on average according to our calculation), which is
consistent with the fact that phenol molecules were mainly located in the CTMA
aggregates.
3. Comparison with previous experimental studies

Combining the modelling results of this work with previous experimental studies
provides novel insights for clarifying the sorptive characteristics of organoclays. Zhu

et al.>

studied the effects of surfactant loading level on the sorption thermodynamics
of CTMA-Mt toward naphthalene, showing that the sorption process was primarily
driven by the entropy term, while the enthalpy term showed positive contribution at
low CTMA loading level (i.e., ~0.2 CEC and ~1.0 CEC) and negative contribution at
high loading level (~1.8 CEC). The sorption enthalpy of naphthalene was notably less
exothermic than the desolvation enthalpy of naphthalene, which confirmed a partition
into the CTMA aggregates rather than a condensation on the surface of CTMA-Mt,
well in agreement with the modeling results of this study. Combining the

characterization results and the calculated thermodynamic values, they further

proposed that CTMA within the interlayer of CTMA-Mt could form various organic

14
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phases for the sorption of OCs as the loading level changed.52 Our modelling results
clearly demonstrated the CTMA aggregates change in size and packing density with
increasing CTMA loading level, not only consistent with their proposal, but also
reveals the microstructure of CTMA aggregates at atomic level.

Recently, Zhu et al’* studied the effect of CTMA loading level (0.4CEC,
1.0CEC, and 1.6CEC) on the sorptive characteristics of CTMA-Mt using
polyparameter linear free energy relationships (pp-LFERs) analysis, which directly
show the relative contributions of individual intermolecular interactions to a sorption
process.”° Their results demonstrated that the driving forces for the sorption of OCs
in CTMA-Mt arise from weaker cohesive characteristics, stronger dispersion
interaction and H-bond acceptor capacity, compared to bulk water. On the other hand,
CTMA-Mt showed weaker polar/polarization interaction and H-bond donor capacity,
which had a negative contribution to the sorption process. These results suggested that
the OCs should be primarily sorbed into organic phases (i.e., CTMA aggregates),
consistent with the modelling results of this work as well. The strong H-bond acceptor
capacity was suggested to rise from the oxygen atoms on the siloxane surfaces, which
could accept hydrogen atoms to form H-bond in our modelling results.

With increasing CTMA loading level, they further showed that the CTMA-Mt
became more cohesive with stronger polarization interaction and H-bond acceptor
capacity, but weaker H-bond donor capacity, also shown in our modelling results. As
the size of CTMA aggregates became larger, OCs were more likely to be sorbed
within the aggregates rather than at their surface, which then caused stronger
dispersion interaction between CTMA-Mt and OCs. As is well known, OCs generally
have stronger dispersion interaction with organic phases than with water molecules

(i.e., easier to form a cavity for the accommodation of OCs molecule). ****** More
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cohesive characteristics of CTMA-Mt with higher CTMA loading should be caused
by the larger packing density of CTMA aggregates, as in this case creating a cavity
within the aggregates should consume more free energy. As the interlayer inorganic
ions changed from cations to anions, the interlayer water molecules then behaved
more likely as H-bond donor than acceptor, which then weakened the H-bond donor
capacity of the resulting CTMA-Mt. As such, our modelling results correlated with
previous pp-LFERs studies well, and gave atom-level insight to explain the
macroscopic sorption property (i.e. uptake of OCs) of CTMA-Mt depending on the
CTMA loading level.
Conclusions

In summary, molecular modelling gave atom-level insight into the interlayer
structure of CTMA-Mt by showing the arrangement of interlayer species. Our results
provided additional information supporting that the sorption of OCs on organoclays is
a partition controlled process, and OCs molecules are mainly sorbed into surfactant
aggregates (i.e., organic phases). Our results clearly demonstrated that the loading
level of surfactant significantly affect the structure of the aggregates (e.g., size,
packing density, etc.), and accordingly their sorption affinity towards OCs. In addition,
siloxane surface and interlayer inorganic ions have specific interactions with OCs,
particularly those containing H-bond acceptor/donor capabilities, which then can have

additional effects to the sorption behaviors of organoclays.
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Fig. 1 Snapshots (left graph), 2D density profiles (middle graph), and Z-density
profiles (right graph) of hydrated CTMA-Mt with different loading level: (a) 0.33
CEC; (b) 1.00 CEC; (c) 1.66 CEC. In the snapshots: gray ball, C3 (CTMA C on alkyl
chains); blue ball, N3 (CTMA N); white ball, H3 (CTMA H); green stick, phenol;
purple ball, Ca ion; red line, water. In the 2D density profiles: C3 in yellow; CR in
blue. In the Z-density profiles: N3 in blue; C3 in dark gray; CR in green; OW (water
0) in red; HW (water H) in black; Ca*" in purple; Br in brown.
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Fig. 2 RDF profiles of the hydrated CTMA-Mt. (a) Ca-OW and Ca-HC for
0.33CTMA-Mt; (b) Br-HW, Br-HC, and Br-N3 for 1.66CTMA-Mt.
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Fig. 3 RDF profiles of the hydrated CTMA-Mt. (a) Ca-OW and Ca-HW for
0.33CTMA-Mt; (b) Br-OW and Br-HW for 1.66CTMA-Mt; (c) Ca-OP (phenol O)
and Ca-HP (phenol H) for 0.33CTMA-Mt; (d) Br-OP and Br-HP for 1.66CTMA-MLt.
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Fig. 4 H-bond network within CTMA-Mt interlayer (CTMA molecules were removed
for better view). H-bond formed between water and phenol near Ca®* or Br ions were
particularly shown. (a) 0.33CTMA-Mt; (b) 1.66CTMA-Mt.
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Table 1 Average H-bond numbers formed for each phenol molecule (with water
molecules), the self-diffusion coefficients of C3 (Dcs) and CP (Dcp), and CTMA
packing density (dctma). Nb: H-bond numbers in the case phenol as proton donor; Na:
H-bond numbers in the case phenol as proton acceptor; Niwta: total H-bond numbers
for each phenol (No + Na).

sample average H-bond number Dcs3 Dcp dctva

No  Na Noaw No/Na (10" m?%s) (10" m¥s) (glem®)

0.33CTMA-Mt 0.280 0.143 0.423 1.96 3.2 4.9 0.602
1.0CTMA-Mt  0.283 0.105 0.388 2.69 2.3 1.9 0.764

1.66CTMA-Mt 0.271 0.064 0.335 4.25 1.7 2.0 0.898



