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ABSTRACT: Alkylammonium surfactants were nanoscopi-
cally confined between montmorillonite layers of varied
negative surface charge, i.e., of varied cation exchange
capacities. Dielectric relaxation spectroscopy was employed
to probe the interfacial dynamics, arising from the mobility of
the cations on the silicate surfaces, as a function of the
confining walls’ surface charge. Standard methods to dry the
organo-silicates were employed; however, water was still
detected physisorbed in the galleries; the dynamics of these
water molecules were also detected and were found to be coupled with the dynamics of the ammoniums at high temperatures. A
transition in the mobility of the cations, approximately at 75 °C (which is in good agreement with the conformational changes of
the alkyl groups, reported in the literature), is observed, and a model is proposed on the basis of the dynamics of the confined
water. Entropic contributions arising from variation in the surface charge density are also discussed in detail. The existence of
water in the interlayerin spite of drying the nanofillers in accordance to industrial practicesand the interrelated surfactant/
water dynamics bring forward important implications for the design and processing of polymer-based nanocomposites based on
these fillers.

■ INTRODUCTION

In the last two decades, organically modified layered silicates
(mica-type, i.e., 2:1 alumino-phyllosilicates) dispersed in
polymers, termed as nanocomposites, have attracted consid-
erable renewed scientific attention, because of their remarkable
enhancements in mechanical, barrier, and flame retardancy
properties.1 Frequently, alkylammonium surfactants are used
for surface modification of such nanoparticles, where dispersion
in an organic matrix is required: Specifically, pristine silicates
are modified (ionically exchanged by alkylammoniums) prior to
mixing with a polymer matrix, since appropriate selection of the
cationic surfactant lowers the attractive interaction energy
between the inorganic layers, and leads to a thermodynamically
favorable dispersion in polymers.2,3 Several investigations have
been carried out on the intercalated surfactants in an effort to
improve the polymer/inorganic compatibility. Fundamental
studies have also probed the unique spatial configuration of the
amphiphile cationic alkanes when nanoscopically confined (∼1
nm) and physisorbed on silicate surfaces (this sorption is
mediated by Coulombic attraction between the organic
surfactant cations and the negatively charged silicates).
The dynamics of nanoconfined surfactant tails, mostly

paraffins, are crucial for the kinetics of nanocomposite
formation4,5 and, as such, have been studied in detail by both
molecular dynamics computer simulations6−11 and experimen-
tal techniques.12−16 At elevated temperatures, depending on the
alkyl length and surfactant packing density, kinetic first order

phase transitions were detected for these nanoscopically
confined surfactants. These transitions are a result of the
alkyl chain conformational changes. Such conformational
changes manifest in two kinds of structural rearrangements
for the nanoconfined surfactant layer: (a) For high grafting
densities (high CEC values, typical of micas and high-CEC
vermiculites), there is a continuous increase in the average tilt
angle of the paraffinic-type surfactant arrangement within the
silicate intergallery.17 (b) For lower grafting densities
(midrange CEC values, as the ones studied here, typical of
montmorillonites and hectorites), there is a stepwise change
from a monolayer to a bilayer with increasing surfactant
molecular volume6−11,17 (e.g., with increasing alkyl chain length
for alkyl-ammoniums or changes from primary alkyl-amines to
quaternary multialkyl amines), followed by a “multilayer”
formation for even larger surfactants.17 These structural
rearrangements of the surfactant layer are associated with
configurational changes of the alkyl chains, typically trans/
gauche ratio changes, due to steric (molecular packing) effects
as the grafting density (viz., CEC) is altered. Also, from a
dynamics viewpoint, similar trans/gauche changes occur during
the dynamic transition, toward more disordered or “liquid”
states, at higher temperatures. A second, albeit less substantial,
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mechanism relates to the ammonium cation (headgroup)
dynamics. Similar to the conductivity mechanism of alkali metal
in glassy oxides,18,19 when the ammonium cations have
sufficient thermal energy, it is possible to be displaced from
their initial potential well minima to neighboring ones. These
minima are defined by the electrostatic interactions with the
negatively charged crystal surface and typically give rise to a
hopping diffusion on the silicate surface.20 In addition, this
translational surfactant motion is usually assisted by surface
adsorbed water, which can be removed only at very high
temperatures21 (much higher than the boiling point of water
and higher than the degradation temperature of most organic
moieties), and thus, the existence and dynamics of water should
also be considered in this context.
Molecular dynamics simulations, performed in the absence of

water, revealed the ability of octadecyl-trimethyl-ammonium
ions to rearrange on the silicate surfaces at high temperatures.6

Experimentally, Jacobs et al.22 studied the same dynamics in
alkyl quaternary ammonium exchanged montmorillonite
(MMT) by employing impedance spectroscopy. The authors
suggested a correlation between the Vogel−Tammann−Fulcher
(VTF) type dynamics of the surfactant cationic groups and the
transitions of the alkyl tails, in good agreement with differential
scanning calorimetry (DSC) results. In related investigations,
the headgroup and tail dynamics were identified by applying
electron paramagnetic spectroscopy (EPR) along with solid-
state NMR spectroscopy.23−25

In this paper, we present a comprehensive approach for the
mobility of the intercalated cationic surfactants. Broadband
dielectric relaxation spectroscopy (DRS) was employed to
investigate the mobility of alkylammonium cations with an alkyl
tail of 18 carbon atoms (octadecylammonium) that are
intercalated between montmorillonite (MMT) platelets. We
consider tangential cationic diffusion at a double layer (silicate/
water) interface. This diffusion is restricted by the silicate
geometry and results in a surface polarization. The mobility of
the ammonium cations was found to depend on the silicate
surface charge density (typically quantified as the silicate’s
cation exchange capacity, CEC) and on the dynamics of the
confined water. The effects of these two contributions are
discrete, and are discussed here in detail.

■ EXPERIMENTAL SECTION

Materials. Two different cation exchange capacity (CEC)
montmorillonites were prepared by annealing the same Li+

exchanged montmorillonite (purified PGV, Nanocor Inc.) at
120 and 130 °C under a vacuum for 24 h, following typical
reduced-CEC montmorillonite preparation approaches,21,17 as
described before.26,27 The reduced CEC values of the modified
MMTs were estimated by methylene-blue adsorption28 in the
hydrated Li form, and more precise CEC values were measured
by thermogravimetric analysis (TGA) after cationic exchange
with alkyl-ammonium surfactants (vide inf ra); the reduced
CEC values were found to be 1.37 and 1.05 mequiv/g (TGA).
It should be noted that reducing the CEC of montmorillonites,
as above, yields surfaces with varied surface charge (varied
CEC) but with identical geometries and almost identical crystal
structures26 (there are very slight crystal lattice deformations
due to permanent Li+ migration within the alumino-silicate
layered crystal, in the case of PGV, primarily by insertion within
the SiOx tetrahedra). This approach provides an excellent basis
for comparing dynamics between systems with dielectric

spectroscopy, vide inf ra, since the only parameter varied is
the inorganic surface charge density.
The standard two-solvent cation exchange process was

employed to intercalate alkylammonium surfactants between
montmorillonite plates:29 First, octadecylammonium surfac-
tants were obtained by protonating octadecylamine surfactants
(CH3(CH2)16CH2NH2, purchased from Sigma Aldrich) with a
stoichiometric quantity of hydrochloric acid (HCl) in ethanol
solution. The solution was stirred for 30 min, and the
temperature was increased to 70 °C. In a second beaker,
MMT clay particles (PGV, Nanocor Inc.) were dispersed in
deionized water (20 MΩ) and the suspension was stirred for 30
min at 70 °C, resulting in a stable suspension with no visible
clay aggregates. The surfactant solution was added to the clay
suspension in the first beaker, and flocculation of excess
surfactant (approximately 150% of the CEC) and white
organoclay precipitation were observed immediately upon
mixing. The reaction was allowed to completion under vigorous
mixing for 2 h, before the modified clay was paper-filtered and
washed three times by ethanol using a Büchner funnel, after
which all excess surfactant (surfactant not Coulombically bound
on the MMT) was removed, as indicated by a clear silver-
nitrate test. A commercial alkyl-ammonium montmorillonite
(Nanomer I.30E, CEC 1.45 mequiv/g) was used as received
without further purification, as a control. Powders were dried in
a vacuum oven for 12 h at 80 °C, and kept in a desiccator, with
desiccant and P2O5. The dried intercalated powders consist of
fine montmorillonite grains.

Instrumentation. Thermogravimetric analysis (TGA) was
performed on a Thermal Analysis (TA) Instruments SDT
Q600. The temperature ramps were from 20 to 1000 °C under
a heating rate of 10 °C/min, in a nitrogen environment.
Broadband dielectric relaxation spectroscopy (DRS) meas-

urements were carried out isothermally by using a Novocontrol
Alpha analyzer in a broad frequency (10−2 to 107 Hz) and
temperature (−140 to 220 °C) range. The MMT/surfactant
powders were pelletized by applying a 5 t load on a 12 mm
diameter die (inside an IR-sample mold). The disk-like
specimens, of about 0.5 mm thick, were sandwiched between
gold coated brass electrodes and mounted on a ZGS Alpha
active sample cell, which was connected to a Quatro
Cryosystem for temperature stabilization.
Prior to the dielectric measurements, the samples were dried

at 60 °C under a vacuum for 8 h (an approach exceeding the
industrial standards for “drying” these silicates prior to
nanocomposite formation) and, thereafter, were additionally
equilibrated at 110 °C inside the dielectric cell for half an hour,
to eliminate contributions in the data arising from the
evaporation of free water and polarization effects. Measure-
ments were performed isothermally from 110 to −140 °C and
sequentially from −140 to 220 °C. At each temperature,
samples were equilibrated for 20 min (temperature fluctuations
<0.2 °C) prior to the frequency scans. The dielectric spectra
were identical for the same temperatures in the cooling and
heating cycles, indicating the absence of water evaporation.
Beyond the two reduced-CEC (reduced surface charge density)
MMTs, the dielectric properties of a commercial organo-MMT
sample (based on the same-lot original PGV montmorillonite,
with nominal CEC 1.45 mequiv/g) and the dielectric response
of the original surfactant-free MMT (non-organically ex-
changed PGV) nanoparticles were also measured under the
same conditions, and are reported here and compared against
the reduced-CEC montmorillonites.
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■ RESULTS
The weight loss curves, determined by thermogravimetric
analysis, and the corresponding first derivative curves are
summarized in Figure 1 for all samples. At temperatures lower

than the decomposition of the alkyl tails (abrupt drop around
400 °C), the weight loss is related to the intergallery f ree water.
In this temperature region, two processes manifest in all the
samples, which are highlighted in the inset graph. The first
process is revealed by the peaks in the temperature range from
40 to 230 °C, whereas the second process corresponds to the
shoulders that start at 200 °C and extend to temperatures
overlapping the organic degradation at temperatures higher
than 330 °C. This dual step water loss is a common feature in
the thermal behavior of hydrated smectites,30 as well as of
organic/smectite complexes.
Double endothermic peaks have been observed in this

temperature range, arising from the loss of f ree interlayer water
(physisorbed intercalated water) and followed, at higher
temperatures, by loss of structural water (water coordinated
to the silicate surfaces and to the cations).21,30−32 For these
layered nanoparticles, complete dehydration occurs well above
300 °C, and practically a dry state at ambient conditions is not
possible to be maintained due to the hydrophilic nature of the
silicates.21 In our systems, the precise amount of water, which is
allocated at free and strongly/weakly coordinated states,33

cannot be accurately quantified from the TGA plots due to the
common temperature range of the surfactant degradation and
the water evaporation. At higher temperatures, 400−600 °C,
MMT dehydroxylation involving the hydroxyl group removal
from the silicate edges34 (and to a lesser degree from the Al
octahedrals) takes place, and finally, the residual values at 1000
°C indicate the inorganic fraction, thus enabling the estimation
of the CEC values by normalizing with the surfactant’s
molecular weight, after accounting for the free water and
dehydroxylation weight losses. This clearly indicates that the
CEC values reported in Figure 1 are overestimated by the
amount of structural water, a common practice for CEC
measurement through TGA, an overestimation that corre-

sponds to a couple of percent of error in CEC.17 Typical
“drying” (at 60 °C under a vacuum) done prior to dielectric
measurements efficiently removes most of the free water (i.e.,
the sub-250 °C weight loss in the TGA above) but not the
structural water.

Permittivity Formalism. A comparison plot of the
dielectric dispersions at 60 °C for the alkylammonium
surfactants confined in MMT plates of two different CEC
values is presented in Figure 2. The imaginary part ε″( f) of the

complex dielectric function, ε*( f) = ε′( f) − iε″( f), for both
samples is denoted by the black solid lines and consists of a
broad bimodal relaxation process. The fast mode (FM)
component is relaxing at high frequencies and appears as a
shoulder of the slow mode (SM) component. At frequencies
lower than the SM, a linear divergence is present and
dominates the dielectric response. This contribution, which is
also pronounced in the real part of permittivity, is related to the
low frequency dispersion22,35−40 (LFD), a common feature in a
variety of materials containing charge carriers such as solid ionic
conductors, porous zeolites, layered mica, etc. This effect is
attributed to space charge regions (islands) of ions being
entrapped within heterogeneities or interfaces in the material,
resulting in a discontinuity in their translational motion. The
polarization of these regions gives rise to power law (∼f −s)
dielectric dispersions in the low frequency regime. Commonly,
the exponent s is taking values in the range 0.5 < s < 0.9 and,
thus, is indicating an enormous increase in both real and
imaginary parts of the dielectric function, without reaching a
direct current (dc) conductivity36 (which is described by a
steady state charge distribution). This dispersion arises from
the inefficiency of the cations to diffuse in the bulk, is well

Figure 1. TGA curves (in nitrogen atmosphere) of the C18
alkylammonium surfactants intercalated in montmorillonite of varied
CEC values; the 1.45 mequiv/g CEC is a commercial alkyl-ammonium
montmorillonite. (inset) The corresponding first derivative plot
(differential weight loss, DTGA).

Figure 2. (a) Imaginary part of permittivity at 60 °C for the
alkylammonium surfactants confined in MMT plates of two different
CEC values. Both spectra consist of a broad relaxation with two
components, a fast mode (FM) at high frequencies and a slow mode
(SM) at lower frequencies. The symbols correspond to the
experimental data after subtracting the low frequency dispersions
from the raw data (black lines). The frequencies of the peak maximum,
derived from the fitting curves (red lines), are in good agreement with
the peak maximum in the logarithmic derivatives of the raw data (inset
plot). The dotted lines are guides to the eyes. (b) Real part of
permittivity and the corresponding fitting curves. The low frequency
dispersion is pronounced in both samples by the upturn of the
experimental data in the low frequency region.
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established in the literature, and is not further discussed in this
work, which is focusing on the interlayer relaxation processes.
After subtracting the LFD,22,38,39,41−43 the optimum least-

squares fitting to the experimental data (red lines in Figure 2)
was obtained by a superposition of two Havriliak−Negami
(HN) expressions44−48
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A power law expression (σ0/ε0)ω
−s, describing conductivity

effects, was added in the imaginary part (eq 3) when
contribution from conductivity was present in the data sets.

In all above equations, ω (=2π f) stands for the angular
frequency; Δε = εs − ε∞ is the relaxation strength, with εs and
ε∞ being the low and high frequency limits of the real part of
permittivity; α and β are the shape parameters associated with
the symmetrical and asymmetrical broadening of each mode
(0 < (1 − α)β, s ≤ 1); and τ0 (=1/2πf 0) is a characteristic time
(ωτ0 = 1) which relates to each mode’s maximum frequency
( fmax):
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For clarity, in the inset plot of Figure 2a, the logarithmic
derivatives49 of the dielectric losses, manifesting the slopes in
the ε″( f) function D2 = ∂log[ε″(ω)]/∂log(ω), are also
presented and found to exhibit maxima in good agreement
with the fitting analysis. The SM slow mode depends on the
surface charge density of the MMT and exhibits faster dynamics
for the lower CEC silicates. This mode relaxes at higher
frequencies than the conductivity contribution and can be
ascribed to an induced polarization on the silicate surface, due
to the mobility of the intercalated ammonium groups. This
supposition is consistent with the high values in the dielectric
losses and in the real part of permittivity, which is presented in
Figure 2b. Moreover, the low frequency limit of the real part of
permittivity, εs, increases when CEC decreases. This indicates
the ability of the cations to better rearrange (more oriented
dipole moments) on the silicate surfaces when spaced farther
apart from each other (lower CEC), and it is also in good
agreement with the faster dynamics observed for this sample
(Figure 2a). Solid-state 13P NMR spectroscopy on intercalated
phosphonium based surfactants25 identified the longitudinal

Figure 3. Summarized dielectric losses and the corresponding fitting curves of the fast mode component, for the alkylammonium intercalated
samples, at low temperatures in steps of 20 °C. A comparison plot of the dielectric losses at −30 °C is shown on the right top plot. The CEC1.45
and CEC1.37 samples exhibit one relaxation process with similar dynamics, whereas two relaxation processes are present in the CEC1.05 sample.
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relaxation times of the cations to be around 1 s at room
temperature, which is consistent with the time scale of the SM
in this study.
Faster dynamics of polymeric chains in the same confined

geometries have also been reported,23−25 although in this work
they cannot be detected directly in the alkyls, due to the
nonpolar nature of the alkyl chains here. It should be noted that
in the samples with CEC 1.05 and 1.37 there is a direct, one-to-
one, correspondence between the surfactant population and the
surface charge density (CEC) value. The observed shift in the
dynamics above is qualitatively different from the trends
reported in surfactant-excess samples,25 where, by increasing
the organic populationoverexchanging beyond the CEC
the dynamics become faster; these faster dynamics are usually
attributed to the lowering of the surface electrostatic potential
(caused by the additional positive charge of the excess
surfactant headgroups).
A decoupling in the time scale of the fast (FM) and the more

intense slow (SM) modes is observed as the temperature is
varied, due to the different activation energies associated with
each process. Given the frequency window of the DRS
instrument, the dynamics of the SM were followed and
analyzed for higher temperatures (30 to 220 °C), whereas the
FM dynamics were followed in a lower temperature range (−60
to 30 °C). In Figure 3, the summarized dielectric losses for the
FM, and the corresponding fitting curves, are presented for
selected temperatures. For the fitting analysis of the CEC 1.37
and 1.45 samples, a superposition of a HN expression (for the
dipolar contribution) and a conductivity power law term44−48

(for the linear increase in the low frequency region) were
employed. Both samples exhibit similar time scales for the FM
mode, although the CEC1.37 system is comprised exclusively
of surface grafted surfactants and the CEC1.45 includes also a
fraction of intercalated but unbound (confined but not surface
tethered) surfactants. The CEC1.45 (“as received” organo-
MMT sample) is characterized by higher dielectric loss values
and different dynamics, which may be attributed to electrostatic
and interlayer polarization effects, originating from the presence
of unbound surfactant. Interestingly, by decreasing the CEC
value to 1.05, two relaxation processes are clearly identified,
although only the one located at higher frequencies can be
followed and analyzed in the entire temperature range (due to
the apparent merging of the two modes with increasing
temperature). The analysis was carried out as described above,
with the addition of one more HN expression, where needed.
In the current work, we report the analysis results of the high
frequency component, which could be followed in a broader
temperature range.
Electric Modulus Formalism. In order to better obtain the

relaxation map of the SM and FM in Figure 2 over a broad
temperature range, the electric modulus formalism was also
employed. The electric modulus is defined as the reciprocal
complex permittivity50
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and is utilized to suppress conductivity and polarization
phenomena and, in this manner, to better demonstrate the

dipolar contributions. Macedo et al.51−53 applied this formalism
to ionic conductors, modeling the dielectric response by an
equivalent electric circuit of parallel capacitance and con-
ductance elements. The conductivity relaxation time that
corresponds to the diffusion of the ions in the material is
expressed as

τ ε ε σ φ τ= = = −σ σt tE E E/ , ( ) exp( / )0 00 s dc (7)

and describes the decay of the electric field, E, when the electric
displacement vector, D, remains constant. In real conductors,
the single relaxation time model can be extended to a
distribution of relaxation times51 and the decay of the electric
field is expressed by the Kohlrausch−Williams−Watts (KWW,
stretched exponential) function50,51

φ τ β= − < ≤βt t( ) exp[ ( / ) ], 0 1KWW (8)

The complex electric modulus in the frequency domain is the
Fourier transform of the time derivative of the electric field
decay function
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Tsangaris et al.54,55 resolved the imaginary and real part of the
modulus for different distributions of relaxation times in the
frequency domain. A Havriliak−Negami distribution is ex-
pressed as
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where Ms = 1/εs and M∞ = 1/ε∞ and
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The argument φ and the characteristic time τ0 are the same as
those in eqs 4 and 5. A representative example of the frequency
dependence of the modulus imaginary part at high temper-
atures is shown in Figure 4 for the CEC1.45 sample. Three
processes can be clearly identified. In order of increasing
frequency, i.e., from slower to faster process: The first process
corresponds to the LFD in the permittivity formalism, and it is
ascribed to space charge polarization effects. The second
process dominates the spectra and is attributed to the SM,
which is now shifted by about two decades of frequency higher
than in the permittivity formalism. The third process is the FM,
which is more pronounced in the modulus interpretation. This
mode is well described by a Cole−Cole distribution (β = 1 in
eqs 10 and 11) and the maximum frequencies ″fMmax

and ε″f
max

are

closely positioned due to the weak relaxation strength of this
mode. Since the modulus peak is located at54,56−58

ωτ ε ε= =α
″
−

∞ ∞M M( ) / /M
(1 )

s smax (13)

and taking into account that the M∞ and Ms values are
comparable, the peaks in both formalisms are closely located at
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ωτ α
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−( )M

(1 )
max

≈ 1 = ωτ ε″( )
max
. Notably, with increasing temperature,

the dynamics of the SM can be distinct in two regimes, due to
different shifting rates toward high frequencies. As a result, a
change in the activation energy of this mechanism occurs,
followed by merging with the FM relaxation in the high
temperature limit. The same dependence is evident in the
permittivity formalism, although less pronounced. Dielectric
measurements were also performed on the corresponding
surfactant-free (Li+ PGV montmorillonite without organic
modification) samples to trace the origin of the FM. An
indicative plot of the dielectric losses for selected temperatures
is shown in Figure 5 for the CEC1.37 sample.

The data analysis was preferably performed in the
permittivity formalism, which has a more straightforward
physical meaning.59−61 However, at high temperatures, the
weak FM is masked by polarization effects on the silicate
surface and analysis in the modulus formalism was employed to
follow this mode in these cases.

■ DISCUSSION
The dynamics for the FM are summarized in Figure 6 as an
Arrhenius plot of the modes’ characteristic frequency (i.e., plot
of the logarithm of the loss peak maximum frequency versus
the reciprocal temperature). For low temperatures, below room
temperature, the dynamics are analyzed in the permittivity

formalism (open symbols), whereas, for high temperatures in
the modulus formalism, because the FM becomes more evident
and the fitting analysis more precise (filled symbols). As
mentioned above, the shape parameters of the FM show no
significant shift of the maximum frequency in the two
formalisms (errors are within the symbol size). To conclusively
assign the origins of this FM mode, measurements were
performed also on the same silicate in the absence of
intercalated surfactants (hydrated Li+ MMT), and these
dynamics are also summarized in Figure 6. Prior to the DRS
measurements, the samples were dried (60 °C, 8 h, vacuum)
and equilibrated (110 °C, 0.5 h, in DRS cell) under the same
experimental conditions as the alkyl-ammonium modified
samples; this approach ensures efficient removal of the free/
unbound water from the silicate galleries.
The temperature dependence of the FM’s maximum

frequency ( fmax) for both, intercalated and surfactant-free,
samples can be described well by the Arrhenius equa-
tion48,50,62−64
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or the Eyring equation which has a similar form65−68
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In eq 14, ΔEA is the activation energy, f∞ is the relaxation rate
in the high temperature limit, and kB is the Boltzmann’s
constant, whereas, in eq 15, ΔS* and ΔH* denote the
activation entropy and activation enthalpy, respectively, and h is
Planck’s constant.
The ΔEA values, derived from the Arrhenius fit (eq 14) to

the data, as well as the activation enthalpies (eq 15 fit), are
similar in both intercalated and surfactant-free samples, despite
the huge difference in relaxation times (about 105 times faster
dynamics in the surfactant-free systems, when comparing at the
same temperature). Specifically, in order of decreasing CEC,
ΔEA are 50 ± 1, 48 ± 1, and 48 ± 2 kJ/mol for the intercalated
samples and 50 ± 2, 51 ± 2, and 47 ± 2 kJ/mol for the
surfactant-free samples. These values are in good agreement
with prior works69−73 (ΔEA ∼ 50 kJ/mol) that studied the
relaxation of confined water molecules in porous silica glasses
and vermiculite silicates; thus, it is very reasonable to ascribe
the observed dynamics to the reorientation of the intergallery
water, which is confined between, and physisorbed on, the
silicate surfaces. Since a precise calculation of the water content
cannot be obtained, it is not feasible to delineate the water
molecule spatial distribution on the surface. However, the
obtained values compare well to the strength of hydrogen
bonded water (e.g., water in ice has ∼19 kJ/mol per H-bond,
which manifests as ΔEA ∼ 55 kJ/mol for bulk ice, i.e., for
dynamics which involve the simultaneous breaking of three
hydrogen bonds70,74−76); this suggests, for our systems, the
formation of a robust, almost fully hydrogen bonded, water
monolayer with its hydrogens being coordinated primarily to
the silicate surface oxygen atoms, or to other waters.
Furthermore, for this confined relaxation mode, observed in
both surfactant-modified MMT and in surfactant-free hydrated
MMT, one can make a number of deductions: First, (a) from
the similar activation energy ΔEA values (for the surfactant-
modified MMT and the surfactant-free hydrated Li+ MMT)

Figure 4. Frequency dependence of the imaginary part of the electric
modulus for the CEC1.45 sample at temperatures between 10 and 150
°C in steps of 20 °C. In order of increasing frequency, three modes are
observed, originating from polarization effects due to the LFD, the
slow mode (SM), and the fast mode (FM), with the last two modes
merging at high temperatures.

Figure 5. Dielectric losses, ε″( f, T), of the surfactant-free CEC1.37
sample. The lines correspond to the best fitting of eq 1 to the
experimental data. The temperature step is 10 °C.
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samples, it is strongly indicated that the relaxing molecules are
the same, in this case, confined water (not only because it is the
only common relaxing species in the two systems but also
because the absolute values of ΔEA relate to the process of
water hydrogen bond breaking and reforming under the same
average coordination number). However, (b) the dynamics in
the two systems, e.g., the modes’ relaxation times, differ
radically between the two systems, with the surfactant-free
samples exhibiting much faster dynamics (about 10000 times
faster dynamics than the corresponding surfactant-containing
systems at the same temperature). This behavior denotes a high
impediment of this relaxation mode by the presence of the
surfactant molecules, and can be better explained in terms of
the activation entropy (ΔS, in eq 15). In the surfactant-free
samples, an entropy gain can result from the increase of
translational and configurational contributions for the nano-
confined water, which should be substantially larger than in the
surfactant-modified systems, due to the absence of the
hydrophobic alkyl groups as well as to a higher population of
water located and relaxing farther away from the charged MMT
surfaces (at loci of weaker electrostatic interactions and, thus,
higher water mobilities). This entropy gain enters the relaxation
time as an exponential factor, and small changes in ΔS can
impose significant shifts in the relaxation times. (c) Additional
evidence for the nature of these modes can be derived from the
magnitude of relaxation times. The characteristic temperature
at 100 s (1.6 mHz) associated with the glass transition
temperature (Tg) and the pre-exponential factor ( f∞)
correspond for the surfactant-free samples to Tg ∼ 127 K and
f∞ ∼ 10−18−10−20 s, respectively, whereas, for the same surfaces
when surfactant-modified, they correspond to Tg ∼ 172 K and
f∞ ∼ 10−13−10−14 s. These values are very close to the
characteristic dynamics of supercooled water in humid confined
geometries77,78 and indicate a non-crystalline (supercooled)
state of water for our systems. For example, in Figure 6, no

change in the dynamics is shown at 273 K, indicating no
evident water crystallization in our systems, as is probably
expected, since water crystallinity is prevented by the geometric
constrainments.
In view of the above, we can formulate a better under-

standing for the correlation between the surfactant concen-
tration, which is proportional to the CEC, and the dynamics of
the confined water in Figure 3. The samples with similar CEC
values of 1.45 and 1.37 mequiv/g have an identical distribution
of relaxation times (despite the losses being significantly higher
in the first sample). This indicates a similar structure in the
hydrogen bond network, whereas the higher losses can be
attributed to the higher conductivity of the CEC1.45 sample
(most probably originating from its excess mobile surfactants).
Interestingly, the sample with the lowest surfactant content
(CEC1.05) exhibits a different distribution of relaxation times,
compared to the other two CECs, showing a clearly bimodal
relaxation (instead of a single broad mode, observed in the
other two systems). This indicates the formation of a different
hydrogen bond network: In this sample, the slower mode (at
lower frequencies) exhibits similar dynamics as in the other two
specimens (indicating that this originates from a water layer
strongly bound on the silicate surfaces, as before). The faster
mode (at higher frequencies) indicates a second type of
waterweaker bound and more mobile than the previous,
maybe a second water layer. However, the bimodal relaxation
was not present in all temperatures, suggesting a possible
rearrangement of the water molecules, or merging of the two
modes. The dynamics of the faster mode were evident in the
entire temperature range and are presented in Figure 6.
In Figure 6, along with the time scale of the confined water,

the ammonium headgroup dynamics are also presented for all
samples. Two distinct regimes can be observed for temper-
atures above and below Tc, at 75 °C approximately. At
temperatures higher than Tc, the dynamics do not depend on

Figure 6. Cumulative Arrhenius plot of the relaxation frequencies (inverse of relaxation times) corresponding to the two modes of the systems:
Intercalated end-tethered ammonium cations (SM) and confined water (FM). The relaxation of the ammonium cations (SM mode in Figure 2)
exhibits a change in the dynamics around Tc = 75 °C. Below Tc, the surfactant SM dynamics are CEC-dependent, whereas, above Tc, they are less
sensitive to the CEC and asymptotically approach the water mode dynamics (FM mode in Figures 3 and 4). In the same plot, the Arrhenius
dependence of the confined water relaxation frequency, measured in the respective varied-CEC hydrated montmorillonites (same silicates without
any organic/surfactant modification, surfactant-free), is also presented. All three montmorillonites (varied CEC) are shown, over the entire
temperature and frequency range; lines are best fits to the Arrhenius equation; open and filled symbols correspond to permittivity (E″) and modulus
(M″) formalisms, respectively.
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the CEC value of the surfaces, and asymptotically merge with
the dynamics of the confined water, in the high temperature
limit. A split in the dynamics is observed at temperatures lower
than Tc. At these temperatures, the dynamics of the alkyl-
ammonium cations differentiate for the three different systems;
this decoupling in time scale depends on the CEC, with the
lower surface charge systems (CEC1.05) demonstrating the
fastest dynamics and CEC1.37 the slowest. The CEC1.45 is
comparable and slightly faster than CEC1.37, despite having a
very similar CEC value; this is in concert with the assumption
of excess unbound surfactant25 in the CEC1.45 system.
The activation energy for the ammonium headgroup

dynamics, calculated from eq 14, is significantly lower for the
CEC1.05 (125 kJ/mol) compared to the CEC1.37 (150 kJ/
mol), indicating lowering of the electrostatic barriers related to
the cation migration. To illustrate this better, the potential
distribution in the intergallery space can be considered. In
terms of a double diffuse layer model,79 and taking into account
the confined geometry and the low hydration level, it is
intuitive to assume that the cation mobility will be restricted in
a Stern layer (∼1−2 cation diameters in size, defined by the
Debye length). The cations in this layer are strongly bound and
effectively cannot desorb from the surface; however, in the
presence of water and electric field tangential to the interface, it
is possible to exhibit high surface mobility,80−84 which can be
comparable in magnitude to the cation mobilities in bulk
solution. The potential in this layer ψ(x), as a function of the
distance x normal to the surface, can be approximated by taking
into account the Poisson−Boltzmann distribution, defining a
potential ψ0 at the surface (x = 0) and simplifying for low
surface potential (kBT ≫ zeψ0) and for one type of ions:79

ψ ψ κ εε= =κ−x ze n k T( ) e , ( / )x
0

2
0 B

1/2
(16)

where κ is the Debye−Hückel parameter (Debye length: xD =
1/κ) and z, e, and n stand for the ion valence, the elementary
electric charge, and the ion number density, respectively.
Accordingly, the electrostatic barrier for cation migration on the
surface relates to the potential difference ΔU = ψ0e

−κx − ψ0.
Since the absolute value of the total cation charge density is
equal to the surface charge density σ0, the surface potential can
be written as ψ0 = σ0/εε0κ, with the σ0 being directly
proportional to the CEC value (σ0 is actually equal to the CEC
divided by the specific surface area of the material; i.e., σ0 can
be calculated on the basis of well-known material properties).
Given the system crystal chemistry and partial charges, the
cations are primarily bound to the oxygen atom rings on the
cleavage surface; thus, tangential migration may occur in the
inner Helmholtz plane (at the same distance x for both CECs).
As a result, a capacitance can be ascribed to this layer with the
electric field being approximately constant within. In this case,
the exponential in the potential difference can be expanded in
linear terms, and thus, ΔU scales with surface charge, or
equivalently ΔU is directly proportional to the CEC. This is in
excellent agreement with the observed activation energies,
whose ratio is the same as the CEC ratio, within experimental
uncertainty. In a more rigorous consideration, the strength of
any hydrogen bonds should also be taken into account in the
activation energy of the mobile charge carrier. Here, however,
the hydrogen bonding can safely be ignored given the
substantially higher electrostatic barriers and interactions.
The same characteristic frequency fmax is also associated with

the cation hopping process atop the silicate surface, quantifying

the average time required for the cation migration. In the low
temperature region (T < Tc), the CEC1.05 sample demon-
strated faster dynamics than the higher CEC systems, with the
difference in dynamics between the two CECs becoming
increasingly larger at lower temperature. This behavior is
consistent with the lower surfactant density in CEC1.05, as well
as with the weaker cation−surface charge interactions,85,86

compared to the other two systems; the same considerations
also qualitatively predict the very similar dynamics observed in
CEC1.45 and CEC1.37.
Furthermore, the ion hopping process would also manifest in

the measured conductivity and intergallery polarization
dynamics. According to the Barton−Nakajama−Namikawa
(BNN) relationship,87 the transition (onset) frequency, fc, for
the time independent conduction, σdc (mean square displace-
ment ⟨r2(t)⟩ ∝ t), is proportional to the σdc value. Apparently, fc
and fmax are very closely positioned86,88,89 (σ(ω) = ωε0ε″(ω))
and the faster dynamics of the CEC1.05 reveal also a more
favorable tendency for long-range migration on the silicate
surface. As expected, this is also confirmed by comparing the
conductivity spectra (not shown here) with the CEC1.05
exhibiting higher fc and higher conductivity values. It should be
noted that, because of the confined geometry and the granular
morphology of the investigated systems, a true dc conduction
cannot occur; therefore, the term “tendency” is more
appropriate here, and σdc is therefore defined as the
conductivity value corresponding to the AC/LFD crossover
frequency fc.
At temperatures higher than Tc, the surfactant relaxations

tend to merge with the dynamics of the confined water; the
CEC dependence is less pronounced, and all systems are
characterized by lower activation energies (∼95 kJ/mol
calculated in the temperature range 80−140 °C). A definitive
explanation for this behavior is not obvious based on these DRS
data alone. A possible mechanism that would account for this
behavior would be a diffusion of hydrated cationic surfactants.
In this case, the cations would be less coordinated to the silicate
walls, would be solvated by (coordinated to) the water
molecules, and would give rise to common dynamics for the
water and the cations. This same mechanism would also permit
for easier cation desorption from the walls (diffusion in the
outer Helmholtz plane), and therefore would lower any surface-
dictated potential barriers for the cation motion, cf. eq 16. If the
above supposition is correct, the presence of water determines
the dynamics in this temperature range and also determines the
crossover temperature Tc ∼ 75 °C, which indicates a transition
from a hopping to a random-walk (Fickian) diffusive motion
for the cations. This type of transition has been reported
extensively from molecular modeling studies of cations, e.g.,
Na+, Li+, in hydrated smectites,90−92 as well as in PEO
coordinated cations,20 albeit occurring at different temper-
atures, as expected. On the other hand, in surfactant-modified
smectites and at temperatures very close to the value of Tc
observed here, alkyl group conformational transitions as well as
changes in the thermal expansion of the gallery d-spacing have
been reported.13,22 A correlation between these phenomena
and the dynamics reported here is very possible, with the
increase of the normal to the surface distance being attributed
to the change in the alkyl group conformations at Tc.
The experimental data, describing the dynamics of the

ammonium cations in Figure 6, can also give a good fit to the
Vogel−Tammann−Fulcher (VTF) equation. This approach
would indicate cooperative dynamics, leading to an apparent
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glass transition of the alkane-based surfactants (in this case, the
cations would follow the same dynamics). In good agreement
with experimental14 and computer simulation10 results, differ-
ential scanning calorimetry (DSC) thermograms for these
systems (not presented here) showed no evidence of a glass-
like thermodynamic transition. According to Heinz et al.,10 such
phase transitions are related to the average packing density of
the surfactants, which is defined as the ratio of the cross section
over the total surface area per surfactant. For the CEC values of
our samples (1.05−1.45 mequiv/g), the surfactant packing
density is between 0.15 and 0.22, and for these packings, a
thermodynamic phase transition is not anticipated. Additional
dielectric measurements were performed on the respective
hydrated intercalated samples: Orders of magnitude faster
dynamics were observed for the mobility of the cations,
suggesting that the observed transition at Tc is a kinetic
transition that is strongly dependent on the physisorbed water.
Moreover, due to the hydrophobic nature of the surfactant tails,
if a glass-like thermodynamic transition was taking place, it
would have been weakly dependent on the physisorbed water.
Assuming a Boltzmann factor for the probability of a vacant

site formation, VTF dynamics can describe the mobility of the
cations and, thus, interpret the characteristic temperature T0 as
the temperature where the cations are immobile. This would
require strong interactions acting on the ions and, therefore, a
“correlated” type of motion on the MMT surface. Such
supposition is not supported by our data. In terms of the
electric modulus formalism, the Kohlrausch exponent β
(=1.14/w, where w is the M″ peak’s full width at half-
maximum) of the electric field decay function93 is a measure of
the ion interactions, and it is reported to increase with the
cation separation distance.94 Here, fitting of eq 9 to the data
indicates a different dependence with the β values, with the
CEC1.37 sample being significantly higher. This trend indicates
that the motion of the ions is not “correlated” and that the
exponent β is mainly associated with the distribution of the
vacant sites on the MMT surface (i.e., the CEC1.05 is
characterized by broader M″ peaks or, equivalently, by smaller
β values, as would be expected due to the increase of the
possible configurations of the ions).
Finally, a few comments can be made on the relevance of this

work to the broader field of organically modified silicates and
clays, as well as to the field of polymer/silicate nanocomposites.
First, the existence of water, as well as the water effect on the
surfactant dynamics, is qualitatively the same across the CECs
studied and only differs quantitatively. This conclusion should
be extrapolated with care to CEC values that are substantially
different than the range probed here, i.e., 1.0−1.5 mequiv/g.
For smaller CEC values (such as those characteristic of
fluoromicas and hectorites), the surfactants are located much
farther apart from each other, since CEC is directly
proportional to surface charge density and, equivalently, to
surfactant packing density. Thus, for the same surfactant size
(molecular volume or alkyl chain length) and for sufficiently
lower CECs, the surfactant molecules will be isolated from each
other (no steric interactions or impingement with other
surfactants on the same surface or on the opposite cleavage
surface of the gallery). As a result, their dynamics are not
expected to exhibit a transition (Tc) but smoothly increase
hopping frequency as the temperature increases; this has been
seen before in simulations, and is probably what happens also
here, for hydrated Li+ montmorillonites.20 For higher CEC
values (such as those characteristic of micas and vermiculites),

the intermolecular steric effects will become more important
(stronger geometric frustration, lower free volume), leading to
an increase of the apparent Tg

app; also, in this case, an even
stronger CEC dependence is expected for the dynamics below
Tc (cf. Figure 6).
Beyond the CEC, also the chemistry of the surfactants is

expected to affect the reported dynamics, probably in a
nontrivial way. For example, this study was done exclusively on
primary ammonium alkyls; it is expected that these behaviors
will remain the same for some quaternary ammoniums, e.g.,
alkyl trimethyl ammoniums; however, it is very doubtful that
other quaternary ammines, e.g., dialkyl dimethyl ammoniums or
alkyl bis-hydroxyethyl ammoniums, will exhibit the same
dynamics, given the differences in tethering configurations,
headgroup geometry, and hydrophilicity. Furthermore, bigger
changes in the surfactant chemistry, e.g., changing the
ammonium headgroup for imidazolium95−97 or quinolinium,98

are expected to result in substantial qualitative changes in the
surfactant dynamics from what is reported here. This
expectation is not only because the electrostatic interactions
and coordination on the surface will be altered (due to
differences in head volume and geometry, partial charges,
dipole moments, polarizability, etc.) but also because of the
completely different hydration character of large polar cations
compared to ammoniums. In fact, the use of alkyl-imidazolium
surfactants for montmorillonite as a filler in PET nano-
composites is successful, primarily because imidazoliums are
much more effective than ammoniums in displacing structural
water from the montmorillonite intergallery.95,99 These are
important considerations when extrapolating the current
findings for industrial applications. Nevertheless, the results
depicted in this study clearly demonstrate that the existence
and dynamics of water in alkyl-ammonium modified silicates/
clays must be considered in the design of polymer nano-
composites, both to prevent degradation of hydroscopic
polymers as well as to design the kinetics/processing of such
composites.

■ CONCLUSIONS
Alkylammonium surfactants were Coulombically end-tethered
and nanoscopically confined between montmorillonite plates of
different surface charge density (i.e., of different cation
exchange capacities, CECs). The reduction of CEC of
montmorillonites yielded surfaces with varied surface charge
but with identical geometries and crystal structures. The
surfactants ionically exchanged the native positive cations,
effectively becoming Coulombically end-tethered on the
surfaces, and there was no excess or deficiency of charges.
Although alkyl-cation exchange does render the montmor-
illonites miscible with polymers, they are typically assumed
hydrophobic; measurable amounts of free and structural water
were detected, even after standard drying. The dynamics of the
alkyl-bearing cationic ammonium groups and of the phys-
isorbed water on the silicate surfaces were probed by employing
dielectric relaxation spectroscopy. The effects of CEC and of
the confined water were found to be discrete, and governed the
ammonium cation dynamics at different temperature ranges. A
kinetic transition, manifested by a change in the activation
energy of the cation hopping, was observed around Tc ∼ 75 °C.
For temperatures lower than Tc, lower surface charge density
resulted in faster dynamics and lower barriers for the mobility
of the cations; this behavior is intuitively expected to be due to
the increased number of possible configurations on the surface
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and due to the lower electrostatic potential on the silicate
surface, respectively (entropic and enthalpic contributions). In
terms of a Stern layer interpretation, the activation energies of
the hopping mechanism were found to scale in good agreement
with the CEC values, suggesting a tangential migration of the
ammonium cations atop the surfaces, at the silicate/water
interface, thus giving rise to a surface polarization. The
activation barriers related to the migration process decreased
for temperatures higher than Tc (cf. enthalpic contribution) and
became similar between systems (viz., independent of the CEC
surface charge). This change in the activation energy denotes a
transition from a hopping-like (short-range) surfactant motion
to a diffusive-type motion (at higher distances normal to the
surface); the latter motion is inherently associated with the
presence of water, exhibiting dynamics that are definitively
correlated to the water dynamics. The last is evident by high
temperature merging time scales for the water reorientation and
the dynamics associated with the cation diffusion. The
transition temperature Tc was found to be in good agreement
with the temperature where conformational transitions of the
alkyl groups have been reported for similar systems in the
literature. Finally, in the low temperature range, the confined
water was found to exhibit supercooled dynamics with an
apparent glass transition temperature (T at a characteristic time
of 100 s), Tg

app being 127 or 172 K, depending on the
confinement environments.
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