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ABSTRACT: The absorption of resorcinol di(phenyl phosphate) (RDP) oligomers on clay surfaces has been
studied in detail and is being proposed as an alternative method for producing functionalized clays for
nanocomposite polymers. The ability of these clays to be exfoliated or intercalated in different homopolymers
was investigated using both transmission electron microscopy and small-angle X-ray scattering results,
compared with contact angle measurements on Langmuir—Blodgett clay monolayers, where the interfacial
energies were used as predictors of the polymer/clay interactions. We found that the contact angle between
PS/RDP clay monolayer substrates was ~2.5°, whereas the angle for polystyrene (PS)/Cloisite 20A clays
substrates was ~32°, consistent with the large degree of exfoliation observed in PS for the RDP-coated clays.
The interfacial activity of these clays was also measured, and we found that the RDP-coated clays segregated
to the interfaces of PC/poly(styrene-co-acrylonitrile) blends, while they segregated into the poly(methyl
methacrylate) (PMMA) domain of PS/PMMA blends. This morphology was explained in terms of the rela-
tive energy advantage in placing the RDP versus the Cloisite clays at the interfaces. Finally, we demonstrated
the effects of the relative surface energies of the clays in segregating to the blend air interface when heated to
high temperatures. The segregation was shown to affect the composition and mechanical properties of the

resulting chars, which in turn could determine their flame retardant response.

1. Introduction

The introduction of a solid particle in a polymer matrix can
change the interfacial energy depending on the degree of inter-
action between polymer chains and the solid surface. As a result,
there have been numerous studies, both theoretical and experi-
mental that have studied the effects of nanoparticles on the
interfacial properties of binary polymer blend systems. In parti-
cular, if the particles have a sufficiently large aspect ratio,
compared to the polymer chain diameters, then adsorption could
occur leading to the reduction of the free energy of the entire
system.'~'? Theoretically, Lipatov et al. postulated that the ener-
getic factors may be negative if the two polymers are strongly
absorbed onto the surfaces of particles, thereby increasing mis-
cibility.*'* Experimentally, Si et al.'> demonstrated this princi-
pal using montmorillonite clays functionalized with dimethyl-
hydrogentated tallow, which they showed that the functionalized
clays were able to partially compatibilize a large variety of poly-
mer blends and improved their thermal and mechanical proper-
ties. They explained their results in terms of the formation of in
situ grafts on the clay surfaces, which caused the platelets to
segregate to the domain boundaries, thereby reducing the inter-
facial tension. The adsorption of incompatible polymers to clay
surfaces was later explained by Koo et al.'® to arise from only
partial coverage of the platelet surfaces by the functional groups,
resulting in the hydrophobic and hydrophilic areas.
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However, this method of compatibilization has several dis-
advantages. The cation-exchange reactions used to mass produce
the clays functionalized with alkyl quaternary ammonium chlo-
rides involve the use of several toxic chemicals''® and the degree
of surface coverage is not well-known. The clays modified with
quaternary amines are also known to be incompatible with
styrenic monomers or the rapidly growing number of different
biomass derived polymers, preventing their exfohatlon when melt
mixed with this rather large class of materials.'”"' An alternate
approach to inducing clay exfoliation is via the adsorption of oligo-
mers into the clay galleries, screening the charges, and allowing
for a shear-induced exfoliation. In this case, the requirements are
that the oligomers, which are strongly adsorbed to the clay sur-
faces, interact favorably with mostly nonpolar polymer matrices,
and not be easily displaced when compounded in these matrices.
These requirements can be contradictory and difficult to satisfy.
For example, organic solvents, such as toluene and xylene, have
been used to facilitate the exfoliation of clays in nonpolar poly-
mers such as polystyrene or polypropylene.”” >* Because of the
nonpolar nature of the oligomers, this method was only used on
ditallow functionalized clays and the solvents used were even less
thermally stable than the ditallow surfactants, thereby increasing
the thermal instability of the melts.

Here we show that resorcinol bis(diphenyl phosphate) (RDP)
can provide a good solution. The chemical structure of RDP is
shown in Figure 1, where we can see that it is an oligomeric phos-
phate ester, which has surfactant properties, since the phenol
groups can be considered as nonpolar moieties and phosphoric
acids groups can be considered as polar moieties. The oligomers
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Figure 1. The chemical formula of RDP.

also have the phosphoryl groups that act as a strong hydrogen
bond acceptors,” and together with the phosphorus groups,
which comprise 10.7 wt %, are known to react with polymer resi-
dues at high temperatures forming insoluble chars.*®?” Asa result
these compounds are often used in flame retardant formulations.

The surfactant properties, together with the fact that these
oligomers are stable to temperatures in excess of 300 °C, also
make them good candidates for modifying the surface energies of
montmorillonite clays. For these clays to exfoliate or be inter-
calated when blended into a polymer matrix, the strong inter-
actions between the clay platelets must be screened. A common
procedure to functionalize the clay surfaces is through charge
exchange with ditallow molecules.'’~” Here, we propose that
modification of the clay surfaces can also be achieved by adsorp-
tion of RDP molecules. This procedure is far simpler, less toxic,
and produces a surfactant coating that is more uniform and
thermally stable.

Using complementary characterization techniques, we will show
that these clays can be exfoliated, compatibilize blends, and rein-
force their mechanical properties to the same degree as the clays
functionalized with the alkyl quaternary ammonium chlorides. In
addition, we show that these clays can also have the same effects
on styrenic polymer matrixes in which the functionalized clays
have not been effective. Furthermore, since they are stable to high
temperatures, the addition of RDP clays in which there is some
degree of exfoliation, allowed the polymers to provide enhanced
flame retardant properties. Finally, we will compare the inter-
action energies between these clays, the ditallow modified clays,
and different polymer matrices, where we will try to establish a
correlation with the degree of exfoliation, the ability to compati-
bilize polymer blends, and effectiveness in char formation.

2. Experimental Sections

Materials. Cloisite Na™, a montmorillonite clays, and Cloisite
20A (C20A) were purchased from Southern Clay Inc. The C20A
was modified with a surfactant of dimethyldihydrogenated ammo-
nium chloride. Its surfactant concentration is 95 meq/100 g.
Polystyrene and poly(methyl methacrylate) (PMMA) were pur-
chased from Aldrich Sigma and Polysciences. Polycarbonate (PC),
average M,, = 23 K, and poly(styrene-co-acrylonitrile) (SAN
with 24 wt % AN, known as Luran 358N) were obtained from
Amco Plastic Materials Inc. A high-impact polystyrene (HIPS)
was received from BASF. The properties of polymers used in
this study are tabulated in Table 1. A resorcinol di(phenyl phos-
phate) (RDP), known as Fyrolflex RDP, was used as a non-
halogen flame retardant (FR) provided by ICL-Supresta Inc.
The chemical structure of the RDP is shown in Figure 1.

RDP-Coated MMT-Na " (RDP MMT-Na") Clays and Nano-
composites Preparation. To obtain the RDP-MMT-Na+ clays,
the 20 wt % of RDP was first poured into a 200 mL beaker and
continuously stirred on a hot plate at 80 °C, until it melted.
MMT-Na+ clays (80 wt %) were then added into the beaker.
The mixture was then stirred manually with a 0.5 cm metal rod
for 15—20 min or until until the liquid was completely adsorbed
into the clay powder. The beaker containing the mixture was
removed from the stirring hot plate and was placed in a vacuum
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Table 1. Polymers Used in This Study

polymer MW or grade manufacturer
polystyrene 280k Aldrich Sigma
poly(methyl methacrylate) 120k Aldrich Sigma

for melt blending

poly(methyl methacrylate) 75k
for spun-casting

polycarbonate 23k

Polymer Science

Mitsubishi Engineering
Plastic Corp
poly(styrene-co-acrylonitrile) Luran 358N BASF
high-impact polystyrene 5300 BASF
acrylonitrile butadiene Terluran GP-35 BASF
styrene (ABS)

polypropylene 3825WZ

Total Petrochemicals

Table 2. Concentrations of Polymer Blends Used in This Study

polymer blend
PS/PMMA 70/30

concentrations (wt %)

PS/PMMA/RDP MMT-Na* 70/30/5
PP/PMMA/RDP MMT-Na* 70/30/5
PC/SAN24 50/50

PC/SAN24/Cloisite 20A 70/30/5
PC/SAN24/RDP MMT-Na* 70/30/5
PC/SAN24/Cloisite Na™ 70/30/5

oven at 100 °C for 24 h to remove moisture and unabsorbed
liquid. The coated clays were then cooled and stored at room
temperature prior to blending with polymers. As for the prepa-
ration of nanocomposites, a C.W. Brabender with two screw
roller blades, Type EPL-V501, was equipped with a direct cur-
rent drive (type GP100), where the heating chamber was used to
mix polymers with nanoclays. The polymeric pellets were first
inserted to the chamber at a rotation speed of 20 rpm at high
temperatures. The nanoclays, such as C20A and RDP MMT-
Na™ clays, were gradually added into the chamber and mixed at
the same rpm for 2 min. The entire melt mixture was further
blended at 100 rpm for 15 min under nitrogen gas flow, which
prevented degradation of the mixture from heat-induced oxida-
tion. The mixture was allowed to cool to room temperature in
the chamber, and then using a hot press, small pieces of the
mixture were molded into different shapes required for various
experiments. The concentrations of polymer blends containing
the clays in this study are summarized in Table 2.

Small-Angle X-ray Scattering (SAXS). was performed with all
samples (2 mm in thickness) to analyze microstructures of
layered silicates. Since the silicates were relatively rigid objects
compared to the galleries, strong scattering densities could be
achieved when the galleries were fully intercalated into the
layered silicates. The extended layered silicates with the galleries
corresponded to peaks in SAXS, where the scattering vector was
only considered one-dimensional to a normal direction of the
incident beams because of the large density fluctuations from
the rigid silicates in low-scattering regions, which resulted in a
circularly symmetric scattering. In the case of organoclays with
polymer chains, the peaks could shift toward a lower-scattering
vector when the polymer chains were intercalated into the
organoclays. Furthermore, when the polymer chains were more
intercalated, the organoclays could be eventually delaminated
into individual clay platelets, which corresponded to no peaks.
Thus, we could determine a degree of organoclays in terms of
intercalation with polymer chains. The SAXS was conducted at
a beamline X10A at National Synchrotron Light Source (NSLS)
at Brookhaven National Laboratory. The wavelength used in
the beam was 1.09 A. The g range was from 0.03 t0 0.58 A~'. The
distance between the samples and the detector was 81.20 cm.

Transmission Electron Microscopy (TEM). TEM was con-
ducted with the cross sections from the nanocomposites. The
thickness of the cross sections was 70—80 nm, which were cut by
a Reichert-Jung Ultracut E Ultramicrotome and then were floated
on deionized (DI) water surfaces. Later, a few cross sections were
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placed on a coated copper mesh grid. The sections were directly
viewed from a FEI Tecnail2 BioTwinG?> TEM at 80 KV and
digital images were obtained from an AMT XR-60 CCD digital
camera system. The RDP agents in the polymer matrixes were
verified by an energy dispersive X-ray spectroscopy (EDXS) in
the SEM (LEO-1550) with a Schottky field-emission gun where
the surfaces of RDP nanoclays were coated with a few micro-
meters of gold to make the specimens conduct.

Scanning Transmission X-ray Microscopy (STXM). STXM,
which was located at X-1A beamline at National Synchrotron
Light Source (NSLS) at Brookhaven National Laboratory (BNL),
was used to determine the chemical composition of polymer blends.
The forced X-ray beam was confined into a 55 nm Rayleigh
resolution spot using a Fresnel zone plate.?® The beam was able
to scan the cross sections with 70—80 nm thickness. The cross
sections were cut from the bulk compounds using a Reichert-
Jung Ultracut E microtome and then they were lifted on coated
copper mesh TEM grids on DI water surfaces. The scanning
process performed outbound photo energies of components and
the zone plate to the cross-section distance. Hence, the images
and spectra were collected at the same time. The images at speci-
fic photon energies were representative to strong absorption of
one of phases, where dark phases in the images corresponded to
high energy absorption and light phases were obtained at low
energy absorption.

Atomic Force Microscope (AFM). The sample morphology
was imaged with a VEECO/DI-3000 scanning force microscope
using a silicon nitrate tip in the contact mode. Since the clays are
harder than the surrounding obtained substrates, they were
easily imaged in the lateral force mode. Furthermore, the Langmuir
clay films were also imaged, and from the topography images we
obtained the height of the platelets and the height of the RDP
layer. Here as well, there was substantial friction contrast be-
tween RDP and the clay surface, which allowed us to determine
the degree of coverage, which was nearly complete. Si(111)
substrates were prepared by a modified Shiraki technique, where
small pieces of the Si substrates (0.5 x 0.5 in.) were immersed in a
mixture of H,O/H,0,/H,SO4 (3:1:1 vol) for 15 min at 100 °C.
After that, the Si substrates were washed with DI water and then
etched in HF/H,O (1:4 vol) for 15 s at room temperature. The
formation of monolayer clays were prepared by Langmuir—
Blodgett (LB) technique. In the previous study,'® 20 mN/m was
used as a surface pressure () to obtain a monolayer of the clays
on the etched Si substrates. The polymer solutions were spun-
cast on glass substrates. The thin films (~100 nm) from the glass
substrates were floated on the surfaces of DI water and then the
thin films were lift on the Si substrates with monolayer clays.

Contact Angle Measurements. The polymer/clay bilayer sam-
ples were placed in a vacuum oven and annealed for up to 48 h at
T=180°Cand P = 103 Torr. The morphology of the films was
then studied using atomic force microscopy, as described in ref
30. In the case of the bilayers, where dewetting occurred, the
contact angle between the droplets formed by the polymer film
and the clay surface were directly measured using the VEECO/
DI contact angle software. Each measurement represents the
average measurements of 10 droplets per sample. The values
were also checked from the simple formula where tan & = h/r
where /1 is the height of the droplet and r is the radius of the base.

Instrumented Indentation. Instrumented indentation was per-
formed using a nanoindenter (Micro Materials NanoTest) with
a 5 um radius of curvature diamond cone indenter. Depth-
controlled indentations were performed with the maximum
depth set to 2 um. Char samples were mounted with an epoxy
adhesive to aluminum sample holders for testing. Because of the
large variation in char topology, regions were identified using a
light microscope, which were flat and free of pores. Load—
displacement data was obtained using a constant loading and
unloading rate of 0.1 mN/s. The typical maximum loads reached
were on the order of 9—12 mN. A 5 s hold segment was taken at
the maximum displacement before unloading to take into account
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Figure 2. AFM images of uncoated MMT-Na™. (a) Height and (b)
friction, and (c) cross-section of uncoated MMT-Na*. AFM images of
RDP-coated MMT-Na™ (d) Height and (e) friction and (f) cross-section
of RDP-coated MMT-Na™*.

creep effects. On each sample, three identical indentations were
performed with a minimum spacing interval of 60 um between
successive indents to ensure no interaction between residual
plastic deformations. To determine elastic modulus of the char
material, the slope (S) of the initial unloading data in conjunc-
tion with the spherical contact area is used in the conventional
Oliver and Pharr method to determine a reduced modulus.?
The contact radius as a function of the plastic depth (/) of the

char is given as
a = \/2Rh, = h?

where R is the radius of the indenter (5 um) and /,, is the average
of the residual and maximum depth of the indentation. The
reduced modulus (E;) can be written as

3 s
4 (2Rh, — 12)'?
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Figure 3. SAXS spectra of nanoclays.

where S'is the slope of the unloading curve, and E, is represented
by

11— 1—9?

E. K, + E

With knowledge of the elastic modulus and Poisson’s ratio of
the indenter tip (£; = 1141 GPa, and v; = 0.07), it is possible to
determine the elastic modulus of the chars (E;) from the reduced
modulus, assuming a char Poisson ratio of v, = 0.5, typical for
incompressible materials. Hardness (H) of the chars was calcu-
lated by the ratio of the maximum applied load (Py,.,) divided
by the contact area (4 = na”). The reported material properties
of the char surfaces were averaged over three discrete indentations.

Mechanical and Thermal Analysis and FT-IR Spectroscopy.
Elastic modulus and tan 6 of the samples were performed using
a Mettler Toledo DMA/SDT 86le in the single cantilever
mode. The samples were molded into bars of dimension 10 mm X
10 mm x 2 mm and then were measured as a function of tem-
perature. The range of temperatures were from room tempera-
ture to 180 °C at a rate of 2 °C/min with a frequency of 1 Hz.
Thermogravimetric analysis (TGA) was conducted at a Mettler-
Toledo 2000 analyzer to compare the RDP MMT-Na™ clays
with the C20A clays in terms of the rate of mass loss of the clays
in the N,. The mass of samples (§—10 mg) were placed into an
aluminum crucible. The crucible with the mass was put on the
small dish at the furnace in the TGA and then the temperature
was raised from 30 to 800 °C at a rate of 10 °C/min. The FT-IR
spectra of RDP and clays were obtained from MAGNA-IR 760
spectrometer made by Nicolet. The samples were first mixed
with KBr powder and then were hydraulic-pressed to a pellet for
FT-IR spectroscopy.

3. Results and Discussion

3.1. RDP-Coated Nanoclays. Morphology and X-ray Scat-
tering. In Figure 2, we show the scanning force microscopy
images of RDP-coated MMT-Na+ and uncoated MMT-Na+
clay monlayers that were produced by lifting from the air—
water interface onto a Si wafer. In the figure, we see the distinct
outline of the platelets both in height and lateral friction scans
of the unmodified. The outline of the platelets is more difficult
to observe on the coated samples. The surfaces of both types of
clays are relatively smooth topographically. This indicates that
the RDP coating is fairly uniform. In Figure 2c.f, we also show
a cross sectional scan of the coated and uncoated platelets,
where we can see that the uncoated ones are 1.36 nm in height
while the coated ones are 3.52 nm in height. We could then
estimate that the height of RDP surfactant layer coating the
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Figure 5. FTIR spectra of nanoclays. RDP, blue line; RDP-coated MMT-
Na™, black line; and MMT Na™, red line.

clay surfaces was about 2.2 nm. In Figure 3, we show SAXS
spectra of the coated and uncoated clays. From the figure we
can identify the characteristic peak in the unmodified clays, at
¢ =0.50 A~!, which is in agreement with previously reported
results and corresponds to d = 1.25 nm the [001] direction. A
large shift in the characteristics peaks is observed for the RDP
clays, where the [001] peak is observed at ¢ = 0.282 A7"and
even the secondary [002] peak is observed at q= 1.14 nm. Using
the d = 27/q, and substituting ¢ = 0.282 A~!, we find that the
interlayer spacing has increased to 2.23 nm as in the direction of
[001], which is in excellent agreement with the value measured
on the scanning force microscope images. For comparison, we
also show the X-ray scattering data obtained from a Cloisite
20A monolayer lifted by the same LB technique from the air/
water 1nterface Here the primary peak is seen to shift to g =
0.2319 A", which corresponds to an interlayer spacing d =
2.7 nm in the [001] direction, which is in good agreement with
previously reported data'® and somewhat thicker than the RDP
layer.

Thermal Stability. TGA analysis was performed. From
Figure 4, we can see that approximately 5% of mass loss on
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Figure 6. The contact angles on polymer thin films on clays. (a) PS/
Cloisite 20A and (b) PS/RDP MMT-Na" after 24 h annealing, and
(c) PS/RDP MMT-Na* after 48 h annealing. (d) PMMA /Cloisite 20A
and (e) PMMA/RDP MMT-Na" after 24 h annealing, and (f) PMMA/
RDP MMT-Na™ after 48 h annealing. (a-1) A cross scan of PS/Cloisite
20A.
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Figure 7. The surface tensions of RDP as a function of temperature.

unmodified MMT-Na™ clays occurs at around 100 °C due to
the vaporizations of moiety molecules unbounded onto the
clays. However, in the case of Cloisite 20A, only 2.5% of
mass loss is obtained before the major decomposition under-
goes around 250 °C. This mass loss could be indicative that
the ditallow molecules are firmly confined into the clays, which
could lead to the strong interactions between polymer chains
and the surfactants in the direct intercalation of polymer
melt.>>3* On the other hand, the RDP-coated MMT-Na*
clays also have the small mass loss before the clays start to
decompose at round 300 °C. The higher decomposition tem-
perature could be mainly contributed to the decomposition
of RDP, which degrades at 288 °C (about 5 wt % loss).** How-
ever, the extra increase of decomposition temperature (about
12 °C) may result from a synergic effect, where the RDP-
coated clays could be more stable on higher temperatures.
The synergic effect on the presence of RDP on the clay surfaces

Pack et al.

Table 3. Polymer Surface and Interfacial Tensions

surface interfacial interfacial
tension tension Y Polymer/Polymer tension Y RDP/Polymer
polymer (mN/m) (mN/m) (mN/m)

PS 29.2 2.75

PMMA 28.9 2.8

PS/PMMA 1.2

PP/PMMA 9

PC 29.1 0.531fS =0)

SAN24 35.3

PC/SAN24 2.8

Figure 8. The TEM image of a cross-section from PMMA/RDP MMT-
Na ™ nanocomposite.

could be contributed to the spectra of RDP-coated MMT-
Na™ in FT-IR as well. From Figure 5, we can see that the
unmodified clays show typical characteristic absorption
bands, 1047, 3448.27, and 3629.97 cm™ ', which correspond
to one of Si—O stretching regions, O—H stretching regions,
respectively. In particular, the Si—O stretching band sepa-
rates into the two peaks, 1008 and 1078 cm” !, when the RDP
isincorporated. Yan and Cole found that peak IT (~1080 cm™),
which is the out-of plane mode, became visible clearly as the
content of water or compatiblizer increased into the clay inter-
layers.*>3® Thus, it is clearly indicative that the RDP oligo-
mers are intercalated into the clay galleries. Furthermore, the
RDP IR spectrum shows that there are the phosphorus—
oxygen double bond stretching (P=0) at ~1300 cm™ ' and
the phosphorus—oxygen single bond stretching (P—O) at
~960 cm™ . The absorption band of the P=0 still appears at
the same position in the RDP clays spectrum. However, the
P—O absorption band might be shift to at 1008 cm ™', which
may result from the presence with hydrogen bonding. Since
the phoshoryl group (P=0) in the RDP oligomers are well-
known as a strong acceptors for hydrogen bonding,>® the
RDP oligomergs would be self-assembled in the clay galleries,
which could be biocompatible to biomass polymers, such as
starch, which will be presented in the following report.
Contact-Angle Measurements. To determine the relative
affinity for the polymers, the RDP-coated clays or the Cloisite
20A clays, films of spun cast PS or PMMA were floated on
top of the LB monolayers and annealed for times up to 48 h
at T = 180 °C. The results are shown in Figure 6, where we
also show in figure 6a-1 a cross sectional scan indicating
where the contact angle was measured. At this temperature,
the surface tensions of PS and PMMA are nearly equal (y ~
29 mN/m)*” and hence differences in the contact angle are
mostly due to differences in the interfacial energy between
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Figure 9. (a) SAXS spectra of HIPS/nanoclays nanocomposites, (b) storage modulus and tan ¢ of HIPS/RDP clays nanocomposite (the inserted
image). TEM images of HIPS/nanoclays composites: (c) HIPS/Cloisite 20A, highly intercalated; and (d) HIPS/RDP MMT-Na™, exfoliated.

the polymers and the surface. Since the surfactant layers on
clays are thin and strongly adsorbed, our system can be follo-
wed by Young’s law rather than a Neuman construction.*®
We can assume that the observed angles correspond to the
Young’s contact angle

YA = vpcost + yasp (1)

where y5 and yg are the surface tension of the A and B
phases, and y 4 g is the interfacial tension between the A and
B phases. From the figure, we can see that the contact angle
for PS on RDP covered clays reaches an equilibrium value of
7.7° after 24 h of annealing and does not change significantly
after additional annealing of another 24 h. The PMMA film,
on the other hand, appears to wet on the RDP-coated clay
surfaces and the holes initially formed upon deposition of the
PMMA film do not seem to increase in diameter, nor do
droplets form on the surface after 48 h of annealing.

To determine the interfacial tension between the RDP-
coated clays and the homopolymers, we first had to find the
surface energy of RDP as a function of temperature. This
was performed using the Wilhelmy plate method on a vol-
ume of 78 cm® of RDP heated from ambient to 80 °C. The
data are shown in Figure 7, where we derive the equation,
y = —0.1082x + 51.203, where x is temperature and y is a
surface tension at a temperature, and from which we can
extrapolate a value of 31.7 mN/m at 180 °C. Substituting this
value forysineq 1 we find that y, 3is2.75 and 2.8 mN/m for
RDP with PS and PMMA, respectively, which is shown in
Table 3.

We can now determine whether PS or PMMA will wet the
RDP-coated clays at T'= 180 °C or the conditions used in
melt mixing the nanocomposites. The spreading coefficient
S is given by

S = YrRDP — yPolymer - YR,DP/Polymer (2)

where wetting occurs when S > 0. Hence for PS we obtain
S =—0.25 < 0and for PMMA S = 0 ~ 0, which is consistent
with the observation that PMMA completely wets the RDP-
coated clay surface, whereas PS does not. Therefore, the
RDP-coated clays are expected to exfoliate in a PMMA
matrix to expose more interfaces. This observation is con-
firmed in the TEM image shown in Figure 8. In the case of
PS, the spreading coefficient is only slightly negative, and
the some exfoliation can occur when shear is applied. TEM
images of RDP clay nanocomposites with HIPS are shown in
Figure 9, where a high degree of exfoliation is observed.

In Figure 6, we show the contact angles obtained on Cloisite
20A monolayers. In this case, we find that the angle of PS is
rather high, or 32°, indicating that a large unfavorable inter-
facial tension exists. This is in good agreement with the
known lack of exfoliations of the Cloisite 20A in PS matrices.
The angle with PMMA, on the other hand, is only 2°, which
is consistent with the known ability of PMMA matrices to
exfoliation of the Cloisite clays under shear.

3.2. Nanocomposites. Homopolymers. To examine the degree
of exfoliation of the RDP clays in thermoplastic polymers, such
as a HIPS, poly(acrylonitrile butadiene styrene) (ABS), and poly-
propylene (PP), we performed SAXS experiments and compared
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Figure 10. ABS/RDP MMT-Na™ nanocomposites: (a) SAXS spectra,
(b) storage modulus, (c) TEM images.

the results with TEM images for polymers that could be cross
sectioned at ambient temperatures.

From Figure 9a, we show the SAXS data for HIPS nano-
composistes with either 5% Cloisite 20A or RDP-coated
clays, and we plot the data for just the clays as a reference
point. From the figure, we see that in the nanocomposite with
Cloisite 20A the [001] as well as the [002] scattering peaks are
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Figure 11. PP/RDP MMT-Na*t nanocomposites: (a) SAXS spectra,
(b) storage modulus.

clearly visible and are of comparable intensity to the peaks of
the pure clays. From the shifts in the peaks, we find that the
interlayer spacing has increased further to 4.1 nm, which
indicates that most of the clay are intercalated, rather than
exfoliated, with a layer that is approximately 1.4 nm thick of
polymer. In contrast, for the HIPS/RDP clays nanocompo-
site, no scattering peaks are observed, which is consistent
with most of the clays being exfoliated. This is further
confirmed by the TEM micrographs shown in Figure 9c,d.
In Figure 9¢c, we show a typical cross sectional image of the
HIPS/Cloisite 20A nanocomposite, where we see large tactoid-
like structures, where the clay platelets are intercalated with
polymers. From the inserted TEM image we can estimate the
mean distance between platelets to be 4.2 nm, which is in a
good agreement with the scattering data. In contrast, from
Figure 9d we can see a typical cross sectional image of the
HIPS/RDP MMT-NA" nanocompoiste. Here mostly indi-
vidual platelets are seen, which would not produce diffrac-
tion peaks, confirming the exfoliated nature. These results
are consistent with the contact angle measurements shown
previously, where the interfacial tension between PS and
RDP-coated clays was found to be much smaller than that
with the ditallow coated clays, facilitating the exfoliation of
the RDP-coated clays during shear mixing.

Exfoliation is also more efficient at modifying the mecha-
nical properties than intercalation. This is also demonstrated
in Figure 9b where we plot the dynamic modulus and tan
delta of HIPS/clay nanocomposites, obtained from DMA
measurements as a function of temperature. From the figure,
we see that in both cases the addition of clays does not affect
on the glass transition temperature, Tg, which remains as
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Figure 12. SAXS spectra: (a) PS/PMMA/RDP MMT-Na* (70/30/5
wt %), (b) PP/PMMA/RDP MMT-Na ™" (70/30/5 wt %) nanocomposites,
and (c) storage modulus of PP/PMMA/RDP MMT-Na ™ (70/30/5 wt %).

same as the HIPS homopolymer. On the other hand, we see that
the addition of RDP clays increases the modulus by nearly a
factor of 2 for 7' < Tg, whereas the addition of Cloiste 20A
slightly decreases on the modulus, which is consistent with the
poor mixing of the Cloisite clays with the polymers.

In Figure 10, we show the SAXS data obtained for another
nanocomposite with styrene groups, ABS with 5 wt % RDP
clays. Here we also find that the clays diffraction peaks are
not observed, while the TEM cross-sectional image indicates
a good exfoliation. The storage modulus of the nanocompo-
sites with RDP clays increases by nearly an order of magnitude
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Figure 13. TEM images: (a,b) PS/PMMA (70/30 wt %) and (c,d) PP/
PMMA (70/30 wt %) with 5% the RDP MMT-Na* clays.

compared to that of homopolymer, which could mainly
result from the fully exfoliation of the clays. Since the
increase in the rubber fraction did not seem to affect the
degree of exfoliation, we also attempted to blend the RDP
clays with PP homopolymer, another polymer in which
numerous authors have reported difficulties with Cloisite
20A. The SAXS data is shown in Figure 11a, where we find
only a small trace peak at the position of the RDP-clays [001]
indicating most of the clays are exfoliated. This is further
confirmed by the DMA data shown in Figure 11b, where we
see that the storage modulus of the RDP clays nanocompo-
site is higher than that of the PP homopolymer up to the
melting temperature.

Polymer Blends

Blends of PMM A with Either PS or PP. In Figure 12, we
show the SAXS data from blend samples composed of
30% PMMA with either 70% PS (Figure 12a) or 70% PP
(Figure 12b) and 5% RDP-MMT-Na™ clays. The scattering
peaks of the pure RDP-coated clays are also plotted for
comparison. In each case, we see no remnant of the clay
peaks indicating that a full exfoliation has occurred. In the
previous paper,” we claimed the partial compatibilization of
the PMMA/PS blend when Cloisite 20A was added, yet the
SAXS data indicated the presence of the clay peaks inter-
calated with the polymers. High- and low-magnification TEM
images of both of these blends are shown in Figure 13a,b.
From the figures, we conclude that the absence of the clay
peaks in the SAXS data do not necessarily correlate with
compatibilization. In the case of the PS/PMMA blend, the
clays are entirely segregated within the PMMA phase, where
they appear as large intercalated tactoids. In contrast to
the TEM images of ref 15, no platelets are observed at the
polymer phase interfaces, and hence no effect of the RDP-
coated clays can be seen on the compatibilization of this
blend. In the case of the PMMA /PP blend, most of the clays
are still in the PMMA domains, where they can also ex-
foliate, as they do in the homopolymer. In contrast to the
TEM images for the blend with PS, some of the platelets are
seen to be adsorbed onto the phase interfaces shown in
Figure 13c,d, which could lead to an increase of the dynamic
modulus overall temperatures compared to the blend with-
out the RDP-coated clay. It is shown in Figure 12c.

From the contact angle data shown previously, we have
demonstrated that PMMA wets the surfaces of the RDP-coated
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and (e) PC/SAN24/RDP MMT-Na™ as a function of temperature.

clays, while PS dewets the surfaces. During the melt-mixing
process at high temperatures, the PMMA chains will pre-
ferentially be adsorbed onto the RDP-coated clay surfaces,
forming in situ grafts composed almost entirely of PMMA
chains. Hence the RDP-coated clays will segregate exclu-
sively in the PMMA domains, and no reduction of the
overall energy of the system occurs when these platelets are
placed at the phase interfaces. Furthermore, the interfacial
energy between PSand PMMA, y = 1.2 mN/m at 180 °C,*"*
is lower than either of the interfacial tensions (Table 3);
between either of the blend polymers and RDP, no energetic
advantage is obtained through segregation at the interface.
Hence the RDP-coated clays are massively segregated in the
PMMA phase, where their interfacial energy is minimized,
and no change in the blend compatibility occurs.

In Figure 13c,d, we show TEM data corresponding to a
PP/PMMA blend. In this case, some compatibilization is
observed in the lower-magnification images, while some
clays at the blend interfaces are observed in the higher
magnification image. Since the interfacial tension between
PP/PMMA has been re Iported Vint = 4.5 mN/m40 at 240 °C
and yin =7.50 mN/m*" at 200 °C, we could extrapolate the
interfacial tension of blend as y;, ~ 9 mN/m at 180 °C or
significantly higher than that between RDP and PMMA,
Yint ~ 2.8 mN/m. As we have shown that the RDP clays

exfoliate in PP as well, we can estimate that the interfacial
tension with PP would be comparable to that with PMMA,
and hence placing the RDP clays at the polymer interfaces
can reduce the overall energy of the system and result in
partial compatibilization. Therefore, even though the spread-
ing parameter is positive for this system, there is still a rela-
tive reduction in the overall energy of the system when the
clays are placed at the interface, hence increasing the degree
of compatibility.

PC/SAN24 Blend. From Figure 14a—c, we can see TEM
images of cross-section samples of a PC/SAN24 blend. In
both cases, we find either 5% Cloisite 20A or RDP-coated
clays are fairly intercalated rather than exfoliated. This
observation is consistent with the SAXS data obtained from
these samples, shown in Figure 14d, where peaks are obser-
ved corresponding to either Cloisite 20A or RDP-coated
clays, with large intergallery spacings corresponding to an
intercalated system. In addition, the intercalation of RDP-
coated clays could be stable up to 450 °C in which the peaks
still remain at the high temperature in Figure 14e.

We also confirmed that the addition of the RDP clays
improved the compatibility of the polymer blend using the
STXM technique. In Figure 15, we show a STXM images
obtained from a symmetric PC/SAN24 blend mixed without
clays and either with 5% Cloisite Nat or 5% RDP clays,
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Figure 15. STXM images: (a) PC/SAN24 (50/50 wt %), (b) PC/SAN24/
Cloisite Na™ (50/50/5 wt %), and (c) PC/SAN24/RDP MMT-Na ™" (50/
50/5 wt %). The images were taken at 286.70 eV. (Dark regions are the
rich SAN 24 phases.)
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Figure 16. PC/SAN24 nanocomposites: (a) Tan ¢ and (b) storage
modulus.

which were cross sectioned after removal from the Brabender.
In the figure, PC and SAN24 correspond to the light and
dark areas, respectively. From Figure 15a, we can see that in
the absence of clays the domains are well separated from each
other. The addition of Cloisite Na™ clays further enhances the
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Table 4. Yield of Carbonaceous Chars for PC/SAN24

with Clays in Air
nanocomposite carbonaceous chars yield
PC/SAN24 19%
PC/SAN24/MMT-Na+ 10%
PC/SAN24/Cloisite 20A 10%
PC/SAN24/RDP-coated MM T-Na+ 11%

Table 5. Yield of Carbonaceous Chars for PC/SAN24
with Clays in Nitrogen

nanocomposite carbonaceous chars yield
PC/SAN24/MMT-Na+ 8%
PC/SAN24/Cloisite 20A 8%
PC/SAN24/RDP MMT-Na+ 3%

phase segregation, probably due to segregation of the clays in
the PC phase (Figure 15b). However, the addition of 5%
RDP-coated clays dramatically changes in the morphology
of the blend, where the domains become bicontinuous and
smaller than the resolution of the image (50 nm), which is
shown in Figure 15c. This phase segregation can be explained
by minimizing the interfacial energy of the blend. To quan-
tify the energy, we can apply the values of surface tension for
PC and SAN24, reported in literatures. We found that the inter-
facial tension for PC/SAN24 blend was ~2.8 mN/m,**** and
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Figure 18. A selected video images at 30, 100, 230, and 300 s from the gasification tests: PC/SAN24 (50/50 wt %), the first column; PC/SAN24/Cloisite
Na™ (50/50/5 wt %), the second column; PC/SAN24/Cloisite 20A (50/50/5 wt %), the third column; and PC/SAN24/RDP MMT-Na™ (50/50/5 wt %),

the fourth column.

the surface tension for PC at 200 °C was 29.1 mN/m.** Since
we know the temperature dependence of the surface tension
for the RDP oligomers, we can calculate a value of the sur-
face tension of RDP is 29.6 mN/m at 200 °C. Hence we can
see that the spreading coefficient Spc on RDP clay surfaces
almost is zero without adding the interfacial tension between
PC/RDP If Spc = 0, YRDP/PC 1s0.5 mN/m Although values
of the surface tension for SAN24 at 180 °C is not available,
the surface tension for SAN24 can be calculated using the
temperature dependence of polystyrene (—dy/dr = 0.072);>"*
Ysan24 18 35.3 mN/m at 200 °C. As we can see, the spreading
coefficient Ssan24 on RDP clay surfaces is already negative.
Thus, when the SAN24 polymer melts dewets a value of
YRDP/SAN24 would be hlgher than that of YPC/SAN24- There-
fore, the maximization of reducing the interfacial energy
could occur when all of RDP-coated clays segregate at the
interfaces, while increasing the compatibility.

Furthermore, we could also confirm the blend on the
compatibility by obtaining a single Tg. From Figure 16a,
we can see that the blend has two distinct glass transition
temperatures in which one is about 127 °C for SAN24 and
the other is about 170 °C for PC. When the Cloisite Na™ clays
are added, the two Tg still exist at near the positions. As
expected, when the addition of Cloisite 20A clays are added
the two Tg becomes the single Tg, about 128 °C. We also
measure the Tg of the blend with RDP-coated clays. From
the figure we can see that the addition of RDP-coated clays
obtains a single Tg, which is about 122 °C. Thus, the forma-
tion of single Tg could result from an increase of the compa-
tibility, which is a good agreement with both the TEM and
STXM images. In addition, the measurements of dynamic
modulus as a function of temperature could explain that the
RDP-coated clays act as a compatibilizer. From the Figure 16b

we can see that in the case of RDP-coated clays the storage
modulus gradually decreases as temperature increases com-
pared to the others clays, where the storage modulus are
constant up to 95 °C. This difference on the modulus could
result from the extra RDP oligomers in the clay galleries. It
could lead to an increase of loss modulus during heating.
Therefore, the addition of RDP-coated clays could make the
polymer matrix ductile, which may increase impact tough-
ness of the polymer blend.

3.3. Application. Cone Calorimetry. As has been discus-
sed in several previous publications,®’ rendering polymer
blends flame retardant can pose a significant challenge. The
combustion behaviors of polymers involve a complex seq-
uence of condensed and gas phase reactions. In blends, the
additional phase segregation during heating further compli-
cates the situation and degrades the resistance to combus-
tion. We have previously shown that the addition of Cloisite
clays can stabilize blends against phase segregations and
catalyze reactions that lead to chars formation. In the case
where exfoliation occurred in at least one of the components,
the addition of organoclays was observed to decrease the
heat release rate (HRR) and mass loss rate (MLR).%"+

Here, we will compare the flame retardant properties of
blends where the RDP clays have been added, rather than the
Cloisite organoclays. In Figure 17a,b, we show the HRR and
MLR of the PC/SAN24 blends performed in nitrogen atmos-
phere. From the figure, we find that the addition of Cloisite
20A only decreases the maximum HRR slightly but has nearly
no effect on the MLR. In fact, a closer examination of the
time dependence shows that Cloisite 20A degrades the per-
formance of flame retardancy and decreases the total heat
loss and mass loss time, which is somewhat consistent with the
previous reports that the ditallow coating of the organoclays
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Figure 19. The SEM images and inserted EDAX spectra from the resi-
dues after the gasification test: (a,b) PC/SAN24 (50/50 wt %), (c,d) PC/
SAN24/Cloisite Na™ (50/50/5 wt %), (e,f) PC/SAN24/RDP MMT-
Na™ (50/50/5 wt %), and (g,h) PC/SAN24/Cloisite 20A (50/50/5 wt %).

is combustible and can decrease the time to ignition in nano-
composites.®” The addition of MMT-Na™ clays improves
the performance, but the addition of RDP-coated MMT-
Na™ clays indicates a major improvement on the HRR and
the MLR. From the figure, we find that the peak HRR is
decreased by more than a factor of 2, and the MLR is de-
creased by 30%, while the total combustion time is nearly the
same amount in the PC/SAN24 blend. This behavior also
appears to be correlated to the characteristics of the chars,
which can be seen in video clips obtained during the gasifica-
tion test (see Supporting Information). PC is known to be a
good char former even though styrenic copolymers such as
SAN are not. All blends, with and without clays, are obser-
ved to form chars, and the amount of carbonaceous chars
were calculated after subtracting the inorganic components,
which are listed in Table 4 and Table 5. From the tables, we
can see that the largest amount of char residues is found in
the unfilled blend, while the addition of clays reduces the
total carbonaceous chars by more than 45%, regardless of
the type of clays. Hence the difference in the flame retardant
performance with the addition of clays is not strictly a func-
tion of the ability to form char.

In Figure 18, we show still images of the samples obtained
from the video clips. From the figure, we find that the char
forms very quickly and then begins to swell with the gases
from thermal decomposition of the blend and finally builds
up the pressure inside. In the case of the unfilled blend and
that containing RDP clays, a decrease in both MLR and
HRR is observed when the char becomes thick enough to
contain the gases and a “mushroom” structure is formed.
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Figure 20. The images of residues left after the gasification test: (a) PC/
SAN24 (50/50 wt %), (b) PC/SAN24/Cloisite Na+ (50/50/5 wt %), (c)
PC/SAN24/Cloisite 20A (50/50/5 wt %), and (d) PC/SAN24/RDP
MMT-Na* (50/50/5 wt %).

In the case of the blend containing Cloisite 20A, the char col-
lapses very quickly when the gases build up and no mushroom-
like structures is formed. As a result, the thermal decompo-
sition progresses very quickly and no reduction in the MLR
and the HRR is observed.

The morphology of the chars was further studied using
SEM and EDAX. In Figure 19, we show the chars formed in
the blend without clay. The box signifies the location where
EDAX analysis was performed. In the EDAX spectrum, we
find primarily carbon, which is expected in the char. The
morphology image at 20 um magnifications shows that the
char is fairly uniform, while the image at 100 um magnifica-
tion shows with what appear to be “vent holes” type of
formations. Some of these “vents” are covered with mem-
branes, while others have ruptured membranes or mem-
branes blown away. This morphology is consistent with the
“mushroom” observed to form in the optical images. As the
mushroom forms, the rate of gases released decreases but is
not completely stopped. The SEM images show that a uni-
form char layer is formed, but the gases can still escape from
the holes. The chars from the blends with RDP or MMT
clays have similar morphologies with what appear to be
membrane-covered vent holes. The high-magnification images
show a uniform structure, which the EDAX spectra indicate
that the membrane is mostly carbonaceous material. The Si/
Mg/Al peaks, which are characteristic of the clays, are very
small in comparison to the C peak from the char. Since the
clay platelets do not decompose and are still in the char, the
EDAX spectra indicate that they must either be in the interior
of the chars or remain dispersed within the surface layer (at
the 5% level) allowing the carbonaceous “skin” to form. Not
surprisingly the appearance of this “skin” is similar to that
observed in the blend without clays.

The images of the char with the Cloisite 20A clays are
shown in Figure 19 where a sharp contrast is immediately
observed. The high-magnification image shows that the struc-
ture of the char is almost entirely composed of compacted
clay platelets. This is confirmed by the EDAX image, where
the Al/Mg/Si peaks predominate and only a small C peak is
observed. These images indicate that upon heating, the
Cloisite 20A clays segregate to the surfaces of the sample,
possibly due to the large unfavorable energy with the matrix.
In contrast to the previously reported results for PS/PMMA,
where the polymer did not form a char and the clay “char”
was the only means of preventing heat and mass loss, in this
case the PC/SAN blend does form a good char. The clays
appear to interfere with this char layer. The large-magnifica-
tion image shows that the morphology of this resultant char
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Figure 21. The hardness and elastic modulus of the residues from the
gasification test.

is very porous, as opposed to the char of the pure blends. The
high degree of porosity is consistent with the inability of this
char layer to contain the combustion gases, resulting in the
poor flame retardant behavior.

Another factor that may impede the formation of the
“mushroom” structure is the hardness and the elastic modu-
lus of the chars. For the mushroom structure to expand,
while containing the gases, the material must be relatively
elastic; otherwise the internal pressure will produce cracks,
which release the gases and accelerate combustion. We
therefore used nanoindentiation to measure both the elastic
modulus and the hardness of the chars (shown in Figure 20).
The results of the nanoidentation tests are shown in Figure 21.
From the figure, we can see that the modulus of the char
formed by the unfilled blend is the smallest, £/ = 1.3 GPa,
while its hardness is intermediate. The unfilled blend is able
to form an intumescing char, but the larger hardness to
modulus ratio indicates that it is somewhat brittle and, as can
be seen in the images, unstable. Hence the flame retardant
performance is not satisfactory. The addition of Cloisite 20A
deteriorates the performance even further. Here we can see
that the modulus, as well as the hardness, is nearly 400%
larger than for the other materials, and the mushroom-like
structures are unable to form altogether. The modulus that
we measure, E' = 4.9 GPa, is larger than £’ = 2.3 GPa of the
Cloisite Na™ or the RDP clays-filled system but still smaller
than that of pure montmorillonite clays £/ = 14 GPa,**¥
indicating that despite the high concentration of clays, there
may be other deposits of the polymer char left. The chars
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formed by the Cloisite Na™ and RDP clays have similar
hardness and modulii, where the modulii are larger than that
of the pure blend, but the hardness is lower, indicating more
elastic behavior. In both cases, the mushroom-like structures
are able to form which contain the gases. We can only pos-
tulate, therefore, the superior flame retardant responses of
the blends containing the RDP clays over those containing
the Na™ clays may be the presence of the adsorbed RDP on
the clay surfaces, which catalyzes the reactions needed for
further reduction of the HRR and MLR.

4. Conclusion

The absorption of RDP oligmoers on clay surfaces has been
proposed as a replacement for ditallow molecules commonly used
in functionalizing clays. Using SAXS, we showed that RDP can
be adsorbed on the surfaces of sodium montmorillonite clays,
thereby increasing the interlayer spacing from 1.25 to 2.23 nm.
We then demonstrated, using SAXS and TEM, that these
modified clays can be exfoliated in styrenic polymers, HIPS
and ABS, as well as in PP. We also produced single layers of
the clays, using the LB technique and measured the contact angle
of polymers on the surface, which were consistent with the ability
to exfoliate. We found that the contact angle between PS/RDP
clays substrate was ~2.5°, whereas the angle for PS/Cloisite 20A
clays substrate was ~32°. Therefore, the RDP-coated clays were
more compatible to the styrene groups compared to the Cloisite
clays, which could lead to the exfoliation of HIPS and ABS.

The ability of RDP-coated clays to compatibilize polymer
blends was also probed. We showed that RDP-coated clays segre-
gated to the interfaces between the phase domains in the PC/
SAN24 blend, while they segregated inside the PMMA domains
in the PS/PMMA blend. This different morphology between the
two blends could be explained by the interfacial energy. Since the
interfacial tension for either PMMA/RDP or PS/RDP clays
(~2.8 mN/m at 180 °C) was higher than that for PS/PMMA
interfaces (~1.2 mN/m at 180 °C) the segregations of RDP-
coated clays could not reduce the interfacial energy of the system.
However, the interfacial energy for PC/SAN24 blend (~2.8 mN/m
at 200 °C) was much higher than the interfacial tension for PC/
RDP clays (~0.5 mN/m if S = 0). Hence segregation of the RDP
clays to the interfaces resulted in a significant reduction of the
overall energy and increased compatibilization.

We also compared the effects of RDP-coated clays on the
flame retardant properties of the PC/SAN24 blend. We found
that the addition of the RDP clays could reduce the HRR and
MLR for the blends in which they were interfacial active. In con-
trast, the Cloisite clays, which were also interfacial active, were
shown to deteriorate the flame retardant responses. In addition to
stability against phase segregation, the quality of chars is another
important criterion for flame retardance. We show that elasticity
is an important consideration in intumescing chars, which have to
expand to contain the gases formed by the advancing heat front.
TEM images indicated that the Cloisite clays segregated to the
surfaces of the chars, while the RDP-coated clays remained in the
interior. Nanoindentation measurements showed that the clay
rich surface crust resulted in the chars of the nanocomposites
containing Cloisite 20A to be 400% more brittle than those
resulting from the compounds with the RDP or Na™ clays. These
results show that surfaces, as well as interfacial energies, have to
be considered in engineering the optimal properties of nanocom-
posites, and furthermore that clays treated with nonhalogen (FR)
oligomers can be an alternative for replacing the functionalized
clays treated with the ditallow molecules.
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