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Available online 28 February 2019 tial/distance dependence. The thermodynamic model assumes a bidisperse distance distribution and

gives input to the scattering model. Experimentally, polymer/clay systems with many molecular polymer
masses were studied showing all very similar scattering curves. While the dominating bulk phase shows

gg’yoms" only the same weak tendency to stack formation for all molecular polymer masses, one coexisting phase

Polymer with stronger stack formation was identified. The latter sample was used to determine the thickness of

Nanocomposite the clay platelets with adsorbed polymer that was then used to model the dominating bulk phase. The

Scattering model comparisons to the theory revealed that (a) most polymers are tightly bound to the clay, and (b) an agree-

Thermodynamic model ment between the modeling and the theory was achieved. The main result of the experiments is the frac-
tion of free polymers of 1:2400 that are not tightly bound to the clay particles.

© 2019 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license (http://

creativecommons.org/licenses/by/4.0/).

1. Introduction of the clay platelets. Urgently, comparisons between the structure

and thermodynamic models are needed to allow for directed opti-

Clay/polymer nanocomposites provide many advantages for the mizations of the application. Scattering experiments provide very

application [1] ranging from fire retardancy, over inhibition of good structural characterization [2-5], especially if the clay plate-

small molecule diffusion to enhanced mechanical strength and lets are regularly ordered. These experiments then provide a feed-
scratch resistance. All of this benefits from the large aspect ratio back to the formulations of industrial applications.

Many thermodynamic models for clay systems exist ranging

from rather analytical approaches [6] over density functional the-

* C di thor.
D e o ory [7-10] to simulations [11]. Similarly, for spherical colloids
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thermodynamic models exist [12]. Also attempts to connections to
scattering models have been made [13]. All in all these approaches
stay at a rather rudimentary level. Here, scattering experiments
can give very good insight to the structure of the nanocomposite
and allow for quantitative comparisons with models.

We developed a scattering model that deals with a one-
dimensional paracrystalline [14,15] order connecting the distance
distribution to a chemical potential/distance dependence. The
thermodynamic model assumes a bidisperse distance distribution
and provides this missing input to the scattering theory. Scattering
experiments with many molecular polymer masses were con-
ducted using x-rays and neutrons. Thermodynamic equilibrium
was assumed by tempering the samples at 100 °C followed by a
quench to room temperature where the system freezes due to par-
tial polymer crystallization. Finally, the model and the experiments
are compared.

2. Materials and methods

The clay particles were obtained from Siid Chemie (Rock-
wood), now belonging to the BYK chemicals group. The Laponite
RD (LRD) is reported to have a diameter of 250 A and a thickness
of 10 A. The Laponite material was used without further clean-
ing. Polyethylene oxide was purchased from Sigma Aldrich with
molar masses of 600, 1000, 1500, 3350, 10,000, 20,000 and
100,000 g/mol. All polymers were used without further cleaning.
The nanocomposites were prepared from solution at concentra-
tions of 4.35%wt clay and 8.70%wt polymer in 87%wt water.
After stirring for several hours, the solutions were first dried to
approx. 50% dry mass in a rotor vap and then further dried in
high vacuum. After the nanocomposite appeared dry the sample
was tempered at 100 °C under high vacuum. We assume that the
dispersion reaches equilibrium at these high temperatures, and
the quick quenching to room temperature with the unavoidable
crystallization does only freeze the clay particle arrangement.
Assuming a clay density of 2.6 g/cm?, the polymer concentration
is @pol = 84%vol.

X-ray diffraction has been carried out on a Bruker D2 Phaser
instrument with a copper Ko source (30 kV, 10 mA, A = 1.541 A).
The incident beam was collimated to 0.1° divergence. The sample
was placed on a silicon waver as a powder (or as highly viscous
pieces cut from the whole specimen). The beam stop was placed
at a distance of 3 mm. The 26 angle was scanned with a single
detector with a precision of 0.02°. The shading characteristics of
the beam stop from the rather flat scattering of the sample with
the lowest molar mass have been used to correct the scattering
at smallest angles.

SANS/WANS were conducted at the instrument iMATERIA at |-
PARC, Tokai, Japan that was supported by the team of the Ibaraki
University. The neutron source is a pulsed source. The neutron
wavelength band was 1-10A, and the small angle and wide-
angle detectors were used. Instrumental details and data reduction
processes are described in Refs. [16,17].

Model. For clay polymer systems the authors developed a struc-
ture factor [1] that describes a strong paracrystal. The basic idea
behind is that locally the clay particles line up concentrically to
form stacks with varying spaces between. These concentric stacks
experience a very high entropic violation of Nkgln(2) when inter-
digitating over an approaching distance connected to the fuzziness
of the stacks. Thus, we believe that preferentially the platelets line
up along slightly curved lines without interdigitations. The poly-
mers experience a chemical potential difference Ap, between the
platelets, and the next neighbor distribution is an exponentially
decaying function W(A) ~ exp(—A/L) as a function of the distance
A with a typical decay length L, whereas the shortest distance is

described by the parameter d that arises from the platelet thick-
ness. The resulting structure factor is written as:

_ (qL)’
2+ (qL)* — 2 cos qd + 2qLsinqd

) (M
In Ref. [1] the decay length L is connected to the purely entropic
chemical potential Ap,, which for strongly 1-dimensional confined
polymers is approximately p = kgT (1 — A?/R%.) ~ kgT with A being
the confinement space and Re. the polymer end-to-end distance.
The resulting overall chemical potential for the material in
between the platelets is defined by the number of confined poly-
mers n according to n = TR2A/V,, with R being the platelet radius
and V,, being the polymer molecular volume (in this sense, the
scattering model considers the total thermodynamic potential np
(i.e. the Gibbs free energy) of all polymers between two neighbor-
ing platelets in the sense of the grand canonical ensemble (i.e. with
the coexistence of infinite free polymer, so the rare case of large
distances A > L could occur)). So the decay length results in:

L= Ym Ve, )
TR A,up/kBT TR

This means that the polymers are in contact with a surrounding
space that provides enough polymers in a melt state for a free
exchange. From that model, an average number (N) of nearest clay
particles, i.e. an effective stack number, could be derived:

Ny~ 2551 3)

This definition of an effective stack results from the peak width,
i.e. the correlation length, of the platelet scattering. As we have dis-
cussed, large distances A > L may occur, but they do not contribute
to the definition of the effective stack number. Practically, the
molar volumes of polymers are quite small that bare predictions
from that simple model results in small L and thus in large stack
numbers, i.e. kind of a phase separation. The background is that a
rather large reservoir of free polymers was assumed that coincides
with low clay concentrations (i.e. the assumption was the grand
canonical ensemble). In experiments and the real applications
the concentrations of clay particles are moderate to rather high,
such that the coexisting polymer reservoir is finite. Apart from
that, there are quite strong attractive interactions between the
polymer and the platelets. Following the blob concept [18] where
tight crosslinks or strong binding causes the subunits (or loops)
of the polymer to appear as independent sources of entropy, the
molar masses of the subunits (or loops) are not dependent on the
whole polymer mass anymore. Thus, the dominating entropic con-
tributions of the confined polymer are not dependent on the dis-
tance anymore. This means, that other sources of entropy have to
be considered now. Apart from that, we assume that a very small
fraction of not-bound polymers still exist that still introduce a con-
finement entropy as discussed above. The latter condition means
that the parameter Ly is considerably larger.

In this manuscript, a more detailed entropy for the clay dis-
tances and a polymer configurational entropy will be derived that
then feeds back into an average stack number N and finally an
effective decay length L. While the classical polymer configura-
tional entropy is conceptually described by the abovementioned
formulae, the additional entropy focuses on the degree of freedom
of the platelets. Here, it is assumed that the orientational degree of
freedom is dominating this additional entropy. The platelets are
considered to line up concentrically, and thus the neighbor platelet
to the first platelet (being perpendicular to the line) can cover a
solid angle of 47 sin(8) = 4 A;/R with A, being the average plate-
let distance in the stack that gives the sine of the maximum tilt
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angle 9 assuming concentric platelets. Consequently the full
stack can freely rotate with a full solid angle of 4mA,/R with
Ay(N)=N3—(N — 1)A; with & being the average space for the
platelet in a moderately concentrated system. Again, A, makes
the connection of the stack spacing with the maximum tilt angle
of the whole stack. The two distinct cases of the platelet distance
within the stack A; and the stack distance A, highlight the bidis-
perse character of this model. In principle, the solid angle cannot
exceed 4m, and therefore the value levels off at larger dilution.
Within our manuscript, we don’t need to consider this situation.
The purely entropic Gibbs free energy per clay platelet reads now:

& S _ N1, /A
NkBT_ NkB - N R
2 3
_lln<A2(N)> CN=TAA) AN 4)
N R N Lo \R,) NLRZ,

The first addend results from the fraction of the orientational
entropy of platelets in the stack, while the second addend deals
with the orientational entropy of the full stack. The solid angles
have been normalized by the solid angle of a completely free clay
particle. The third addend describes the product of the fraction of
spaces within the stack, the number of polymers in between the
platelets and the confinement entropy of the polymers. The unper-
turbed polymer end-to-end distance is Ree (we used 57 A for the
molar mass 3350 g/mol [19]). The last addend describes the poly-
mer confinement entropy of the polymers between the stacks.

The following conditions for the average platelet number N in
the stack and the average platelet distance A, in the stack can be
derived from the first derivatives (9(G/N)/ON and 9G/0A) of the
thermodynamic potential (as the minimization condition):

Ay 0—MN 3 3 0— A _

ln<A—2>+ » +P<A1+A2(3 I 71>>_0 (5)
and

A, 3P+ 82) =0 (6)

We assume that the parameter § is given by the fraction of pla-
telets in the sample, and A,(N)=N3—(N - 1)A; is determined
implicitly. We abbreviate P = (LgRZ.)"!. From the second derivative
of the thermodynamic potential 9°G/dNOA; the decay length of
this model is obtained, i.e.:

A AL
L' = (A — A (A]A§+3p> (7)

In this way, the scattering model (Eq. (1)) can be compared to
the thermodynamic model Quantitatively. For numerical reasons,
it is beneficial to define dimensionless parameters as P& {1},
A+1/8 {0.07} and 3/L {experimental} with the starting conditions
given in brackets. One consequence of this model is that the stack
number N varies in the range between 1 and 3-4 for large number
of free polymers (P large) to a small number of free polymers
(P small). A small finite stack number is also confirmed by TEM
measurements [4]. That means that clay platelets in thermody-
namic equilibrium with polymers do not form extremely large
stacks. The enthalpic highly favorable interaction of the polymer
with the clay results in a small number of free polymers (small
P). Only if enthalpic interactions are highly unfavorable (not
considered here) the clay platelets do not mix with the polymer.

For describing the scattering curves of the clay stacks at rela-
tively high g, we need the form factor of the single platelets. The
form factor of a clay platelet in the normal direction is usually
[1] described by a layer tetrahedrons with silicon in the center
and oxygen at the vertex that are connected to a layer of

octahedrons with aluminum in the center and the same oxygen
atoms at the vertices that once more is followed by a layer of tetra-
hedrons. The positions of the atoms Al/O/Si/O from the center read
0, v2/3,v2/3 +v6/4,v2/3 + /2/3 in relative units of a length
of the order of 3.5 A. From the approximate sum rule Al,Si,01,H>
we allocate the electron numbers according to the oxidization
states of 10 to each of those atoms. Thus the x-ray form factor is:

F(q) = 20 + 60 cos (? q10> + 40cos ((g N g) qlo>

+ 60 cos <<§ + \/g) qlo> (8)

The prefactors 20/60/40/60 are connected to the electron num-
bers of the atoms, which is exchanged for the neutron scattering
lengths of the atoms according to 2 x 3.45, 3 x 5.80, 2 x 4.15,
and 3 x 5.80 in fm according to the NIST data table [20]. Then
the overall scattering function is connected to the following
expression:

%(q) (F(q) - FO)Z X (d’S(Q) + 1- ¢) + Scryst(q) + bbackground (9)

Each of the factors of the form and structure is extended by a
constant term due to (a) the polymer scattering that at this stage
is assumed to arise from uncorrelated atoms and due to (b) the
fraction (1-¢) of isolated platelets. The possible crystallinity
appears as an incoherent superposition of the structure in terms
of Scryst(q) and is not discussed any further in terms of a mathemat-
ical model. An additional background term is allowed for more
freedom in the fitting procedure.

3. Results

The XRD patterns of the LRD-PEO nanocomposites are displayed
in Fig. 1. There are several peaks identified that originate to differ-
ent phenomena. The peaks indicated with A, B, and C originate
from the crystalline structure of PEO at room temperature [21].
Only the liquid PEO with a molar mass of 600 g/mol does not show
the peaks, and the molar mass of 1000 g/mol presents the peaks
very weakly. The other peaks at smaller scattering angles originate
from the presumably regular arrangement of the clay particles
with intercalated polymer. Taking the 10° peak as a second order
peak results in a regular spacing of roughly 18 A. A detailed analy-
sis is performed at a later stage further down in this manuscript.

—
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Fig. 1. X-ray diffraction images of the clay-polymer nanocomposites with varying
molar masses of the polyethylene oxide polymer that were 600, 1000, 1500, 3350,
10,000, 20,000, and 100,000 from the bottom to top. All intensities are not
calibrated and are shifted for better visibility. The strongly increasing intensity at
lowest angles is due to the shading of the beam stop, and is corrected for the
measurements presented in Fig. 3.
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SANS/WANS measurements were performed on the same sys-
tems, and due to the similar XRD patterns and highly comparable
SANS/WANS patterns the curves have been averaged for the poly-
ethylene oxide molar masses of 1000, 1500, 3350, 10,000, 20,000,
and 100,000 g/mol. The resulting curve is presented in Fig. 2. For
background subtraction we modeled a possible curve using two
different power laws as indicated by the dashed line. This method
is not highly quantitative, but results in better visible peaks as we
will see below. But already here we see a clear shoulder at
Q=0.3 A" and the two strong peaks from the crystalline polyethy-
lene oxide as indicated A, and B in Fig. 1.

In Fig. 3 we see now corrected curves (as described above).
While the blue curve and the black solid line display the represen-
tative bulk case from XRD and neutron measurements, the surpris-
ing measurement is found for a LRD-PEO system with a molar mass
of 3350 g/mol that resulted in a solvent cast film at the margin of
the bulk sample. It obviously had a higher stack number of the clay
arrays resulting in sharper peaks on the low g-side, but also more
peaks at the higher g-side. Those peaks are indicated with green
numbers ranging from 1 to 6, while the PEO crystals are connected
to peaks A and B. The representative bulk scattering curves have
only 1-2 peaks arising from the clay stacking. There are also model
fits with the described model in the corresponding section above.
As one sees the modeling is semi-quantitatively describing the
wide-angle scattering of the clay arrangements. The exact peak
positions and intensities are not extremely well covered as one
expects for classical SANS models. Flaws of the model are discussed
further below.

4. Discussion

In this section we like to discuss the model parameters obtained
from the fitting. We start with the LRD-PEO system with a higher
number of platelets in the stacks with a molar mass of 3350 (red
curve). The reference electron number (that is normalized to the
same volume as all clay atoms) Fy was 7.4 that seems to be reason-
able for the atoms of the ethylene oxide monomer (C;H40) due to
the lower density. The length parameter Iy of the form factor was
2.6 A that results in an approximate distance of 6.7 A for the outer
oxygen layers. Usually, there are further hydrogen atoms and
counterions surrounding the clay sheets resulting in an effective
thickness of 10 A. The fraction of free platelets was approximately
10% that seems reasonably low (i.e. ¢ =0.9). The decay length L

Intensity [a.u.]

0.1 1
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Fig. 2. SANS/WANS scattering intensities of the clay-polymer nanocomposites as
averaged for the polyethylene oxide molar masses 1000, 1500, 3350, 10,000, 20,000,
and 100,000 g/mol. This average was performed because the XRD measurements
looked rather identical, and the single measurements had worse statistics. The
dotted line indicates the background of the measurement.
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Fig. 3. Combination of XRD and SANS/WANS patterns at arbitrary intensity scale
with corrections as described in the text. The red curve resulted from a dry cast film
sample at the margin (with fit in green). For comparison the blue curve resulted
from a bulk sample with much less pronounced peaks from the clay platelet
arrangements (with fit in dotted line). However, this curve is highly representative
for all polymer molar masses. The black line displays the SANS/WANS curves (with
fit in dashed line). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

was modeled to be 2.6 A(+0.3 A) that speaks for a rather tightly
packed stack. The offset repeat distance, i.e. the repeat distance d
of clay particles that cannot be further shrunk is modeled to be
16.3 A(20.5 A). This number sounds reasonable for a single mono-
mer layer of PEO monomers tightly bound to each platelet surface.
In previous measurements of PEO and LRD in solution we have
observed a strong binding of the two components [22,23]. The
sum L+d=19 A(20.8 A) seems to fit the very first estimation of
the second order Bragg peak position from the XRD measurements.
The first order Bragg peak of the currently discussed measurement
is not very well reproduced by the model, and might be an issue of
the shading correction. For all model peaks, the exact peak position
and the intensity are not fully covered by the model at these wide
angles. While one usually expects a much better agreement for
classical small-angle scattering models, the wide-angle scattering
depends at this point much more on exact atom positions such that
classical soft-matter approaches are a little insufficient as applied
here. Furthermore the tilt of the platelets is not treated in the scat-
tering model contrarily to the thermodynamic approach. The over-
all scattering function of the clay arrangement has been multiplied
with a Gaussian function exp(—o2q?) for the atomistic finite size
with o ~ 1A(20.2 A) being the right size.

The second fit curve was modeled with neutron scattering
lengths instead, and mainly the decay length L was replaced by a
value of 12 A(+1A), which connects to a much less ordered stack,
while all the structural parameters stayed the same. That means
that in the representative ordinary bulk there is a weaker tendency
for ordering that is already seen by the smaller number of wider
and less pronounced peaks of the bulk samples (see also the XRD
scattering of Fig. 1 for instance). Similarly, the bulk sample of
LRD with PEO polymer of the molar mass 3350 obtains a decay
length of 6 A(+0.6 A).

The proposed structure factor (Eq. (1)) makes connection to
physical magnitudes of the system and can be compared to the
thermodynamic modeling of clay-polymer systems (Eq. (4) and
below). The very first paracrystal model of Kratky/Porod [24-26]
does not contain any thermodynamics and thus does not provide
much physical insight, even though an equally good semi-
quantitative agreement could be achieved as well.

Comparing the measured dacay length of the bulk and the aver-
age distance of the clay platelets & = do/(1 — @por) — do =52 A(£1A)
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Fig. 4. Sketches for the meaning of the locally columnar model that connects a scattering model with a thermodynamic model.

with the model (Egs. (5)-(7)), using the naked platelet thickness of
do = 10 A here), we arrive at the following parameters for the ther-
modynamic model: A;=13.8A(x1.5A), A,=66A(7A), N=14
(20.1). The latter platelet number in the stack compares well to
the scattering model (Eq. (3)) with N =1.25(+0.08). Also, the aver-
age stack distance A; is in between the bare measured
L=12 A(x1A) and the maximum value of L +d — dy = 18 A(¥1.5 A).
From the SAXS measurements of the bulk sample, we obtain a
decay length of L =6 A(+0.6 A) that results in similar parameters
A1 =9.0A(x1A), A, =80A(£8A), N=1.3(20.1). While these values
may possibly be more representative, the general statement stays
the same. The low N values mean that only very little stacks form
of mainly 2 platelets. But the presence of a correlation peak clearly
indicates correlations at shorter distances than the average dis-
tance. Taking now the example of the higher degree of order (red
curve in Fig. 3) with L=2.6 A(#0.3 A) and leaving the polymer
interaction the same, i.e. P is unchanged, we arrive at the parame-
ters: A; = 2.6 A(20.3 A), A, =166 A(220 A), N = 3.3(£0.4). Again, the
bare scattering model (Eq. (3)) predicts N = 3.6(+0.5) in very good
agreement. The average stack distance A; seems to approach the
decay length L. The overall agreement between the bulk and mar-
ginal sample is a hint for a coexistence that bases on the same
physical parameters.

The very small parameter of our modeling of P=4.6 x 1075 A3
is much smaller than from the estimation of all free polymers with
P=0.011 A3, The arguments already arose above point towards
the strong binding of the PEO polymers to the LRD platelets. That
means that the confinement of the majority of polymers does not
contribute to the entropy, and so only a very small fraction of poly-
mers stays free. We assumed a parabolic monomer distribution for
the free polymers that turns down to zero at the clay platelets and
with a typical width connected to the free polymer size and com-
pared that to a constant polymer density. From that, a 140 times
lower polymer fraction for the free polymers is obtained that gives
the right direction for the missing factor of the P values. The mea-
sured discrepancy factor of 2400 gives the experimental fraction of
1:2400 of free polymers in our system. This is the essential result of
the application of our model to the scattering data. However, the
small values of P explain well that a detailed dependence to the
polymer size or molar mass is not given, because the tilt entropy
of the clay platelets is dominating.

5. Conclusions

We developed a connection between a scattering model and a
thermodynamic model that we call the “locally columnar model”
for clay systems holding for semi-dilute and more concentrated
systems. The basis is that the clay particles form locally a columnar
system, i.e. stacks, that allow more freedom to the arrangement of

the platelets and stacks in terms of tilt along a rather weakly
defined line. These concentric stacks experience a very high entro-
pic violation of NkgIn(2) for the interdigitation, which is highly
unfavorable. For smaller stacks, the particles line up along rather
long virtual threads (see Fig. 4 left) while there can be coexistence
for thicker stacks that are quite released (see Fig. 4 right), because
the stack distance A, grows larger. The scattering model goes
along that concept and deals with a distance distribution arising
from a chemical potential [1]. Both models make a link via that
chemical potential/distance relation by the effective L parameter.
For our case we found that the polymers are tightly bound to the
clay particles [22,23] and that then the rotational entropy of the
single platelets is dominating.

A rather similar concept was derived in Ref. [6] that starts from
a rather analytical treatment of the free energy. Unfortunately, the
focus did not lie on the distance distribution as in our case. Density
functional theories from the same group [7-10] partially neglected
the rotational freedom between neighboring platelets but consid-
ered a large number of different phases. Other attempts for con-
nections between scattering and models exist in the literature
too [13]. And also simulations are possible for not too large sys-
tems [11]. As the simplest approach, there is a coexistence
between an isotropic and a nematic phase [6]. That translates
within our approach to a coexistence of thin stacks that line up
and thick stacks that are rather oriented randomly. In theories
[6], the clay particle concentration for that coexistence region
heavily depends on the platelet diameter. A more detailed analysis
of that coexistence within our approach is missing.

While our thermodynamic model is still rather rudimentary it
provides new insight to the connection with scattering models.
In this sense, we hope for more connections to better theoretical
approaches as cited above that then would give deeper insight
through comparisons of (scattering) experiments with theory.
Especially this connection has not been made thoroughly in the
past.
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