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To date delamination of organo-clays is restricted to highly charged, vermiculite-type layered silicates (e.g.
n-butylammonium vermiculites) while — counterintuitively — low charged, smectite-type layered silicates
do not delaminate although their Coulomb interactions are much weaker. Guided by previous findings,
we now identified organo-cations that allowed for extending the delamination of organo clays to charge
densities in the regime of low charged smectites as well. Upon intercalation of protonated amino-sugars
like N-methyl-p-glucamine (meglumine) robust delamination of 2:1 layered silicates via repulsive
osmotic swelling in water is achieved. This process is stable over a wide range of charge densities
spanning from smectites (layer charge x ~ 0.3 charges per formula unit Si;O4oF», p.f.u.) to vermiculites (x
~ 0.7 pfu.). It is evidenced that a combination of first, a sufficiently large charge equivalent area
(bulkiness) of meglumine with second, a significant hydrophilicity of meglumine leads to swelling above
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Accepted 4th August 2018 a threshold d-spacing of >17.5 A in moist air (98% r.h.). Hereby, electrostatic attraction is critically
weakened, causing the onset of repulsive osmotic swelling which leads to utter delamination. Moreover,

DOI: 10.1039/c8ra05318a meglumine renders delamination tolerant to charge heterogeneities typically found in natural and
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Introduction

For artificial nacre materials’® or high-end gas-barriers,**®
highly-filled nanocomposites of well oriented nanosheets
perform best. Self-assembly into such textured films requires
strict control of layer thickness. The same applies to the fabri-
cation of heterostructures.” For charged 2-dimensional (2D)
materials this kind of control of delamination is feasible via
osmotic swelling."*** This type of thermodynamically favoured
disintegration of a 1D-crystalline stack of layers leads to nano-
sheets of structure-inherent thickness. Osmotic swelling is re-
ported for 2D-materials of different electronic***® and
magnetic'’** properties like clay minerals,*>* lepidocrocite-
type titanates®*® or layered antimony phosphates.” During
osmotic swelling the lateral extension of the nanosheets is
inherited from the lateral dimension of the parent material.
Thus the aspect ratio « (ratio of lateral dimensions to height) of
the resulting nanosheets is maximized, which is particular
advantageous for gas barrier applications where permeability is
expected to decrease by o”.*° The aspect ratio can be increased
by exfoliation and maximized by delamination®' and the degree
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of exfoliation influences the properties of polymer nano-
composites with layered materials.***=”

Unfortunately, the viability of osmotic swelling is highly
sensitive to the charge density of the layered material. For
instance, for Na-hectorite (Nag s ™" [Mg,.5Lio 5]°"(Sis) 04 oFs,
Na-Hec) superb charge homogeneity has to be assured by a melt
synthesis being followed by a lengthy high temperature
annealing.”*® Only then a clay is obtained that spontaneously
and utterly delaminates upon immersion into water delivering
high aspect ratio nanosheets. This filler in turn warrants
superior gas barrier properties of nanocomposites.** Even slight
variations of the charge density will lead to domains with
a charge above the established upper limit (x > 0.55 per formula
unit Si;04F,, p.f.u.)* for osmotic swelling and these domains
might pin the stacks together by the strong Coulomb interac-
tions.*” Therefore, melt-synthesized Na-hectorites that have not
been homogenized by annealing do not delaminate
completely.’®*

More recently and despite the even stronger Coulomb-
attraction, we could show that more highly charged
vermiculite-type clays (Na-Verm) can be utterly delaminated
after ion-exchange with selected bulky and hydrophilic organo-
cations.*” Besides the organo-cation being sufficiently hydro-
philic, a threshold separation has to be achieved at which the
counterion translational entropy and hydration may dominate
over the Coulomb attraction. To accomplish that separation,
the ratio of charge equivalent area of the interlayer cation (4;,
area that is occupied by a flat lying cation) and the charge
equivalent area of the clay (A, area per charge as calculated by
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the charge density), Aj/Ac should be =1, to yield a sufficient
steric demand upon hydration.

Unfortunately, all organo-cations that were tested so far only
delaminate highly charged vermiculites but failed to osmoti-
cally delaminate low charged, smectite-type clays like Na-Hec.
Organo-cations that do the job for a broad range of charge
densities would, however, be highly desirable in the light of
charge heterogeneities observed for natural smectites like
montmorillonite,**** for natural vermiculites, or for non-
annealed synthetic Na-Hec.

Therefore, we extended and intensified our screening for
a charge robust delamination agent. And in this work we
introduce two ammonium-sugars that are capable to trigger
osmotic swelling for charge densities ranging from smectite-
type clays (x ~ 0.3 p.f.u.) all the way to vermiculite-type clays
(x ~ 0.7 p.f.u.) and that moreover are tolerant to heterogeneities
in charge density.

Experimental
Synthesis and characterization of the clays

A highly charged Na-fluorohectorite Nag ;5Mg; »5Li0.75514010F>
with a nominal charge density in the range of vermiculites
(Verm) and a medium charged Na-fluorohectorite Nay sMgs 5-
Liy 5Si4010F, (Hec) with a nominal charge density in the range of
smectites were prepared by melt synthesis according to a pub-
lished procedure followed by annealing (6 weeks, 1045 °C) to
improve charge homogeneity and phase purity.*®** For the as
synthesized hectorite of the nominal composition Na, sMg5 5-
Lio 5Si14040F, the annealing step after melt synthesis was left
out. Instead to get rid of soluble sidephases, it was washed with
Na,EDTA (0.5 M, 50 mL per 1 g of Hecy,;) six times at 60 °C for
48 h followed by washing two times with Millipore-water untill
pH = 6.5 is achieved to obtain the sample Hec,;.

The synthesis is carried out in gas tight molybdenum
crucibles. The educts NaF (99.995%, Alfa Aesar), LiF (>99.9%,
ChemPur), MgF, (>99.9%, ChemPur), MgO (99.95%, Alfa Aesar)
and SiO, (Merck, fine granular quartz, purum) are mixed
according to the nominal composition. The crucible was ram-
ped to 1750 °C (15 °C min~ '), held at this temperature for
70 min, cooled to 1300 °C (55 °C min~') and then to 1050 °C
(10 °C min™"). Finally, it was quenched by switching of the
power.

Synthesis of charge reduced clays: 5 g of Hec were exchanged
7 times with 400 mL of 2 M MgCl,-solution. The resulting Mg-
exchanged hectorite was washed with water till the chloride-
test (with AgNO;) of the supernatant solution was negative.
The suspension was dried at 80 °C. The dried powder was
heated at 250 °C for 24 h for charge reduction (obtained sample:
LCR1).* 50% of the LCR1 sample were again exchanged 7 times
with 400 mL of 2 M MgCl,-solution. The resulting Mg-
exchanged hectorite was washed with water till the chloride-
test of the supernatant solution was negative. The suspension
was dried at 80 °C. The dried powder was heated at 250 °C for
24 h for charge reduction (obtained sample: LCR2).
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The cation exchange capacity was determined according to
DIN ISO 11260 using BaCl, and the layer charge was determined
according to Lagaly.***

Powder X-ray diffraction

Powder X-ray diffraction (PXRD) patterns of as-synthesized clays
were recorded on a STOE Stadi P powder diffractometer using
Cu Ko, radiation. The samples were placed in a glass capillary.
Prior to measurement samples were equilibrated for one week
over saturated K,COjs-solution (43% relative humidity, r.h.) to
obtain the one water layer hydrate. After equilibration, the
capillaries were sealed. All other PXRD were measured with
textured samples in Bragg-Brentano geometry on a PANalytical
X'pert Pro equipped with an X'Celerator Scientific RTMS
detector (Cu Ko radiation). PXRD patterns at fixed relative
humidities were recorded in a temperature-humidity chamber
(Anton Paar temperature humidity chamber driven by a VTI
corp. RH-200 humidity generator) mounted on the PANalytical
Xpert Pro. Dry samples were obtained by drying at 110 °C under
vacuum for 24 h and PXRDs of the hot samples were measured
within 2 min each after removal from the vacuum furnace.

Microprobe analysis

The chemical composition of Hec and Verm was determined by
wavelength dispersive X-ray spectroscopy on single crystals with
flat lying surfaces on a carbon tape using an electron micro-
probe (Jeol JXA-8200, Bayerisches Geoinstitut, Bayreuth). The
settings were 15 kV acceleration voltage, 15 nA initial beam
current, a beam spot diameter of 10 pm, 10 s counting time at
the peak position and 5 s counting time at each side of the peak.

Inductive-coupled plasma atomic emission spectroscopy (ICP-
AES)

The lithium and magnesium content of Hec and Verm was
determined by ICP-OES. Samples of about 20 mg of dry clay
were weighed into clean Teflon flasks of 15 mL volume. After
addition of 1.5 mL 30 wt% HCI (Merck), 0.5 mL of 85 wt%
H;PO, (Merck), 0.5 mL 65 wt% HNO; (Merck) and 1 mL of
48 wt% HBF4 (Merck) the sample was digested in a MLS 1200
Mega microwave digestion apparatus for 6.5 min and heated at
600W (MLS GmbH, Mikrowellen-Labor-Systeme, Leutkirch,
Germany). The closed sample container was cooled to room
temperature and the clear solution was diluted to 100 mL in
a volumetric flask and analyzed on a Vista-PRO radial
spectrometer.

Cation-exchange with meglumine

200 mg of the dry, pristine clays were suspended in 50 mL of
a 1 M solution of N-methyl-p-glucamine (meglumine, in its
protonated form, pH = 7, > 125-fold excess of the CEC,
delamination is prevented by the high ionic strength). The
procedure was repeated 5 times. Finally, the obtained organo-
clays were washed free of chloride-ions (AgNO;-test) with
Millipore-water. Gels were concentrated by centrifugation

This journal is © The Royal Society of Chemistry 2018
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between the washing cycles. The organo-clays were finally
washed one times with acetone and dried at 60 °C.

CHN-analysis

A PerkinElmer 2400 CHN equipped with a combustion tube
filled with tungsten(vi)-oxide-granules was used at a combustion
temperature of 1050 °C. Samples were dried at 110 °C and
vacuum for 24 h and stored in a glovebox prior to measurement.

Scanning electron microscopy and energy dispersive X-ray
spectroscopy (SEM-EDX)

SEM-EDX was measured on a Zeiss 1530 with a EDX INCA 400
unit (Oxford). Samples were prepared on a carbon tape and
sputtered with 10 nm carbon.

Small angle X-ray scattering (SAXS)

SAXS data were measured using a “Double Ganesha AIR” system
(SAXSLAB, Denmark). The X-ray source of this laboratory-based
system is a rotating anode (copper, MicroMax 007HF, Rigaku
Corporation, Japan) providing a micro-focused beam. The data
are recorded by a position sensitive detector (PILATUS 300K,
Dectris). Samples were prepared by adding a defined amount of
millipore-water to the dry organo-clay. After equilibration for
one week SAXS-patterns were recorded in 1 mm glass
capillaries.

Atomic force microscopy (AFM)

AFM was done in tapping mode using a Dimension 3100
NanoScope IV-unit equipped with OTESPA-R3 (Bruker) silicon
tips. Samples were prepared by dropping a very dilute aqueous
dispersion (5 mg L") in millipore water onto silicon wafers.

Results and discussion
Synthesis and characterization of the clays

Clays with layer charges in the range 0.75 > x > 0.3 p.f.u. have
been synthesized. Highly charged Verm Nag 5™ [Mg,.,5-
Lig25]°“(Sig) ™ 040F, (x = 0.75 p.f.u. nominally) and medium
charged Hec Nag 5™*"[Mg; sLig 5] (Sis) " 04oF, (x = 0.5 p.f.u.
nominally) are directly accessible via melt synthesis. Both were
homogenized post-synthesis by long term-annealing in a gas
tight crucible to prevent loss of volatile fluorides at elevated
temperatures.*®** Their analysis is recapitulated briefly. As re-
ported before, PXRDs (Fig. S17) indicate a crystalline hydrate for
both clays with one layer of water molecules in the interlayer
space at 43% relative humidity (r.h.) (doo; = 12.5 A).* The
patterns can be indexed in C2/m (no. 12) and the diffractograms
can be completely indexed; least squares refined lattice
parameters for Verm are a = 5.26(1) A, b = 9.07(2) A, c = 12.48(4)
A, 8 = 95.22(4)° and for Hec a = 5.20(1) A, b = 9.10(1) A, ¢ =
12.48(4) A, B = 95.44(4)°. The chemical composition was
determined by microprobe analysis. Microprobe analysis is
insensitive to Li. Therefore, the Mg/Li-ratio was derived from
ICP-OES analysis by assuming a complete occupancy of the
tetrahedral positions (Si = 4) and by normalizing stoichiometric

This journal is © The Royal Society of Chemistry 2018

View Article Online

RSC Advances

coefficients of octahedral and interlayer cations to match the 22
negative charges of the anionic sublattice (O;0F,). This way
compositions of Nag 14)Mgz.28(4)Li0.72(4)S14010F, and  of
Nag 52(2)Mg2.51(4)Li0.46(2)S14010F, were obtained for annealed
Verm and annealed Hec, respectively.

Lower charged clays that are not directly accessible via melt
synthesis,** were obtained by layer charge reduction (LCR) of
annealed Hec by an anti-Hofmann-Klemen-effect: In doing so,
Hec is first ion exchanged with Mg>" followed by annealing at
250 °C whereupon octahedral Li* and interlayer Mg®" exchange
sites. With increasing incorporation of Mg>* into the octahedral
layer, concomitantly the permanent negative charge of the
silicate layers is reduced.*® These samples were named LCR1
and LCR2 corresponding to one and two cycles of charge
reduction.

Moreover, a pristine Na-hectorite that has not been homog-
enized by annealing was included as a reference (Hecp)
(Fig. S2f). The composition was determined as
Nao.ss(l)imer'[Mg2.48(2)Li0.49(2)]0Ct' <Si4>tetr'010F2-

The cation exchange capacities (CEC) were determined by
the BaCl,-method were found to be 185 meq/100 g for Verm, 129
meq/100 g for Hec, 103 meq/100g for LCR1, 75 meq/100 mg for
LCR2 and 116 meq/100g for Hecpy;.

Owing to side phases without cation exchange capability, the
experimentally determined CEC of Hec,,; (116 meq/100 g) is
significantly lower than of the annealed Hec (129 meq/100g).

The layer charge density was determined experimentally by
the method of Lagaly*®*” where interlayer ions are exchanged
with n-alkylammonium (C,H,,.;NH;", Fig. 1). For these organo-
cations the equivalent area per charge is known for a dense
packing of either mono- (d = 13.3 A, dotted line) or bilayers (d =
17.6 A, dashed line). The onset of the transition of mono- to
bilayer- or from bilayer to pseudo-trilayer arrangement with
increasing chain length was converted into upper limits of
charge densities (Table S17).

For high charged Verm n = 9 represents the longest alky-
lammonium chain that is still capable to balance the charge
density in a bilayer (d = 17.6 A). Slightly increasing the equiv-
alent area to n = 10 some pseudo-trilayers have to be mixed in to
warrant charge balance as evidenced by a shift of the d-spacing
(Fig. 1 A) which indicates 0.67 < x < 0.73 p.f.u.

In a similar way, for the lower charged clays, the charge
densities were derived from the transition of mono- to bilayers.
with limiting chain length of n = 5 (Hec, Fig. 1B), n = 8 (LCR1,
Fig. 1C) and n = 11 (LCR2, Fig. 1D) corresponding to 0.50 < x =<
0.56 p.f.u., 0.37 = x =< 0.40 p.f.u. and 0.29 = x = 0.31 p.f.u. for
Hec, LCR1 and LCR2, respectively (Table S17). Interestingly, for
LCR2 with n = 12 two maxima are observed indicating a certain
degree of charge heterogeneity. Apparently, the charge reduc-
tion process does not happen in a perfectly homogeneous way.
This fact has previously been documented by a broadening of
micropore size distributions of microporous organically pil-
lared silicates derived from charge reduced hectorites.*

Similarly to LCR2, for Hecy,; (0.50 = x =< 0.56 p.f.u., Fig. 1E)
charge heterogeneity is reflected by a non-uniform increase in d-
spacing at longer chain length (7 = 10) in comparison to Na-Hec
(compare Fig. 1E and B). In particular, with n = 10 for Hecp,; d-
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Fig.1 Layer charge determination according to Lagaly. Interlayer ions
are exchanged with n-alkylammonium ions of different chain length
(C,H2,+1NH3*) for which the equivalent area per charge is known for
a dense packing of either mono- (d = 13.3 A, dotted line) or bilayers (d
= 17.6 A, dashed line). (A) Verm, (B) Hec, (C) LCRY, (D) LCR2, (E) Heci.

spacings were observed that are significantly shifted to higher
values as compared to Hec. This indicates that Hecp,; not only is
more heterogeneous but also at least parts of the sample have
a higher layer charge as compared to Hec. Please note, that this
two phase behaviour of the layer charge density probably is
inherent to the melt synthesis conditions and is therefore an
intrinsic problem that needs to be solved by a layer charge
robust delamination process: pseudo-binary alkaline and earth
alkaline silicate system show pronounced immiscibility
regions®® and the critical temperature might even increase upon
addition of fluoride.***

Swelling behaviour of organo-clays

All clays were ion-exchanged with a hydrophilic but bulky
ammonium-sugar (protonated N-methyl-p-glucamine, referred
to as meglumine). The expected meglumine contents (in mmol/
100 g) as calculated from the Ba-CEC (Table S2t) are in fair
agreement with meglumine contents as determined by CHN
analysis. Verm, Hec, LCR1, LCR2 and Hec,; contained 138, 104,
90, 69 and 89 mmol meglumine/100 g, (expected: 140, 105, 87,
66 and 97 mmol/100 g, respectively). The Na-content of Na-
Verm, Na-Hec and Na-Hec,,; was below the detection limit of
EDX (Fig. S31). Which indicates that ion-exchange is complete
within analytical accuracy.
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View Article Online

Paper

relative intensity [counts]

4 6 8
20 [°]

Fig. 2 PXRD of meglumine-clays (dry, red trace and at 98% r.h., blue
trace). (A) Verm, (B) Hec, (C) LCR1, (D) LCR2, (E) Hecgyi.

The swelling of meglumine-clays is significant (Fig. 2) even
in humid air (98% r.h.). The d-spacings increase from 16.8 A to
24.4 A (Verm), 14.1 to 22.8 A (Hec), 13.7 to 18.7 A (LCR1), 13.4 to
18.2 A (LCR2) and from 14.0 A to 23.6 A (Hecy,;). Furthermore,
the significant increase in d-spacing upon swelling of Ad = 7.6 A
(Verm), 8.7 A (Hec), 5.0 A (LCR1), 4.8 A (LCR2) and 9.6 A (Hec,,,;)
may be attributed to the steric pressure of meglumine upon
hydration as explained in the following:

With Jmol®* a charge equivalent area of the interlayer cation
meglumine as high as A; = 77 A% can be estimated for a flat lying
meglumine cation (van-der-Waals extensions 13.5 A x 5.7 A).
Consequently, even in case of low charged LCR2 (x ~ 0.3 p.f.u.,
corresponding to a charge equivalent area of the clay of Ac = 79
A?/charge) charge balance requires a densely packed monolayer
of meglumine (4,/A¢ ~ 1).

In the dry state no significant voids are available that could
accommodate water molecules. Therefore, upon hydration of
the hydrophilic interlayer cation at elevated r.h., expansion of
the d-spacing is compulsory. The maximum d-spacings of
meglumine-clays after water uptake from humid air are >17.5 A
for all clays of varying charge density (Fig. 2). This d-spacing was
suggested to be required for rendering the interaction of adja-
cent silicate layers repulsive once immersed into liquid water
due to contributions of repulsive counter ion translational
entropy at large layer separations and critical weakening elec-
trostatic attraction.*?

Meglumine therefore is the first organo-cation that fulfils all
necessary requirements postulated for allowing repulsive

This journal is © The Royal Society of Chemistry 2018
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Fig. 3 Left: SAXS-pattern of Verm (A, 5.9 vol%), Hec (B, 6.7 vol%), LCR1
(C, 6.3 vol%), LCR2 (D, 7.1 vol%) and Hec,,; (E, 7.6 vol%). Right: The
slope of dvs. 1/¢ is 8.4 A (Verm, A), 8.8 A (Hec, B), 8.9 A (LCR1, C), 10.5 A
(LCR2, D) and 10.7 A (Hecy, E).

osmotic delamination of organo-clays even for low charged
ones.*”” Most importantly, the requirements are met for a broad
range of charge densities ranging from low-charged smectites
all the way to highly charged vermiculite-type charges.

And indeed, repulsive osmotic swelling could be confirmed
for all clays, also for low charged, smectite-type clays where
other organo-cations investigated previously failed: when
immersing meglumine-clays into water homogeneous gels
consisting of one dimensional liquid crystals are obtained for
all layer charges (Fig. 3, left). Their structure is explained by
SAXS-data as follows:

Due to the repulsive nature of adjacent like-charged silicate
layers, these layers are separated to their maximum distance
which is defined by the clay in water-volume fraction (¢, Fig. 3,
right). Even at quite low clay content, the platelets cannot freely
rotate because of the typical lateral dimension (>10 pm) are
orders of magnitude larger than the separation of adjacent clay
platelets. This separation can therefore be observed in the SAXS
patterns as a series of 001 reflections with d-spacings of 140 A
(Verm, Fig. 3A, left), 132 A (Hec, Fig. 3B, left), 133 A (LCR1,
Fig. 3C, left), 158 A (LCR2, Fig. 3D, left) and 141 A (Hec,,
Fig. 3E, left) at concentrations of 5.9 vol% (Verm), 6.7 vol%
(Hec), 6.3 vol% (LCR1), 7.1 vol% (LCR2) and 7.6 vol% (Hecpy).
(For details of conversion of wt% into vol% see ESIT).

At clay contents >3 vol%, the d-spacing is indirect propor-
tional to ¢."*> Taking into account the thickness of the silicate
layer (¢ = 9.6 A) the separation of adjacent layers is given by d =
t/f. For the given vol%, d-values of 163 A (Verm), 143 A (Hec), 152
A (LCR1), 135 A (LCR2) and 127 A (Hec,;) are expected,
respectively. These values are in fair agreement with observed d-
spacings for all clays. This is a first indication that the gels
consist of domains of lamellar liquid crystals with a homoge-
neous separation of adjacent silicate layers.

This is furthermore corroborated by studying the increase of
d-spacings of adjacent silicate layers upon increasing the water
content (Fig. 3, right). A linear slope was found as expected
according to d = t/f. The experimentally determined slopes are

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 SAXS-patterns. (A) For Na-Hec,; only a crystalline hydrate (two
water layer hydrate, 15 A) is found, while (B) Na-Hec swells osmotically
in water (d = 112 A, 8.4 vol%, expected d-spacing: 114 A).

8.4 A (Verm, Fig. 3A, right), 8.8 A (Hec, Fig. 3B, right), 8.9 A
(LCR1, Fig. 3C, right), 10.5 A (LCR2, Fig. 3D, right) and 10.7 A
(Hecpy, Fig. 3E, right) which is in good agreement with the ex-
pected value of 9.6 A. Utter osmotic swelling to homogeneous,
mono-phase gels is therefore concluded for all meglumine-clays
with various charge densities.

Hecy,; represents a perfect test case for demonstrating the
robustness and tolerance towards charge density variations for
repulsive osmotic delamination with meglumine. Contrary to
Na-Hec (d = 112 A, 8.4 vol%, expected d-spacing: 114 A), Na-
Hecp,; does not delaminate completely when immersed into
liquid water although the charge density of both Na-clays is
comparable (Fig. 4). Moreover, swelling of Na-Hecp,; is limited
to a crystalline hydrate (two water layer hydrate, 15 A%5¢
Fig. 4A), although a minor fraction (<5 wt% of total solid
content) probably delaminates upon immersion in water, as
indicated by the formation of a birefringent suspension
between crossed polarizers (Fig. S41). Anyhow, while most of
Hec,; forms a non-birefringent sediment upon immersion in
water. Its heterogeneity is emphasized by the already mentioned
partial delamination. However, it should be highlighted, that
meglumine exchanged Hecy,; delaminates completely (Fig. 3E)
in contrast to Na-Hecp,; indicating its robustness against charge
heterogeneities. Quite pleasing, this spares us the lengthy
annealing procedure which so far was required to “activate” Na-
Hecp,; for osmotic swelling.*

All diluted aqueous suspensions of meglumine-clays show
birefringence as expected for a lyotropic texture between
crossed-polarizers at ~0.25 vol% due to the formation of
a nematic sol (Fig. 5).

Upon further dilution (~10~* vol%) delamination into single
platelets is evidenced by casting the then isotropic dispersions
on a silicon wafer. With AFM only platelets with a height of
~1 nm were found in good agreement with the thickness of one
silicate layer (9.6 A).

Meglumine is not unique. Other bulky and hydrophilic
ammonium-sugars like glucosamine (~72 A%, A/Ac = 0.9 for
LCR2) also have the potential of delaminating clays with
broadly varying layer charge densities (Fig. S57).
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Fig. 5 Upon dilution to ~0.25 vol% the aqueous meglumine-clay
suspensions show birefringence between crossed polarizers due to
the formation of a nematic sol (left), in case isotropic dispersions of
10~ vol% are dropped on a Si-wafer and dried, platelets are found by
AFM (middle) with the height of a single-clay layer (right). (A) Verm, (B)
Hec, (C) LCR1, (D) LCR2 and (E) Hecy.

Conclusions

We have previously proposed that organo-cations that are
capable of osmotic swelling in a given clay mineral are charac-
terized by two features: they should be bulky (4/Ac = 1) and
sufficiently hygroscopic. The hygroscopicity is expressed by
significant swelling when going from 0% to 98% r.h. (Ad > 3.5
A). If then at 98% r.h. a basal threshold separation (d > 17.5 A)
of the corresponding organo-clay is accomplished, the gain in
counter-ion translational entropy contributes to repulsive
delamination upon immersion in water.

Based on the above empirical recipe, we extended our
screening to ammonium-sugars. These are considerably bulkier
than for instance TRIS (Tris(hydroxymethyllammonium-
methane, A; = 37 A) used before for vermiculites. This way we
ensure A/Ac = 1 is met. At the same time their hydrophilicity is
high due to a large number of OH-groups. Therefore, we were
able to extend osmotic swelling of organo-clays into the regime
of low-charged organo-smectites, which was so far only feasible
for highly charged ones.

Moreover, the approach proves tolerance to charge hetero-
geneities. This is important from a practical point of view since
natural clays like montmorillonite suffer from pronounced
charge density heterogeneity. Therefore, delamination of clays

28802 | RSC Adv., 2018, 8, 28797-28803
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by meglumine is robust in respect to a broad range of charge
densities.

The results furthermore suggest, that repulsive osmotic
delamination may be applied generally to charged two dimen-
sional materials irrespective of their charge density.
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