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Polymerization of Sulfopropyl Methacrylate, a Surface
Active Monomer, within Layered Double Hydroxide
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Hybrid organic—inorganic phases composed of a surface active monomer, sulfopropyl
methacrylate (SPMA), incorporated within the lamellar structure of layered double
hydroxides (LDH) of cation composition Zn,Al, n = 2, 3 are obtained by the coprecipitation
method. Monomer intercalation and its subsequent polymerization are characterized by
means of FTIR and *C CP-MAS NMR spectroscopies. Complementary information was
gathered from a thermal study of the potassium salt of SPMA. In-situ X-ray diffraction over
a range of temperature performed on the hybrid phase Zny,Al/SPMA shows clearly that the
polymerization process is found first to slightly contract and then to disagglomerate the
lamellar structure, while the integrity of the layers is maintained, giving rise to well-dispersed

particles.

1. Introduction

Inorganic—organic hybrid materials have received a
lot of attention for the past 10 years.! The possibility to
combine the properties of the two components has been
the driving force in numerous fields of application.

For the inorganic framework, we are interested in
layered double hydroxide (LDH) materials. Namely,
LDH-type materials present a large versatility in terms
of chemical composition and layer charge, and find
potential application in numerous domains such as in
green chemistry,? as precursors of catalysts,? etc. The
LDH structure is referred to the natural hydro-
talcite, and described with the ideal formula
[MHle—xIH(OH)Z]intra[Amix/m°nH20]inter, where MH and
MU are metal cations, A is the anions, and intra and
inter denote the intralayer and interlayer domains,
respectively. The structure consists of brucite-like layers
of edge-sharing M(OH)g octahedra. Partial MM to M
substitution induces a positive charge for the layers,
balanced with the presence of the interlayered anions.

Hybrid LDH materials composed of macromolecules
as the organic moiety have been extended from the
incorporation of biomolecules such as nucleoside mono-
phosphate,* or biopolymer such as alginate,® to the
uptake of monomer molecules. For the latter, few review
articles are devoted to the intercalation and in-situ
polymerization process.® Up to now, monomers with
acrylate or vinyl polymerizable function were mostly
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studied. However, one has to note the intercalation—
polymerization of poly(a,  aspartate) which proceeds
by the condensation from the aminosuccinic acid via a
polysuccinimide intermediate.” Concerning monomers
with vinyl function, most of the previous studies relate
the direct incorporation of polymer within LDH inter-
layer space.® Alternatively, we have shown recently that
the in-situ polymerization of styrene sulfonate may be
thermally induced into a non-oxidizing LDH structure
such as LDH material of cation composition ZnyAl® and
hydrocalumite!® host frameworks.

Some works report also the photopolymerization of
4-vinylbenzoate and m- and p-phenylenediacrylates
(PDA) in hydrotalcite interlayers.!! A cycloaddition was
found to occur between adjacent PDA molecules; the
authors surmise that it gives rise to a trans zigzag
organic interlayer structure. Additionaly, aniline-12 and
pyrrole'®-based monomers were also incorporated within
LDH gap.

Concerning acrylate-based monomer, Tanaka et al.
demonstrated that organic—inorganic interstratified
materials may be obtained by exchange of nitrate LDH
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phase with the addition of an initiator at 80 °C; the
interlayer acrylate anions were polymerized to form a
hydrotalcite—poly(acrylate) intercalation compound.!* A
similar route was also used for the polymerization of
acrylate into Ni-based LDH materials deriving from Ni-
(OH)5.1® More recently, the same group has shown that
monomer intercalation and its subsequent polymeriza-
tion have appeared to be strongly dependent upon the
nature of the substituting cation M in the slabs of
Ni~g70M. Free-radical polymerization has been success-
fully initiated by sodium persulfate with heat for M =
Fe, whereas for M = Co and Mn a one-step intercalation
polymerization seems to occur.l® The spontaneous po-
lymerization is explained to occur not via the reductive
intercalative process (RIP) as observed for xerogel V205
host matrix!? but rather by an electron-transfer initia-
tion from the mineral leading of a radical anion.l8
Additionally, the hybrid preparation strongly influences
the arrangement of the anions, giving rise to either
bilayer or monolayer of the poly(acrylate) macromol-
ecules. In some cases, sulfate anions coming from the
initiator are not avoided between the layers. The
authors have shown that a thermal treatment at 60 °C
for 24 h does not induce the in situ polymerization.
We focus our attention on the incorporation of acry-
late-based surface active monomer into LDH gap to
make the whole structure compatible towards polymer
for its potential application as nanofiller. In the early
1990s, the group of Lagaly had extensively studied the
incorporation of anionic surfactants and other fatty
acids.!® Depending on their nature, monomolecular films
of high regularity or strongly tilted from the hydroxide
sheets or formation of bilayer of surfactant molecules
may be obtained within LDH gap. To our knowledge, it
is the first time that surfactant molecules presenting a
polymerizable function are incorporated into LDH struc-
ture. Commercially available sulfopropyl methacrylate
is a good candidate as organic moiety since the presence
of a highly hydrophilic sulfonate group would be attrac-
tive for the LDH sheets. Also the hydrophobic part and
the presence of a double bond C=C should be an
advantage for the hybrid material to interact strongly
with a polymer matrix after the polymerization process,
thus immobilizing the structure, and therefore being
potentially beneficial for the enhancement of the me-
chanical properties.?® Recently studied for such an
application, LDH organo-modified materials dispersed
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into polyimide?! and epoxy?? polymer matrixes were
found to provide enhanced properties to the nanocom-
posites.

SPMA was used as comonomer for the preparation
of latex particles of poly(styrene co-butylacrylate) by
emulsion polymerization, and the authors found that
the particle diameters decrease with increasing SPMA
concentration at constant ionic strength.?3 Copolymer
nanoparticles prepared by free radical polymerization
of SPMA were also studied for their efficiency to load
hydrophilic drugs.?*

Since, in our case, the electron-transfer mechanism
from the host structure is not possible and the use of
initiator may induce contamination, a soft heat treat-
ment was used for the polymerization of SPMA con-
strained into LDH structure. The samples are charac-
terized by means of XRD performed in situ with heat,
thermogravimetric analyses, FTIR and 13C CP-MAS
NMR spectroscopies, and transmission electron micros-

copy.

2. Experimental Section

2.1. Preparation of the Samples. ZnCly-5H20 (Acros), Al-
(NO3)3*9H20 (Acros, 99%), NaOH (Acros, 97%), and 3-sulfo-
propyl methacrylate potassium salt (SPMA, HsC=C(CHj)-
CO9(CHy)3S03K) (98%, Aldrich) were used as received.

The hydrotalcite-like materials were prepared by the co-
precipitation method according to Miyata.?> Experimentally,
250 mL of a solution of the salts Zn'(1072 M) and Al (5 x 1073
M) was added dropwise to a solution containing SPMA (1.5 x
1072 M) under nitrogen atmosphere.

The pH was kept constant at 10 + 0.1 during the addition.
The slurry was aged overnight, centrifuged, and then washed
several times with distilled water, and finally dried at room
temperature. The thermal treatment to induce the polymer-
ization process was carried out at 200 °C for 2 h in a tubular
oven under a flow of air.

Elemental analysis (H, C, S, Zn, and Al) was performed at
the Vernaison Analysis Center of CNRS using inductive
conduction plasma coupled to atomic emission spectroscopy
(ICP/AES).

2.2. Techniques of Characterization. Powder X-ray
diffraction profiles (PXRD) were obtained with a Siemens D501
X-ray diffractometer with a diffracted beam monochromator
Cu Ka source. Powder X-ray diffraction (PXRD) profiles were
obtained over a range of temperatures with a Philips X'Pert
Pro diffractometer using Cu Ko radiation and equipped with
a HTK16 Anton Paar chamber and a PSD-50m Braun detector
(aperture on 2°, 155 channels). Measurements were carried
out under a flow of air in the temperature range 20—500 °C,
after 30 min equilibration at each temperature, and the
heating rate was 60 °C/min. Typical measurement conditions
were in the 20 range 2—70°, step size 0.05° (26), and step
counting time 20 s.

FTIR spectra were recorded on a Perkin-Elmer 2000 FT
spectrometer employing the KBr dilution technique. Thermo-
gravimetric (TG) analyses were performed under air atmo-
sphere on a Setaram TGA 92 instrument using a linear slope
for the heating rate of 10 °C/min.

2.3. Solid-State NMR Spectroscopy. C (I = 1/5) solid-
state NMR experiments were performed with a Bruker 300
spectrometer at 75.47 MHz, using magic angle spinning (MAS)
condition at 10 kHz and a 4-mm diameter zirconia rotor. 13C
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Table 1. Chemical Analysis of Hybrid Materials Zn,Al/SPMA (n = 2, 3) and the Relative d spacings. Chlorine Form of
Zn>Al Is Also Reported for Comparison

sample chemical formula d-spacing (nm)
anAl/Cl Zn0A57A10A33(OH)2010,33'1.07H20 0.78
ZnsAl/SPMA 7Zmng g7Alp 33(OH)o(HoC=C(CH3)CO2(CHz2)3S03)0.32°1.33H20 1.87
Zn3Al/SPMA Zn0476A10425(OH)2(H20=C(CH3)COQ(CH2)3SO3)0,24‘1.38H20 1.87

spectra obtained by proton- enhanced cross-polarization method
(CP) are referenced to the carbonyl of the glycine calibrated
at 176.03 ppm.

2.4. Transmission Electronic Microscopy (TEM). TEM
images were obtained by using a JEOL JEM-1200 operating
at an acceleration voltage of 80 kV. The TEM samples were
ultrasonically dispersed in ethanol and then a suspension was
deposited onto holey carbon film deposited on a Cu grid.

3. Results and Discussion

3.1. Incorporation of the Surface Active Mono-
mer. The chemical compositions are reported in Table
1. For both compositions, the molar ratios Zn to Al and
Al to S are close to the expected values, i.e. close to the
initial input ratio Zn/Al for the former (2 or 3); the
relative amount in trivalent cations is directly related
to the positive layer charge, which is then counterbal-
anced by the presence of the monofunctional anion
SPMA, a ratio AI/S close to 1 is expected for the latter.
The chemical formulas obtained from the elemental
analyses indicate that the formation of LDH was
complete and that the amount of SPMA, calculated from
the sulfur content, is in agreement with what should
be expected theoretically from an exchange capacity for
the two host structures. One should note that any
attempt to prepare a hybrid phase with lower aluminum
content (n greater than 3 in Zn,Al) was unsuccessful.
The amount of water molecules is of the same amplitude
as observed for other LDH hybrid materials® and
includes the intercrystalline and interlayer components.

The XRD pattern of the hybrid phases exhibit features
typical of LDH structure, which is generally described
in R3m rhombohedral symmetry (Figure 1). In this
structural description, the position of the diffraction line
(110) is related to the cell parameter a by the relation
a = 2+d110. This diffraction line located at ~60° is shifted
between the two hybrid phases: 0.3054 and 0.3070 nm
for n equal to 2 and 3 in Zn,Al, respectively. Considering
an ideal in-plane edge-sharing octahedra assembly, the
cell parameter a is function of the ionic radii by the
relation da/on = —/2[r(Zn2") — r(AI31)].

I(a. u)

0 10 20 30 40 S0 60 70
206

Figure 1. XRD patterns of the hybrid phases Zn,Al/SPMA
samples: (a) n = 2, and (b) n = 3.

The observed difference of Aa = 1.6 x 1073 nm is in
agreement with the variation of the layer charge
between the two hybrid phases, thus further supporting
the cation ratio values.?6 About six harmonic lines are
observed on the XRD patterns. The corresponding d
spacing is 1.87 nm in both cases. It is commonly
accepted that a lowering of the layer charge (n: 2 — 3)
induces an increase of the interlayer space, with the
electrostatic forces between anions and layers becoming
weaker. The fact that the d spacing is here unchanged
may be interpreted by the size and the hydrophilic/
hydrophobic nature of the surface active monomer
SPMA. The crystallinity is, however, different between
the two phases, as ZnyAl/SPMA presents sharper (00/)
diffraction lines than ZnsAl/SPMA. The former corre-
sponds to a greater number of stacked platelets, which
is usually the trend observed when the layer charge is
decreased.?

Concerning the guest molecule, its size along the
carbon backbone is estimated to be 1.05 nm from
semiempirical Hartree—Fock calculations (Spartam pro-
gram). In the hypothesis of SPMA lying perpendicularly
to the sheets and considering the brucitic layer width,
it leaves some free space, which has to be interpreted
by the repulsion between the methyl terminal group and
the LDH sheets. However, the value of the d spacing is
not sufficient to unambiguously determine the arrange-
ment of the organic molecule, as it may be tilted from
the vertical position. Nevertheless it suggests an inter-
digitation of the interleaved surfactant molecules.

3.2. Interaction between SPMA and LDH Sheets.
FTIR spectra of SPMA and the hybrid phase ZnsAl/
SPMA are displayed in Figure 2. Most of the vibration
bands of SPMA may be attributed as follows: the
stretching vibrations C=0 and C=C occurring at 1720
and 1636 cm™1, respectively, and the vibrations assigned
to the methyl and methylene groups appear in the
domain 2900—3000 cm™L. IR bands are further assigned
in the following according to the literature.?” The

Absorbance (a. u.)

L il L
3050 3000 2950 2900 1800 1600 1400 1200 1000 800

600 400

Wavenumber (cm™) Wavenumber (cm” ])

Figure 2. FTIR spectra of (a) SPMA-K salt and of the hybrid
phase Zn,Al/SPMA (b) before and (c) after thermal treatment.
The positions of the stretching S=0 and C=C are shown by
dashed lines (see text). In the left part, the domain of vibration
bands CH; and CHjs is enlarged.
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Figure 3. 13C CP-MAS NMR spectra of (a) SPMA-K salt and
(b) Zn,Al/SPMA. The labeling is according to Ho'C = 2C(3CHjs)-
4C0O2°CH2!CH2"CH2SOs(K or LDH).

absorption band at 950 em™! is assigned to C=C—C=
O. Because the SPMA molecule is tethered via its
sulfonate group, any electrostatic interaction between
the sulfonate group and the inner surface of LDH should
be associated with a shift of the corresponding vibration
bands. The symmetric stretching S=O located at 1059
cm~! for SPMA is downshifted to 1046 cm™! for the
hybrid phase. This shift constitutes clear evidence that
a geometric disturbance of the functional group (SO3~)
is occurring, which in our case corresponds to a weaken-
ing of the S=0 bond strength. The loosening of the S=
O bond suggests the presence of an electrostatic binding
with the clay surface through a hydrogen bond via a
path S=0---H-O0—M (M = Al or Zn).

Other evidences of interactions between SPMA and
the clay may be provided by solid-state NMR spectros-
copy. 13C NMR resonance peaks observed on the spec-
trum of SPMA—K salt are assigned as shown in Figure
3. The vinyl carbon C? is located at 135.9 ppm, for the
C1, its contribution is split into two peaks at 126.7 and
125.1 ppm. The splitting (of 120. 8 Hz), which is no
longer observed in the case of the hybrid phase, may be
due to 3C—1H heteronuclear coupling. The same trend
is observed for C2, C?, and C®, and the peak splitting is
also canceled once SPMA is incorporated between LDH
sheets. The resonance peak of C* is not observed for the
hybrid phase. For C7, an upfield shift is observed. This
is consistent with an electrostatic interaction of the SO3
function with the LDH surface, thus involving mostly
the carbon nucleus C7 close to the functional group. The
shielding effect is not propagated through the monomer
backbone, as the alkyl chain is here strongly mitigating
such an effect as observed for other surfactant mol-
ecules.? Conversely, in the case of styrene sulfonate® the
propagation is observed; we think that the electronic
delocalization present in the benzene ring may act as a
relay.
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Figure 4. Thermal behavior of SPMA: (a) TG analysis under
air, and (b) XRD patterns recorded at different temperatures.

Additionally, the interaction between SPMA and the
host structure is also manifested on the FTIR spectrum
by a shift of the band assigned to the methylene group.
In the domain 2850—2950 cm™!, the symmetric and
antisymmetric stretching vibrations of CHy and CHjs
occur. One of the four vibration bands is shifted to
higher wavenumber (2894 — 2900 cm™!) (Figure 2, left
part); we surmise that this corresponds to the methylene
group directly attached to the sulfonate. It was possible
to ascertain such an effect because the peaks are
isolated.

The presence of vibration bands due to the inorganic
structure (M—O, and O—M—0) makes difficult any
analysis in the domain 400—900 cm™!, where the
vibration of the bond C—S is located.

3.3. Behavior in Temperature. 3.3.a. SPMA Potas-
sium Salt. Figure 4a shows the thermal behavior of
SPMA. In the inset, a well-pronounced DTG signal is
observed. It corresponds to an exothermic peak on the
heat flow curve associated with a slight gain of mass
(Figure 5). X-ray diagrams of SPMA at 25 °C and after
thermal treatment at 200 and 1000 °C for 2 h are
presented in Figure 4b. From these results, we conclude
that SPMA exhibits a lamellar structure at room
temperature, which is consistent with a lipidic-type
arrangement of the surface active monomer. After



5516 Chem. Mater., Vol. 16, No. 25, 2004

5

S T
—' &)r
2 =
) Q
= 3
= ~—
5 T
o <
B ~

8

0Q

~

-10 Loy H.m...l....\.‘..\.‘u:_0_5
0 50 100 150 200 250 300
T (°C)

Figure 5. Thermal behavior of SPMA in the lower temper-
ature domain (7' < 300 °C).

I 150. 100 50 0
d (ppm)

Figure 6. *C CP-MAS NMR spectra of SPMA (a) before and
(b) after thermal treatment at 200 °C for 2 h. The labeling is
according to He!C = 2C(3CH3)*CO2°CH:%CH2"CH2SO03(K) and
-Hy'C-2C(¥ CH3)*CO2” CH5¥ CH2" CHSO5(K).

200

treatment at 200 °C, the spacing between organic layers
decreases from 2.07 to 1.91 nm, suggesting that the
alkyl chains are slightly more interdigitated. After the
loss of its organic component, SPMA decomposes into
KySO4 (PDF 5-0613, arcanite). The final weight loss is

Roland-Swanson et al.

in agreement with the following decomposition process:

2 SPMA-K — K,S0, (Am/m,;, = 64.6%,
Amim g, = 64%)

To know whether the thermal event observed at 190 °C
associated with the small contraction of the lipidic-like
structure and the slight gain of mass was accompanied
by a polymerization process, 13C CP-MAS spectrum was
recorded (Figure 6). The resonance peak of carbon nuclei
C6 and C5 is not modified, whereas the intensity of C1,
C?, and C3 is strongly decreased, and concomitantly, an
additional resonance peak appears at 176.1 ppm. One
has to note that the CP sequence is not quantitative,
however, the same number of scans was applied for
SPMA before and after thermal treatment. The change
observed on the spectrum has to be interpreted by the
opening of the double band, thus decreasing the vinyl
carbons nuclei response (C! and C2). This affects also
C*%, which is deshielded, and the shoulder observed for
the resonance peaks C7 and C® may be attributed to C!
and C3, respectively, once the monomer is partially
polymerized. Thermal treatment using longer time does
not convert significantly more monomers into poly-
(SPMA).

The polymerization process may be interpreted as an
oxidative reaction induced by the oxygen molecules, thus
explaining the slight gain of mass occurring at this
temperature (Figure 5).

3.3.b. Hybrid Phases. Powder X-ray diffraction pat-
terns were recorded in-situ in a range of temperatures
(Figure 7). The lamellar structure is found to decrease
progressively from 1.9 to 1.7 nm in temperature until
200 °C (the temperature at which the stacking sequence
is barely observed anymore) while the sheets are
unmodified, as evidenced by the conservation of the
diffraction line (110). To know the origin of such a
disagglomeration-like process, further characterizations
were performed.

13C CP-MAS spectrum of ZnyAl/SPMA was recorded
after treatment at 200 °C (Figure 8). As observed, the
vinyl carbon response has completely disappeared, as
well as the resonance peak of C3. At the same time, a
large shoulder is observed at around 26 ppm, and the

d-spacing (nm)
I

1.75F

—
=2
T

1.65F

1‘6:.|..I....ln...l....l.

0 50 100 150 200
T (0O

20

Figure 7. In situ XRD patterns of the hybrid phase ZnsAl/SPMA recorded every 20 °C from room temperature up to 220 °C: (a)
26 angular domain from 2 to 70°, (b) low-26 domain enlarged for clarity, and (c) variation of the basal spacing with temperature.
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Figure 8. 13C CP-MAS NMR spectra of the hybrid phase Zng-
Al/SPMA (a) before and (b) after thermal treatment at 200 °C
for 2 h. The labeling is according to Hy!C = 2C(3CHj3)*CO,-
5CH2%CH;’CH2SO; (LDH) and -Hy"C-?C(*CHs)*CO9%CHs-
§CH,"CH.SO3 (LDH).

Figure 9. TEM pictures of the hybrid phase Zn,Al/SPMA

after thermal treatment at 200 °C for 2 h. The magnification
is indicated.

position of C* is now located at 176.1 ppm, similarly to
SPMA-K salt after thermal treatment. The quaternary
carbon C? is expected in the range 40—50 ppm, suppos-
edly in the shoulder of the resonance peak located at
49 ppm. All these changes demonstrate that the polym-
erization is not partial but total when SPMA is located
between the sheets, thus underlining the importance
of the constrainment supplied by the host structure.

The temperature affects the IR spectrum by broaden-
ing the vibration bands (Figure 2c). For instance, a large
contribution is located at 1600 cm™!, and the narrow
vibration band assigned to C=C has disappeared. The
vibration bands of CHy and CH3 are lumped together,
impeding any further assignments. The lattice vibration
bands are mostly unaffected, in agreement with the
conservation of the LDH sheets.

The hybrid phase without thermal treatment reacts
under the beam. White spots appear rapidly, and after
a few seconds the exposed particles are broken down.
We explain this phenomenon by the polymerization of
the acrylate-based monomer under the electron beam.
The hybrid phase after thermal treatment at 200 °C is
stable under the beam, and is composed of isolated
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Figure 10. Thermal behavior (T < 300 °C) of the hybrid phase
ZnyAl/SPMA (a) before and (b) after thermal treatment at 200
°C. The corresponding heat flow curves are displayed in the
inset.

particles of submicron size (~*400—500 nm) (Figure 9).
Thus, we may picture the effect of the polymerization
of interleaved SPMA acting to contract the layers, but
also to disagglomerate the lamellar structure.

The thermal behavior of the hybrid phase was studied
(Figure 10). In the inset of Figure 10, the heat flow
curves are displayed. The exothermic peak assigned to
the polymerization of SPMA is shifted to lower temper-
ature, from 190 to 176 °C, when the organic molecule
is confined into the LDH gap; this process is absent after
the thermal treatment at 200 °C. We observed that the
thermal events occurring at higher temperature are
dependent on the thermal treatment used for the
polymerization reaction. A longer time (2 h versus a few
minutes used for the TG analysis) delays the temper-
ature of degradation of the organic moiety. Because it
must be related to the polymer chains formation, we
surmise that the polymerization is kinetically limited,
this was also underlined for other interleaved vinyl-
based monomer? or conductive polymer.12

4. Conclusion

For the first time, a surface active monomer (SPMA)
was incorporated into LDH structure using the copre-
cipitation method. The study provides clear evidences
of the in situ polymerization of SPMA into LDH gap by
thermal treatment. When the surface active monomer
is confined, the reaction is complete without the use of
any external chemical agent. Nevertheless, the thermal
behavior of the free SPMA molecules suggests that the
oxygen molecules may act as an external initiator for
the polymerization. A study of the thermal behavior
suggests strongly that the polymerization is kinetically
limited.
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