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Michael W. Möller,† Ulrich A. Handge,‡ Daniel A. Kunz,† Thomas Lunkenbein,† Volker Altstädt,‡ and
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E
xploitation of the marked anisotro-
pic bonding inherent to layered com-
pounds like clays,1 layered double

hydroxides,2�4 layered chalcogenides,5�9

phosphates,10 and zeolite precursors11

paves the way for an “anisotropic top

down” approach by exfoliation.12,13 The re-

duction of the thickness h of lamellar crys-

tallites by cleavage eventually produces

nanoplatelets with a dramatically increased

portion of surface/interface atoms and with

very high aspect ratios.

Such two-dimensional nanomaterials

have recently been used in various new

fields of nanotechnology; for instance, re-

sponsive Bragg-stacks,14 superb diffusion

barriers,15 artificial nacre,16�19 and reinforc-

ing fillers in hybrid materials like polymer

layered silicate nanocomposites

(PLSNs).20�24 In particular for the latter two

applications, the aspect ratio and/or me-

chanical properties are of key importance.

Among the plethora of layered com-

pounds known, swelling 2:1 layered sili-

cates stand out due to their rich interlamel-

lar reactivity, which, in principle, allows a

facile tuning of the strength of the interac-

tions between consecutive layers in the

stack. This pronounced interlamellar reac-

tivity can mainly be attributed to the reac-

tivity of interlayer cations. Moreover, hydra-

tion/solvation of interlayer cations

(swelling) or cation exchange with bulky on-

ium compounds (organophilization) con-

comitantly increases the basal spacing and

thus decreases the cohesion between

lamellae in the stack. Larger basal spacings

reduce the attractive Coulomb forces be-

tween the positively charged interlamellar

space and the negatively charged silicate

lamellae significantly by F � 1/d2. This re-

duces the shear strength of the clay stacks,

which in turn promotes the efficiency of ex-
foliation at a given shear rate.

On one hand, low shear strength is ad-
vantageous for maximizing the aspect ra-
tio. On the other hand, it is detrimental for
reinforcement because the interactions
along the stacking direction are noncova-
lent in nature, and therefore, the interlamel-
lar space bears a lower load as compared
to the silicate lamellae, which may lead to
failure at the interlayer.25 The shear stiffness
is, in turn, related to the flexural rigidity of
the reinforcing nanoplatelet, which in-
creases with �h3 and the strength of the in-
teraction along the stacking direction.26

Consequently, there will be an optimum
combination of aspect ratio and height of
the reinforcing platelet.

In summary, an ideal material would al-
low for switching between shear-labile and
shear-stiff states of reinforcing nanoplate-
lets. The first state will be utilized to opti-
mize the height for any given lateral dimen-
sion of the platelets, while the latter will
help to minimize failure by gliding along
the interlamellar space.

*Address correspondence to
josef.breu@uni-bayreuth.de.

Received for review September 8, 2009
and accepted January 12, 2010.

Published online January 20, 2010.
10.1021/nn9011829

© 2010 American Chemical Society

ABSTRACT This work introduces a novel facile method to produce shear-stiff, mica-like nanoplatelets by

efficient exfoliation. The essence of this procedure is the nonreversible alteration of the interlamellar reactivity

of a synthetic fluorohectorite by simple cation exchange. The possibility of switching from highly hydrated to

collapsed interlayers permits a highly efficient exfoliation in the swollen state while providing shear-stiffness in

the collapsed state. This method restricts cation exchange in the mica-like nanoplatelets to the outer surfaces,

which represents a significant advantage for use in nanocomposites as compared to conventional organoclays

which contain up to 40%/wt of organocations. It is expected that this new type of rigid, shear-stiff, clay-based

nanoplatelets will be superior for reinforcement when used in composite materials like polymer layered silicate

nanocomposites or artificial nacre.
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The degree of swelling of 2:1 layered silicates is de-

termined by the interplay of the hydration enthalpy of

interlayer cations and the Coulomb attraction between

silicate lamellae and interlayers, which scales with the

charge density of the lamellae and hence the degree of

isomorphous substitution. Since the layer charge can

be easily controlled for synthetic (fluoro-)hectorites, the

Coulomb attraction may thereby be tuned to a level

where the degree of hydration varies drastically for dif-

ferent interlayer cations.

In the following, we present a synthetic fluoro-

hectorite that permits switching between a highly hy-

drated, shear-labile Mg2� form and a completely nonhy-

drated, nonswelling, mica-like, shear-stiff K� form of

the same fluorohectorite. An additional benefit of the

latter nonswelling state is the possibility of distinguish-

ing between internal (�interlayer space) and external

(�external basal planes and edges) particle surfaces,

which minimizes the amount of compatibilizer neces-

sary to adjust the adhesion between the filler and ma-

trix when using these materials as reinforcing fillers in

composite materials.

RESULTS AND DISCUSSION
Hydration Properties of Synthetic Fluorohectorites and Their

Effect on the Efficiency of Exfoliation. Smectites like montmo-

rillonites of natural origin suffer from inherent deficien-

cies like small particle sizes and pronounced heteroge-

neities of charge distribution, which, in turn, lead to

nonuniform interlamellar reactivity.27 For instance, at

any given relative humidity, different interlayers will ac-

cept different hydration states corresponding to het-

erogeneities of charge density.28 Melt synthesis, how-

ever, produces clays with superb charge homogeneity,

and consequently a uniform interlamellar reactivity.29,30

Additionally, synthesis gives full control over composi-

tion, and thus over layer charge and physical properties

like electric conductivity.31�33 In this way, clay materi-

als can be designed with different applications in mind.

For instance, materials become available with huge lat-

eral dimensions comparable to micas, but with inter-

lamellar reactivities typical of smectites.

The clay used here is a synthetic fluorohectorite,

{Na0.5}inter[Mg2.5Li0.5]oct�Si4�tetO10F2 (Na-Hec), with a layer

charge per formula unit (p.f.u.) of 0.5. Due to the high

homogeneity of charge density of this Na-Hec, the tran-

sitions between different well-defined hydration states

are observed as discrete steps (Figure 1a, Scheme 1, and

Figure 1. Hydration states of fluorohectorite obtained from PXRD-
measurements as a function of selected interlayer cations. The d(001)
values for moist (Œ) and air-dried (�; 40% RH) samples are plotted ver-
sus the enthalpy of hydration per valence of the interlayer cations (a).
Structural scheme of fluorohectorite (b). A stack of two unit cells is dis-
played with the viewing direction along the b-axis.

Scheme 1. Production of shear-stiff, mica-like nanoplatelets and the selective modification of their external basal planes:
(a) M, MH, and ML indicate interlayer cations with |Ehyd|: ML � M � MH. The PXRD pattern (b) illustrates three different stages
of hydration exemplified with K-Hec, Na-Hec, and Mg-Hec (moist samples). A schematic cross-section of a surface-modified
tactoid with nonswellable interlayers is given in panel c. Internal and external basal planes are marked in yellow and red, re-
spectively.
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Supporting Information, Figure S1). Additionally, the
stage of hydration depends strongly on the type of in-
terlayer cation, and to a lesser extent, on the layer
charge.34�37 All samples were prepared by ion exchange
from pristine Na-Hec. Figure 1a gives an overview of
the degree of hydration of the same hectorite with re-
spect to varying interlayer cations. A structural scheme
of fluorohectorite is illustrated in Figure 1b. Transitions
between different hydration states appeared at an Ehyd

per valence of approximately �700 kJ/mol and be-
tween �322 and �406 kJ/mol. Interestingly, the Cs-
Hec showed anomalous behavior in water. Despite a
very low Ehyd of �277 kJ/mol, Cs-Hec forms a 1WL-
hydrate (WL: water layer). This interlamellar reactivity is
attributed to the large radius of the Cs� ion, which re-
sults in significantly increased basal spacing of the non-
swollen state as compared to K-Hec or Rb-Hec.33 Thus,
the relative stability of the dehydrated reference state is
diminished, fostering hydration.

Na-Hec forms the two-water layer hydrate (2WL)
with an interlayer distance d(001) of 15.1 Å when im-
mersed in water. The exchange of Mg2� for Na�,
which has a higher enthalpy of hydration (�1922
and �406 kJ mol�1 respectively), increases the
d(001) value to 18.7 Å, representing the 3WL-
hydrate. In contrast to both hydrated cations, the ex-
change with K� (Ehyd: �322 kJ mol�1) yields a col-
lapsed and nonswelling mica-like material (0WL)
with d(001) � 9.9 Å, even when immersed in water.

These well-defined stages of swelling enable the in-
terlamellar reactivity to be tuned, allowing for switch-
ing between shear-labile and shear-stiff lamellar stacks.
Increasing the d(001) value of the layered silicate in
aqueous dispersion (moist samples) by intercalating
cations with high Ehyd promotes more efficient cleav-
age along the swollen interlamellar spaces. The attrac-
tive Coulomb force between the polyanionic silicate
lamellae and the interlayer cations thereby decreases
by approximately d2. Additionally, interlayer water rep-
resents an efficient lubricant. Figure 2 compares the
FWHM (full width at half-maximum) values of the (001)-
reflections as obtained by powder X-ray-diffraction
(PXRD) of Na-Hec and Mg-Hec exposed to the same
number of shearing cycles in a microfluidizer. Accord-
ing to Scherrer,38 the FWHM values of the (001)-

reflections can be related to the stack height. Thinner
stacks have larger corresponding FWHM values. Al-
though FWHM values are dominantly influenced by
the size of the coherently scattering domains, for ex-
ample, the tactoid height in case of the (00l)-reflections,
some other factors like strain, random interstratifica-
tion or textural effects may additionally influence the
peak broadening. Hence we prefer to compare the neat
FWHM values instead of calculating the absolute stack
heights.

Even after 30 shearing cycles in a microfluidizer, a ra-
tional (00l)-series is observed (Supporting Information,
Figure S3). Thus, a spontaneous delamination into sin-
gular lamellae as observed for laponite-type Li-
hectorites can be ruled out.39 As indicated by the steady
increase of the FWHM values with the number of shear-
ing cycles applied, the stacks are efficiently exfoliated.
The evolution of the particle size distribution with the
number of shearing cycles (Supporting Information,
Figure S2) indicates that the stacks are indeed preferen-
tially exfoliated by shearing, but are much less fre-
quently broken. To a first approximation, the hydrody-
namic radii recorded in the static light scattering
experiment correlate well with the lateral dimensions
of the nanoplatelets.40 The hydrodynamic radii decrease
strongly during the initial cycles, which can be attrib-
uted mainly to the dispersion of aggregates produced
in the melt synthesis. After completion of this initial de-
segregation (from cycle 10 onward), the median of the
particle size distribution enters a plateau which only
changes slowly with additional shearing cycles, while
the FWHM values continue to increase steadily (Figure
2). From the combination of FWHM values and particle
size distributions, it may be concluded that thinner
stacks with increased aspect ratio are produced upon
shearing. Figure 2 clearly demonstrates the strong influ-
ence of the hydration state and thus the basal spacing
on the efficiency of the exfoliation. Both plots of the
FWHM after shearing increase considerably, but the
slope of Mg-Hec (3WL) shows an almost 3-fold increase
as compared to the Na-Hec (2WL). Note that, to a first
approximation, the FWHM values correlate well with
the number of shearing cycles. This suggests that the
average thickness and thus the aspect ratio of the nan-
oplatelets can be tuned by the number of shearing
cycles. Moreover, exfoliating a highly hydrated state
(MH-Hec) is not only more efficient as compared to less
hydrated forms, it will also help to minimize the undes-
ired fracture of clay platelets. Smaller numbers of shear-
ing cycles are required to achieve the desired height
of nanoplatelets, corresponding to a certain number of
layer stacks respectively, to ensure maximum aspect
ratios.

Subsequent to exfoliation and optimization of the
aspect ratio, metamorphosis of the shear-labile nano-
platelets into a nonhydrated, shear-stiff, mica-like form
(ML-Hec) was easily accomplished by replacing Mg2�

Figure 2. Evolution of FWHM values of the (001)-reflections
for Na-Hec (9; 2WL) and Mg-Hec (�; 3WL) with the number
of shearing cycles applied.
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with interlayer cations with a low enthalpy of hydra-
tion such as K�. After collapse of the interlamellar space
by dehydration, the interlayers are no longer acces-
sible under standard conditions (room temp and ex-
change times shorter than 1 day). This stepwise meta-
morphosis cannot be observed for natural
montmorillonite (MMT) because of the lower layer
charge and the inhomogeneity of the charge density.
The total cation exchange capacity (CEC) of the syn-
thetic Na-Hec and a typical natural Na-MMT is 110 meq
100 g�1 and 86 meq 100 g�1, respectively. Without any
shearing, both clays were transformed into the K�-form
by ion-exchange. After drying at 120 °C, the kinetics of
the cation exchange were investigated by measuring
the evolution of the adsorption of [Cu(trien)]2� (trien �

triethylene tetramine) over time (Figure 3). As expected
for a strongly adsorbing and highly selective cation
like [Cu(trien)]2�, for K-MMT an amount corresponding
to the total CEC was adsorbed instantly. Contrarily, the
amount of [Cu(trien)]2� adsorbed onto K-Hec after one
minute is only approximately 7% of the total CEC. This
low residual CEC is attributed to external basal planes of
the stacks that are still accessible, whereas the col-
lapsed interlayers do not contribute to the CEC of the
K-Hec. The amount of [Cu(trien)]2� adsorbed increases
only slightly with prolonged exchange times underlin-
ing the observation that collapsed, K�-exchanged inter-
layers no longer show significant interlamellar
reactivity.

Limitation of the cation exchange to external basal
planes is corroborated by measuring the evolution of
CEC and BET-surface areas with the number of shear-
ing cycles applied. For this, Mg-Hec was exposed to in-
creasing numbers of shearing cycles in a Microfluidizer
in order to achieve different degrees of exfoliation. Ex-
foliation transforms interlamellar spaces into outer sur-
faces of increasingly thinner nanoplatelets. The surface/
volume ratio will thus increase nonlinearly with
progressing exfoliation. Figure 4 demonstrates the ex-
pected change of the specific surface area of platelets
with respect to their height and diameter. Calculations
for uniform hexagonal platelets show the massive influ-

ence of exfoliation on the amount of specific surface

area Sm (note the double logarithmic scale). Theoreti-

cal values for 1-nm thick hexagonal plateletsOwhat

comes close to the height of single clay

lamellaeOrange from 741 to 775 m2/g for particles

with diameters from 50 �m to 50 nm (please see Sup-

porting Information for details of the calculation).

The exfoliated nanoplatelets were then transformed

into collapsed K-Hec, and CEC, FWHM values, and BET-

surface areas were determined (Figures 5a,b). The in-

crease of FWHM values, which correspond to the stack

heights, correlate well with the CEC observed for the

outer basal surfaces, and the BET surface areas enlarge

concomitantly. Again, the pristine sample (0 shearing

Figure 3. Adsorption kinetics of K-Hec (9) and K-MMT (�)
as determined by the adsorption of aqueous [Cu(trien)]2�

at room temp. The results are expressed as cation exchange
capacities (CEC). Dotted and dashed lines represent the CEC
determined for the corresponding Na-Hec ( · · · ) and Na-MMT
(---), respectively.

Figure 4. Calculation of the total specific surface area of
uniform hexagonal platelets, with diameters L ranging from
50 nm to 50 �m with respect to the particle height h. The
density of the particles is assumed to be 2.7 g/cm3, the den-
sity of unhydrated hectorite.

Figure 5. Cation exchange capacities (CEC) and FWHM val-
ues (a) and the corresponding BET surface areas (b) for a se-
ries of K-Hec with varying degrees of exfoliation as pre-
pared by shearing Mg-Hec. The CEC was determined after a
10-min exchange with [Cu(trien)]2�.

A
RT

IC
LE

VOL. 4 ▪ NO. 2 ▪ MÖLLER ET AL. www.acsnano.org720



cycles) shows anomalous behavior, which in line with

the particle size changes discussed above, may be ex-

plained by aggregates that are destroyed in the initial

cycles.

All data underscore the ability to adjust the aver-

age height of nanoplatelets by controlling the number

of shearing cycles. The reduction of the thickness h by

exfoliation eventually produces nanoplatelets with a

dramatically increased portion of surface/interface at-

oms and very large aspect ratios. Figure 6 shows an

AFM image of a typical nanoplatelet of K-Hec, as ob-

tained after 10 shearing cycles. The height of ca. 4 nm

indicates 4 silicate lamellae in the stack (d(001) � 0.99

nm), while the aspect ratios of the irregularly shaped

nanoplatelets range between 250 and 375. The CEC of

the outer basal surfaces of this nanoplatelet would be

25% of the total CEC. This value correlates well with the

average value (27.5 meq 100 g�1) found for K-Hec af-

ter 10 shearing cycles (Figure 5a).

Advantages of Novel Nanoplatelets for Reinforcing

Applications. The most obvious applications for these

manufactured mica-like nanoplatelets would be as rein-

forcing fillers in PLSN or in artificial nacre. For both of

these applications, the aspect ratio, the mechanical

properties of the inorganic reinforcing nanoplatelets,

and the quality of surface modification to ensure com-

patibility of filler and matrix are the key issues that will

determine the degree of improvement of properties by

compounding. Generally, a larger aspect ratio of the

nanofillers leads to a more pronounced reinforcement

of the polymer matrix, an effect that has been theoreti-

cally described by the Halpin�Tsai equations.41 For ex-

ample, the exfoliation of layered silicates in polyamide 6

increases the tensile modulus and resistance against

crack propagation.42

Evidently, for such anisometric and anisotropic fill-

ers, the preferred orientation of the reinforcing plate-

lets in the composite and the directionality of their me-

chanical properties has to be considered. Obviously, a

comprehensive discussion of all possible combinations

is beyond the scope of this paper. The following discus-

sion will focus on flexural rigidity and shear modulus.

Clay-based fillers have a long history, but the Toy-

ota process was the most important development mak-

ing the class of organically modified layered silicates

(organoclays) a part of modern material science.43,44

Meanwhile, many commercial suppliers offer organi-

cally modified clays based on natural smectites (such

as Cloisite and Nanomer) to improve various physical

properties of plastic materials.45 All commercial organo-

clays are prepared via complete cation exchange in

which all interlayer and surface cations are replaced by

organic cations (Scheme 1). Loading the clay with bulky

cationic organic modifiers increases the basal spacing

d(001) and makes the polar surfaces organophilic.46 In

the Toyota process, the nanocomposite is then formed

by in situ polymerization. The interlayer cations act as

initiators and polymerize the co-intercalated mono-

mers. As the polymer chain grows in the interlamellar

space, adjacent lamellae are pushed apart and the

stacks are fully delaminated into 1-nm thick singular

lamellae. However, industry prefers to manufacture PL-

SNs by melt compounding. Generally, the goal is to

achieve delamination during compounding by further

expansion of the interlayer space of the organoclays by

partial intercalation of polymer chains.

However, careful examination of TEM sections of

PLSN produced by melt compounding shows that

delamination is hardly ever complete, and stacks of

lamellae are present instead.25 From a mechanical point

of view, these intercalated stacks need to be treated as

sandwich type reinforcing nanoplatelets, which consist

of a “soft” interlamellar region and a “stiff” silicate

lamella. Brune and Bicerano emphasized that the in-

complete delamination of clay stacks has a tremendous

detrimental effect on the reinforcement efficiency.47

Moreover, the “softness” of the interlamellar region cor-

relates directly with the strength of the cohesion en-

ergy between adjacent silicate lamellae, which derives

mainly from a strong Coulombic interaction that dimin-

ishes with distance, and hence basal spacing. For ex-

ample, Heinz et al. used MD simulations to calculate 3.3

and 8.5 times higher cleavage energies for unhydrated

K-MMT (layer charge 0.33 p.f.u.) and K-mica (layer

charge 1.0 p.f.u.), respectively, as compared to their cor-

responding octadecylammonium intercalated forms.48

Upon intercalation of bulky organocations, the basal

spacing increases from 9.98 to 35.16 Å and from 10.18

to 18.8 Å for mica and MMT, respectively.

Figure 6. AFM image of a K-Hec nanoplatelet prepared by
cation exchange with KCl from exfoliated Mg-Hec (10 shear-
ing cycles). The red line is a cross-sectional height profile.
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A simple estimation of the shear modulus Gp and
the flexural rigidity Dp of thin clay platelets reveals that
the stiffness in shear and in bending of a stack of lamel-
lae are related (Figure 7; see Supporting Information
for the details of the calculation). Gp hereby consists of
two components, the shear moduli of the silicate lamel-
lae (Gl) and the interlayer (Gi). Increasing flexural rigid-
ity is associated with an increasing shear modulus in a
highly nonlinear relationship. Consequently, to achieve
maximum reinforcement, the mechanical properties of
the filler need to be tailored to the specific application
and matrix, and there will generally be an optimum
height for nanoplatelets.

Strengthening the adhesion, for instance by mini-
mizing the thickness of the interlayer space, will im-
prove the shear strength of clay stacks, thus yielding
the desired large flexural strength. On one hand, such
a large bending stiffness is of crucial importance for ar-
tificial nacre. On the other hand, maximizing the flexural
rigidity can also optimize the shear strength in order
to prepare PLSNs with high tensile strength. The novel
process for the facile production of shear-stiff nano-
platelets is summarized in Scheme 1. To our knowl-
edge, there has only been one report in the literature
where mica was successfully exfoliated in a PLSN,49 but
this process is tedious and lengthy. The mica needed to
be converted into its organophilized form by prolonged
(4 days at 90 °C) heating with a 10-fold excess of the
alkylammonium cations. Moreover, exfoliation could
only be achieved in situ during curing of a particular ma-
trix (epoxy resin) at 180 °C for 6 h. Contrary to this, in
the process described here (Scheme 1), exfoliation is
achieved in aqueous suspension, and thus crucial prop-
erties of the filler like shear-stiffness and aspect ratio
are determined prior to compounding and can be ad-

justed independently. Furthermore, the process allows
tailoring of both the platelet height and the shear
strength. By choosing the appropriate layer charge of
0.5 p.f.u., the interlamellar reactivity of the pristine Na-
Hec is very high. The individual steps (cation exchanges,
exfoliation) are therefore fast and can be easily incorpo-
rated in a technical process to produce shear-stiff, mica-
type fillers.

In addition to shear-stiffness, the K-Hec offers a sig-
nificant economic advantage. The pristine layered sili-
cates are hydrophilic, and it is necessary to adjust the
surface tensions of filler and matrix. As already men-
tioned, the cation exchange for K-Hec is restricted to
the outer surfaces (Scheme 1), drastically reducing the
amount of compatibilizer required. Commercial organ-
oclays where all external and interlamellar exchange
sites are occupied by organocations contain up to
40%/wt of organic matter. With K-Hec, a great deal of
these expensive organocations can be “substituted” by
cheap K� by selective modification of external surfaces.
Moreover, alkylammonium cations are known to ther-
mally degrade via Hofmann elimination. It is well-
known that the concomitant release of volatiles is det-
rimental to the flame retardant efficiency as the onset
temperature is reduced.50

CONCLUSIONS
This work describes a fast and facile method to pro-

duce shear-stiff, clay-based nanoplatelets with high as-
pect ratios. Choosing the appropriate layer charge al-
lows for instant switching between shear-labile and
shear-stiff states of the same fluorohectorite by simple
cation exchange. The two-step process includes physi-
cal exfoliation by shearing of a highly swollen, shear-
labile form, whereby the degree of exfoliation may be
easily tuned and controlled by the shear forces applied.
Subsequently, cation exchange with cations with a low
enthalpy of hydration induces a collapse of the inter-
lamellar water and produces nonhydrated, mica-like
nanoplatelets. The process allows for the independent
adjustment of both the platelet height and the shear
strength. When combining these ceramic nanoplate-
lets with polymeric matrices, the mechanical proper-
ties of the filler can thus be tailored to the specific ap-
plication and matrix to achieve maximum
reinforcement. Additionally, the mica-like nanoplate-
lets no longer show interlamellar reactivity. This allows
for selective modification of external basal planes only,
therefore drastically reducing the amount of compatibi-
lizer needed to produce uniform hybrid materials.

METHODS

Materials. Na-Hec ({Na0.5}inter[Mg2.5Li0.5]oct�Si4�tetO10F2) was syn-
thesized from the melt according to a procedure reported in de-
tail by Breu et al.31

Standard procedures51 were applied for cation exchange.
One molar aqueous solutions of the chloride salts were used at
neutral pH. GdCl3, ZnCl2, CaCl2, SrCl2, BaCl2, RbCl, and CsCl were
purchased at p.a. quality from Merck KGaA. MgCl2, LiCl, and KCl
were purchased at p.a. quality from Grüssing GmbH. After ion ex-

Figure 7. The red curve shows a qualitative estimation of
the nonlinear correlation between the shear modulus and
flexural rigidity of a sandwich consisting of soft (Gi) and
strong (Gl) layers. Details are given in the Supporting Infor-
mation.
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change, hectorites were dialyzed with a 25�30 Å pore size until
the washing water reacted neutrally on a test with AgNO3 for
chloride.

A microfluidizer (Microfluidics Inc. type M-110Y) equipped
with an H30Z (200 �m, ceramics) and an H10Z (100 �m, dia-
mond) interaction chamber was applied for exfoliation (denoted
in the text by shearing cycles) of aqueous suspensions (typically
1 wt %) of fluorohectorites. The operation pressure ranged from
1.0 to 1.2 kbar.

Cation Exchange Capacity (CEC) Measurements. CECs were deter-
mined by means of a photometric method (Varian Cary 3
UV�Vis) applying [Cu(trien)]2� as a dye. CuSO4 99.99�% and tri-
ethylene tetramine 	97% (trien) were purchased from Sigma Al-
drich. The preparation of the complex and the CEC measure-
ments were performed according to procedures in refs 52 and
53. Samples were filtrated using Whatman Anotop 0.1-�m sy-
ringe filters prior to photometric measurements.

Specific Surface Measurements (BET). The BET surface area was de-
termined from nitrogen absorption experiments on a Quantach-
rome Autosorb 1. Five data points within the range of 0.09 �
p/p0 � 0.3 were taken to calculate the specific surface using the
BET equation. All samples were carefully outgassed at 150 °C un-
der ultra high vacuum overnight prior to measurements.

Powder X-ray Diffraction. PXRD patterns are obtained using
nickel filtered Cu�K
 radiation (1.54187 Å) on a
Bragg�Brentano-type diffractometer (Panalytical XPERT-PRO)
equipped with an X’Celerator Scientific RTMS detector. Textured
samples were prepared by slow evaporation of aqueous suspen-
sions of fluorohectorite (typically 1%/wt) on planar glass slides
(Menzel Gläser Objektträger). For “moist” samples, the superna-
tant water was removed by contacting the sedimented samples
with filter paper and immediately recording the PXRD traces. The
dry samples were equilibrated at room temp and 40�45% rela-
tive humidity prior to measurement. Therefore, the RH inside the
desiccator was adjusted by saturated K2CO3-solution.

Topographic Atomic Force Measurements (AFM). AFM imaging was
conducted using an Asylum Research MFP3D AFM operating in
intermittent contact mode (silicon cantilever with kc � 46 N
m�1). The sample was prepared by spin-coating an aqueous
K-Hec suspension onto a freshly cleaved mica support.
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