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Abstract

Monolayers of organoclay platelets were formed at the air/water interface using the Langmuir technique and were then investigated either by
in situ or lifted onto Si wafers and studied ex situ, using X-ray reflectivity (XR) methods. The XR data showed that the surfactant molecules on the
clay platelets formed a dense, self-assembled monolayer where the molecules were tilted at an angle of 35° £ 6° from the normal to the dry clay
surface. The surfactant layers only covered a fraction of the clay platelet surface area, where the fractional surface coverage for the three clays
studied (C6A, C15A, and C20A) was found to be 0.90, 0.86, and 0.73, respectively. These values were significantly higher than those estimated
from the cation exchange capacity (CEC) values. Rather than being uniformly distributed, the surfactant was clustered in patchy regions, indicating
that the surface of the clay platelets had both polar and non-polar segments. This heterogeneity confirmed the hypothesis which was previously
invoked to explain the distribution of the clay platelets in melt mixed homopolymer and polymer blend nanocomposites.

© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Clays, layered silicates, have received considerable attention
because of their potential use in numerous technical applica-
tions, ranging from nanocomposite materials to biomedical and
personal care products. These clays are unique in the sense that
they consist of negatively charged aluminosilicate layers kept
together with exchangeable interlayer cations. These enable the
clays to undergo ion exchange which makes it possible to mod-
ify their surfaces by intercalation of a cationic surfactant into
the interlayer spaces. Hence a large number of alkylammonium-
modified layered silicates (organoclays) have been developed,
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which are now widely used to form a large variety of nanocom-
posite materials [1-4] with enhanced material properties [5-8].
For example, it was recently demonstrated that modified clays
can act as powerful compatibilization agents of polymer blends
[9,10] and behave in a synergistic manner with standard flame
retardant formulations to render a large class of polymers self-
extinguishing [5].

To achieve the remarkable enhancement of the mechanical
and thermal properties, it was also demonstrated that the clays
must be exfoliated in the polymer matrix [5—7]. The process of
exfoliation is very complex, but there is general agreement that
in order for it to occur, the silicate platelets must first be coated
with surfactant in order to enable them to overcome strong ionic
interactions. The next factor is the interaction between the poly-
mer chains and the platelet surface and the degree of surface
coverage by the surfactant which will determine whether the
clays will be well dispersed or clustered within the polymer
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matrix. In order to determine whether a specific functionalized
clay will exfoliate in a matrix it is useful to determine these
parameters. Numerous methods exist, which can characterize
the interaction between the polymer and the surfactant. On the
other hand, very few techniques exist that can give an accurate
determination of the amount of a surfactant coverage. Usually
surfactants are added in excess, but only the amount actually
grafted onto the clay is important. Unbound surfactants can
cause other problems, such as combustibility or plasticization.
Therefore it is important to accurately determine the amount
of the coverage on the platelets. To measure the amount of
surfactants in organoclay particles, thermogravimetric analy-
sis (TGA) is generally used [11]. This technique, however, is
not accurate since it cannot easily distinguish between surfac-
tant molecules that are bound to the clay surface and excess
unbound surfactant. Consequently, the surface coverage can-
not be determined. Here we show that X-ray reflectivity can
be a far more accurate technique to obtain this information.
Using the Langmuir—Blodgett (LB) method, monolayer films
were formed at the air/water interface from various commercial
montmorillonite (MMT) clays (Southern Clay Cloisite groups)
and X-ray reflectivity was performed both at the air/water in-
terface and after lifting the films off the surface onto silicon
wafers. The X-ray reflectivity method was proven to be a useful
technique to determine the fractional surfactant surface cover-
age which can then be compared directly to the cationic ex-
change capacity (CEC) factor.

2. Experimental

Cloisite organoclays (C6A, C10A, C15A, and C20A) were
purchased from the Southern Clay Company (USA) and used
for these experiments. These organoclays consist of the min-
eral base (natural MMT) and an alkylammonium surfactant
(dimethyldihydrogenated tallow (2M2HT) or dimethylbenzyl-
hydrogenated tallow (2MBHT)). The specifications regarding
the organoclay used are listed in Tables 1 and 2. The organ-
oclays were dispersed in toluene (Aldrich, Missouri) at the con-
centration of 1 mg/ml after ultrasonication (Bransonic Co., Vir-
ginia) for 30 s. To obtain the clay monolayer, we applied the LB
technique as demonstrated in other studies [12—15]. The organ-
oclay suspended solution (100 pl) was spread uniformly on the
deionized (DI) water subphase (total area (A) = 745 cm?) in a
Langmuir-Blodgett trough (KSV 5000, KSV Instruments, Inc.,
Connecticut) at room temperature. After the solvent evaporated,
the film was compressed by a double-barrier control at a rate of
5 mm/min. Surface pressure/area (wr—A) isotherms were mon-
itored and recorded during the compression. The films were
then vertically transferred onto hydrophobic silicon substrates
at 2 mm/min, followed by rinsing with DI water gently and
drying under the vacuum at 80 °C for overnight. Atomic force
microscope (AFM) images were obtained with a Nanoscope
IITa (Digital Instruments, USA) in contact mode in air, by using
a commercially available SioNy cantilever. Specular X-ray re-
flectivity (XR) measurements for the dry films were performed
using the X10B beamline with the wavelength, A = 0.87 A, at
the National Synchrotron Light Source of the Brookhaven Na-

Table 1
Chemical compositions and density of organoclays

Chemical formula Density (g/ml) Pbulk (e/A3)

MMT Nag,Cag 1Al Si4O19(OH), 2.2 0.66
2M2HT [N(CH3),R, 11 C172 0.8 0.26
2MBHT [N(CH3),(C7H7)R]TCI—2 0.8 0.27
DI water H,O 1.0 0.34

@ R is a hydrocarbon chain (65% C1gH37:30% C16H33:5% C4Hog).

Table 2
Characteristics of organoclays used in this study
Mineral ~ Surfactant  Surfactant concentration ~ Company
base (meq/100 g clay)
C6A MMT 2M2HT 140 Southern Clay
C10A MMT 2MBHT 125 Southern Clay
CISA MMT 2M2HT 125 Southern Clay
C20A MMT 2M2HT 95 Southern Clay

tional Laboratory (Upton, NY). The XR profiles were measured
as a function of the scattering wave-vector transfer normal to
the surface, g, (= 4w sinf/)), where 6 is an incident angle.
In situ XR was also conducted with a Bruker AXS-D8 Advance
diffractometer (CuK « radiation, A = 1.54 A) after mounting
the trough on the sample stage. The modeling and fitting of
the reflectivity was carried out based on a hyperbolic-tangent
function model density profile p(z) perpendicular to the sam-
ple surface [16]. The physical quantities to fit the data are the
thicknesses (d), the interfacial root-mean-square (rms) rough-
ness (o) and the electron density (p). The electron density of
the bulk components [17] is listed in Table 1.

3. Results and discussion

The surface pressure, w (mN/m), vs area-mass density
(m?/g), which is obtained from calculation of total trough area
divided by the mass of clay spread on the water subphase, is
plotted in Fig. 1. As can be seen in the figure, there is an abrupt
onset pressure at an area of 410 m?/g for the C15A clay and
the pressure starts to increase linearly up to ~20 mN/m. At
this pressure, the films can be considered to be at the onset of
a monolayer formation at the air/water interface [18] as shown
in the inset in Fig. 1. On further compressing of the surface,
the slope of the curve tends to be steeper since the monolayer
becomes rigid above this surface pressure. The monolayer col-
lapses at # = 50 mN/m and the film can be seen, even by
optical measurements, to buckle on the water subphase.

To prove the monolayer formation of C15A at 20 mN/m,
we performed specular XR measurement at the air/water inter-
face. Fig. 2 depicts the in situ XR data of C15A as a function
of g;. We normalize the reflectivity (R), divided by g 4 to com-
pensate the Fresnel’s equation (Rp) decay, since the contrast
between the water subphase and clay particle is low. After this
normalization, then, the oscillation can be more easily distin-
guished as shown in Fig. 2.

To analyze the reflectivity data, we employed a five-layer
model, i.e., a water subphase, a bottom surfactant layer, clay, a
top surfactant layer, and air. In Fig. 2, the symbols are the ex-
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Fig. 1. m—A isotherm of C15A organoclay at the air/water interface.
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Fig. 2. In situ X-ray reflectivity profiles of CI5A at ¥ = 20 mN/m divided by
the Fresnel’s equation, ¢q; 4. The solid lines are the best fit to the data. The
insets depict the model of the organoclay monolayer at the air/water interface
and the corresponding profile of the organoclay, where the dashed lines are the
expected bulk value (ppy1k), assuming a sharp interface and a uniform coverage.

perimental data and the solid lines correspond to the best fits to
the data on the basis of the model profiles shown as the inset in
the figure. The electron density (p = 278/A%y,, where y, is the
classical electron radius, equal to 2.814 x 1073 10\, and § is the
dispersion coefficient [13]), thickness (d), roughness (o), and
coverage of organoclays obtained from the fits are listed in Ta-
ble 3. From the table, we find that the thickness of the clay layer
is 1.1 & 0.3 nm, which allows us to confirm the formation of
the single layer of organoclays at this surface pressure since the
clay silicate layer is known to be approximately 1.2 nm thick

according to the formal reports [19,20]. The thickness of the
bottom 2M2HT layer is obtained to be 1.9 &= 0.3 nm which is
nearly equal to that of the top surfactant layer. This surfactant
length can then be compared with the known length of the sur-
factant molecules, 2.3 nm if the chain is fully extended. On the
assumption that the surfactant layer is dense and the molecules
are fully stretched, all the molecules are thought to be collec-
tively tilted by an angle of 35° 4= 10° (= arccos(1.9/2.3)) from
the normal to the clay surface as shown in the schematic micro-
scopic structure of the organoclays depicted in the inset of the
figure.

We also used an atomic force microscopy (AFM) to confirm
the monolayer formation of C15A as well as to observe the as-
sembly process of the clays as a function of a surface pressure
after transferring the film on the solid substrate. In Fig. 3a, we
see that the organoclays form island domains on the water im-
mediately after spreading. These islands with various sizes are
widely separated on the water surface and therefore no surface
pressure is built up at the water interface. Hence no true gas
phase, as commonly observed with small molecule surfactants,
exists. After further compression, these domains merge together
into compressible structures (see Fig. 3b or the inset in Fig. 1)
and eliminate the water phase gradually, thus the pressure starts
to build rapidly. At 7 = 20 mN/m, the clays get closer with
each other, and only a very small amount of free space can be
found between the particles (see Fig. 3c or the inset in Fig. 1).
As the film is compressed further up to 50 mN/m, the clay is-
lands come into contact with each other, and a further decrease
in the area is no longer possible (see Fig. 3d or the inset in
Fig. D).

Therefore, we spread each of the tested organoclays on the
DI water and lifted them up on the hydrophobic silicon wafers
at the surface pressure corresponding to the monolayer for-
mation (C6A, C10A, C15A, and C20A at 18, 20, 20, and
20 mN/m, respectively), then measured X-ray reflectivity to
understand the conformation of organoclay films in the direc-
tion normal to the surface. Fig. 4 depicts the reflectivity profiles
of C6A, C10A, C15A, and C20A films on the silicon substrates
as a function of ¢;. As can be seen in the figure, distinct fringes,
which are directly related to the layer thickness, are observed
at the air/solid interface due to a good contrast of the X-ray
scattering. The models used to fit the data are shown in Fig. 5
((a) C6A, (b) C10A, (c) C15A, and (d) C20A) where the pa-
rameters to be fit are the thicknesses (d), the interfacial rms
roughness (o) and the electron density (p) of the surfactant
layer adjacent to the silicon substrate, the clay layer, and the
surfactant layer at the air interface. These parameters obtained
from the best fits to the data are tabulated in Table 3. From
the table, we find that, for the 2M2HT modified clays (namely
C6A, C15A, and C20A), the thickness of the clay layer, and
the top and bottom layers of 2M2HT are 1.1, 1.9, and 0.5 nm,
respectively.

The sample surface coverage of each layer is obtained by
measuring the electron density (p) and dividing it by the ex-
pected bulk value (ppyik). Three layers, i.e. the clay layer, the
top and bottom surfactant layers, are calculated. The results are
also summarized in Table 3. The fractional density of the sili-
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The calculated coverage of organoclays from AFM images in Fig. 6 and X-ray reflectivity, and fitting parameters on the basis of the model profiles in Fig. 5

7 (mN/m) Composition AFM X-ray reflectivity
C £0.05 d (nm) £0.3 o (nm)+0.2 P (e/A3) +0.02 C +£0.03 Csurf/ Celay
+0.04

CI15A on the air/water 20 Bottom 2M2HT 1.9 1.3 0.29 0.65 0.82
interface MMT 1.1 0.8 0.58 0.79 .

Top 2M2HT 1.8 0.7 0.16 0.63 0.80
Dry C6A 18 Bottom 2M2HT . 0.5 0.6 0.24 0.88 1.22

MMT 0.73 1.0 0.7 0.47 0.72 .

Top 2M2HT 2.0 1.1 0.18 0.65 0.90
Dry C10A 20 Bottom 2MBHT . 0.5 0.5 0.13 0.47 0.69

MMT 0.76 1.1 0.8 0.44 0.68 .

Top 2MBHT 1.9 0.7 0.03 0.13 0.19
Dry C15A 20 Bottom 2M2HT . 0.5 0.4 0.25 0.92 1.19

MMT 0.80 1.0 0.8 0.50 0.77 .

Top 2M2HT 1.9 0.8 0.18 0.66 0.86
Dry C20A 20 Bottom 2M2HT . 0.5 0.5 0.25 0.92 1.24

MMT 0.78 1.1 0.8 0.48 0.74 .

Top 2M2HT 2.1 0.7 0.20 0.54 0.73

Fig. 3. AFM images of the films transferred onto hydrophobic Si wafers at the surface pressures of (a) 0.5, (b) 3, (c) 20, and (d) 50 mN/m. (The scale bars correspond

to 1 um.)

cate layer is interpreted as being due to a patchy surface with
incomplete layer coverage. This is confirmed by scanning the
silicon substrates after the clay films were lifted from air/water
interface using scanning probe microscopy (SPM) (Fig. 6).
From the figure we can see that none of the clays form a uniform
film and in each case the surface coverage of the silicon wafer is

partial. In order to compare with the reflectivity results, we then
estimated the fractional surface coverage from the SPM images
and tabulated them for each type of clay in Table 3. From the
figure we see that the AFM images were in reasonable agree-
ment with the X-ray reflectivity results. Any discrepancies were
due to the fact that the AFM only probes a small area while the
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Fig. 4. X-ray reflectivity profiles of organoclays (C6A, C10A, CI5A, and
C20A) on silicon wafers. The solid lines are the best fits to the data. All curves
are shifted for clarity. The inset depicts the model of the organoclay monolayer
on the solid substrate.
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incident X-ray beam averages over nearly the entire length of
the sample.

The coverage of the surfactant on the clay, is calculated as
follows. First we estimate the fraction of the Si surface covered
by the clay platelets, Cclay, from the measured electron den-
sity corresponding to the clay layer, divided by the expected
electron density, if the layer was intact. Then using the known
values of the sample electron density, we calculate the fraction
of the sample surface (Si+4-clay) covered by the surfactant. The
ratio between the fraction of the surface covered by the surfac-
tant, Cqy,f, divided by the fraction of the surface covered by the
clay, Cclay, is the fractional coverage of the clay surface occu-
pied by the surfactant. The results were tabulated in Table 3 and
further compared with the surfactant concentration provided in
the manufacturer’s reference data [21].

When the clays are functionalized via ion exchange, the
maximum uptake or CEC for Cloisite type clays is 92 meq/
100 g. Yet, most organoclays have surfactant concentrations
that are much higher, namely 140, 125, and 95 meq/100 g
for C6A, CI15A, and C20A, respectively, as can be seen in
Table 2. Gelfer et al. [11] used small angle X-ray scattering
(SAXS) and TGA to measure the actual weight percent of sur-
factants on clays. They found that the 2M2HT content in organ-
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Fig. 5. Electron density profiles of the LB films of (a) C6A, (b) C10A, (c) C15A, (d) C20A on the silicon substrates. The dashed lines are the expected bulk value

(Pbulk)> assuming a sharp interface and a uniform coverage.
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Fig. 6. AFM phase images of (a) C6A (7 = 18 mN/m), (b) C10A (7 =20 mN/m), (c) C15A (wr =20 mN/m), and (d) C20A (7 = 20 mN/m) on silicon wafers.

(The scale bars correspond to 0.5 um.)

oclays increase in the order of C6A > C15A > C20A which
is consistent with our results in terms of the surfactant cover-
age. They also calculated the packing density of the surfactant
monolayer on the clay surface from Dy = f.hsd Na/m, where
fc is the fractional surfactant coverage on the clay, A is the
thickness of the surfactant layer, Ny = 6.02 x 103 mol_l,
m =368 g/mol and d = 8.7 x 1072% g/nm? are the Avogadro
number, the molecular weight and the density of the surfactant,
respectively. They found that Dy for fully exchanged system
is about 0.8 molecules/nm?, which corresponds to a loosely
packed monolayer of the surfactant on clay surface. From our
XR result, however, Dy for C6A, C15A, and C20A are cal-
culated to be 1.4, 1.3, and 1.1 molecules/nm?, respectively,
which are higher than that obtained from CEC for this clay.
These results indicate that surfactants not only interact with an-
ionic functional sites on the clay surface, but also they have
strong interatomic interactions between the long hydrocarbon
alkyl chains, resulting in the formation of the dense layer of or-
dered molecules with the tilt angle of 35° & 6° as shown as the
inset in Fig. 4.

In addition, it is interesting to note that the coverage of the
bottom 2M2HT layer is higher than that of the top 2M2HT layer
while its thickness is smaller than the top layer. This tendency
is ascribed to the compactness of the surfactant layer on the
substrate. The grafting density is not high and hence the layer
is compressible once the water is removed. The clay interacts
favorably with the silicon oxide surface, compressing the in-

complete layer of carbon chains in between. More interestingly,
the coverage of the bottom surfactant layer is more than 100%,
indicating that some surfactants are not bound to the clay sur-
face and these free surfactants would be also adsorbed onto
the Si substrate as illustrated in the inset of Fig. 4 where the
surfactant with the blue chains corresponds to an unbounded
surfactant. However, we cannot prove the existence of free sur-
factant at the air/water interface from in situ data since free
surfactant/water contrast is much lower than the clay/surfactant
contrast.

In case of the C10A, we find that the coverage of surfac-
tants is much lower than other clays according to both X-ray
reflectivity and AFM results, even though the surfactant con-
centration is as high as about 125 meq/100 g (see Table 2). This
indicates that a large amount of 2MBHT surfactants are un-
bound to the clay surface and a considerable area of hydrophilic
MMT surfaces is exposed. Therefore, we can always tailor the
clays to match the blends and obtain optimal surface activity of
the clays.

To obtain the surface coverage of the clay at the air/water in-
terface, we assumed that the water occupies the vacant space
between the particles and the hydrophilic clay layer sinks be-
low water surface level as illustrated in the inset in Fig. 2. The
electron density of the clay layer in the water, pclay/water» can be
then expressed by

Pclay/water = Pclay Celay + Pwater (1- Celay), (1)
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where pclay and pwater represent the electron density of bulk
clay and water, respectively. From the equation, we could ob-
tain the clay surface coverage (Cclay) of 0.79 which is nicely
consistent with the result of dry C15A on the silicon wafer. For
the bottom surfactant layer, the surface coverage can be simi-
larly calculated from substitution of the coverage and electron
density of surfactants for those of clays in Eq. (1). The coverage
of the top surfactant layer was also obtained in the same way,
but pwater Was replaced with the electron density of air (owater)-
From the results, we find that the coverage of the surfactant on
the clay is 0.82 & 0.04 (corresponding to 1.2 molecules/nm?
of surfactant packing density) which is close to that of the dry
C15A film.

The implication of these data is that in all cases the coverage
of the clay platelet surfaces by the surfactants is incomplete,
or each particle contains both polar and non-polar areas. This
property is similar to that in surfactant molecules which also
contain both hydrophilic (polar) and hydrophobic (non-polar)
segments. Hence, organoclays may be able to act as powerful
surfactants when mixed with highly immiscible blends of polar
and non-polar polymers. This property was recently demon-
strated by Si et al. [10] where they showed that the clay platelets
were localized at the interfaces between immiscible polymers,
partially compatibilizing the blends. The interfacial activity of
the clays was postulated to be caused by the formation of in sifu
grafts where both polar and non-polar polymer could be ad-
sorbed onto the corresponding areas on the clay platelet sur-
faces. Here we provide an experimental justification for this
assumption and based on our data we can even calculate the
relative ratio of the polar and non-polar polymers that could be
adsorbed.

4. Conclusion

In summary, we have shown that X-ray reflectivity is an ef-
fective method for accurately determining the degree of the sur-
factant coverage and the structure of the surfactant molecules
on organoclays. We determined that the surfactant coverage was
in fact 90, 86, 73, and 0.19% for C6A, C15A, C20A, and C10A,
respectively, whereas the CEC value was 52%. Furthermore, we
also found that in the covered regions, the surfactant molecules
were densely packed and highly ordered in a with a tilt angle of
35° 4+ 6°. From this data, we concluded that the surfactant layer
consisted of dense hydrophobic patchy areas, interspersed with
polar bare regions, rather than being distributed as a low den-
sity, but uniformly hydrophobic surfactant film. This has several
important implications on the interaction of the clay platelets
when they are dispersed within a polymer blend. In contrast to
expectations, that decreasing the surfactant coverage would al-
low the clays to disperse in polymers of varying polarity, we
found that all clays, except the most polar (10A) were easily
dispersed within slightly polar homopolymers, such as EVA
and PMMA [22-25]. On the other hand, when highly immisci-

ble blends were formed between polar and non-polar polymers,
Si et al. [10] reported that these clays were non-specific com-
patibilizers of a large class of blends. They postulated that this
must be due to a patchy, rather than a uniform type of surfac-
tant coverage, where both polar and non-polar polymer could
adsorb onto the clay surface forming in situ grafts. These grafts
would then, as reported in Ref. [10], be highly localized at the
interfaces between the polymer domains, thereby decreasing
the interfacial tension. The results reported here unambiguously
confirm this hypothesis.
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