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Abstract Amine-telechelic poly(tetramethylene oxide)
(PTMO) was trimethylated to a quaternary ammonium (QA)-
capped PTMO as a bivalent organic macrocation. This QA-
capped PTMO (QAPTMO) was used for intercalation of mont-
morillonite (MMT) platelets with 69 % ion exchange yield and
4.03 nm d-spacing. Then, segmented polyurethanes (SPU) with
PTMO soft segments were synthesized in the presence of the
QAPTMO-intercalated MMT filler in different contents.
According to the X-ray and SEM analyses, the polyaddition re-
action could result in a full exfoliation of the clay platelets. Two
model composites including SPU polymer loaded by unmodified
MMT and tetradecyltrimethylammonium bromide (TTAB)-inter-
calated MMT were also synthesized analogously. The SPU/
QAPTMO-MMT composites possessing 5.0 and 7.0 wt.% of
the filler obviously showed a better thermal behavior in compar-
ison with SPU/TTAB-MMT and SPU/Na-MMT composites. In
addition, a significant increase in the storage moduli of the poly-
urethane matrices occurred due to the QAPTMO-MMT particles,
particularly in the 5.0 wt.% loading content of the filler.

Keywords Polymer-matrix composites - Montmorillonite -
Intercalation - Thermalanalysis - Dynamic mechanical thermal
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Introduction

Among various kinds of inorganic fillers, layered silicates have
been extensively studied in preparing polymer-matrix compos-
ites due to their high reinforcing capability even at very low
contents [1-6]. However, this kind of fillers has so hydrophilic
character, and need to be organically modified by an appropri-
ate organifier prior to use. This organo-modification causes an
increase in interlayer spaces of the clay mineral, further helping
the polymer chains, or monomers, to diffuse into the platelets.
In fact, this facilitates the process for achieving a uniform
polymer-clay nanocomposite with fully exfoliated clay plate-
lets. This modification is generally based on a cationic ex-
change reaction between the inorganic cations of clay and the
organocations of the modifier; usually ammonium [7-11] or
phosphonium [12—15] ions of an appropriate emulsifier. It is
expected that the dispersion of these homogenously exfoliated
nanolayers into various kinds of polymer matrices can improve
thermo-mechanical properties of the resulting material.

On the other hand, segmented polyurethanes (SPU’s) such
as those of prepared from poly(tetramethylene oxide) (PTMO)
and methylene diphenyl diisocyanate (MDI) or toluene
diisocyanate (TDI) have been widely used in the field of
polymer-matrix composites [16—20]. For instance, PTMO-
based SPU’s loaded by exfoliated clay platelets have been pre-
pared, and their biocompatibility and antimicrobial activities
investigated [21]. Recently, we reported synthesis and
thermo-mechanical behavior of some PTMO-derived SPU’s
incorporated by organically modified silica and titania nanopar-
ticles [22, 23]. In this work, PTMO-modified montmorillonite
(MMT) platelets are loaded into PTMO-based SPU’s during
the synthesis process, leading to a novel class of SPU/clay
nanocomposites. The clay platelets are initially intercalated by
bivalent ammonium salt of PTMO prior to their exfoliation by
the in-situ resulting SPU macromolecules. Herein, PTMO is
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used both as macromonomer of the polyaddition reaction, re-
sponsible for creating soft segments of the resulting polyure-
thanes and as the intercalating agent for enhancing the clay
interlayer space after its conversion to the corresponding qua-
ternary ammonium (QA) salt. Structural similarity between the
organic bivalent macrocations (QA-capped PTMO), which par-
ticipate in the ion-exchange process and the soft segments of
the polymer chains allows the chains to laminate easily the
MMT platelets. In this condition the PTMO-intercalated
nanolayers could be homogeneously exfoliated by PTMO-
based polyurethane chains. The resulting samples are charac-
terized by Fourier transform infrared (FTIR), X-ray diffraction
(XRD), and scanning electron microscopy (SEM) techniques.
Thermal stability and storage moduli (E’ values) of the
resulting nanocomposites are also investigated by thermogravi-
metric analysis (TG/DTG) and dynamic mechanical thermal
analysis (DMTA) measurements.

Experimental
Materials

Flake-like 4,4’-methylenediphenyl diisocyanate (98 %) (MDI)
was supplied by Acros Organics Co., and used as received.
Other reactants involving hydroxyl telechelic PTMO
(PTHF1000), 1,4-butandiol (=99 %) (BDO), thionyl chloride
(99 %), potassium phthalimide (>99 %), hydrazine hydrate,
methyl iodide (>99.5 %), and tetradecyltrimethylammonium bro-
mide (99 %) (TTAB) were purchased from Merck Co. and used
without further purification. N,N-Dimethylformamide (99.5 %)
(DMF), toluene (>99 %), dichloromethane (>99 %) (DCM), and
diethyl ether (>96 %) (DEE) were also obtained from Merck Co.,
and thoroughly dehydrated prior to use. Sodium montmorillonite
(Na-MMT) with cation exchange capacity (CEC) of 92.6 meq/
100 g was obtained from Southern Clay Products Inc.

Measurements

FTIR spectra of the samples were recorded on a PERKIN
ELMER RX I FTIR spectrophotometer. The spectra of solids
were obtained using KBr pellets. To measure the d-spacing
values, XRD patterns were conducted at room temperature
with montmorillonite powders and polyurethane films on a
Bruker-D8 Advance X-ray diffractometer with Ni-filtered
Cu/K,, radiation (30 kV, 25 mA), and A = 1.5406 A in the
angular range of 20 = 0-10°. HITACHI S-4160 Microscope
was used for SEM at an acceleration voltage of 15 kV. Prior to
the capturing, the samples were attached to double-sided car-
bon tape and coated with 100 nm gold using a DC sputtering
coater. TG/DTG were performed on a Simultaneous Thermal
Analyzer STA 503 under argon atmosphere at a heating rate of
10 °C/min in the thermal range of 25-600 °C with Al,Os as a
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reference to measure the ion exchange fraction of organoclay
and the thermal stability of polyurethane and polyurethane/
clay nanocomposites. DMTA were measured by using a TT
DMA Triton Technology, and the tests were conducted under
nitrogen blanket by quenching the samples from ambient tem-
perature to —75 °C and thereafter heating them under a fre-
quency of 1 Hz at a rate of 3 °C/min.
Four-step synthesis of QA-capped PTMO

a) CI-PTMO-CI synthesis: A solution of HO-PTMO-OH
(20.045 g, 20 mmol) in toluene (120 mL) was poured into
a flask equipped with a magnetic stirrer, a Dean-Stark trap,
and a reflux condenser. The solution was stirred and
refluxed until no more water was azeotropically collected
in the trap. After cooling to room temperature, pyridine
(3.24 mL, 40 mmol) was added to the flask in one portion.
The mixture was reheated to reflux temperature and then
thionyl chloride (8.78 mL, 120 mmol) added dropwise
during 1 h, while stirring. It was remained in this condition
for another 5 h, and then allowed to be cooled to room
temperature. The pyridinium hydrochloride formed was
filtered off, and the filtrate was concentrated to a viscose
brown liquid. The product was dissolved in a DCM solvent
saturated by anhydrous K,CO3, the solids were filtered off
again, and the solvent of the filtrate evaporated completely
to give the pure chlorinated PTMO (18.865 g, 91 % yield).

b) Ph(CO),N-PTMO-N(CO),Ph synthesis: Into a 250-mL
round-bottom flask fitted by a reflux condenser and a ni-
trogen inlet, a solution of CI-PTMO-CI (18.038 g,
18 mmol) and potassium phthalimide (25.749 g,
139 mmol) in DMF solvent (120 mL) was heated to
125 °C, and magnetically stirred for 5 h under nitrogen
flow. After cooling, the reaction mixture was filtered, and
the filtrate was concentrated in vacuo to yield a light yel-
low liquid. To remove the residue KCI impurities, the
resulting crude product was dissolved in DCM. After fil-
tration of the obtained mixture, the filtrate was concentrat-
ed to give a viscose liquid, i.e. phthalimide-terminated
PTMO (16.758 g, 72 % yield).

¢) H,N-PTMO-NH, synthesis: The imide-functionalized
PTMO (16.012 g, 12 mmol) and hydrazine hydrate
(18.63 mL, 384 mmol) were dissolved in absolute ethanol
(120 mL), and poured into a reaction flask equipped with a
reflux condenser and a nitrogen inlet. Next, the mixture
was refluxed for 20 h under nitrogen flow, while stirring.
After cooling, phthalhydrazide byproduct was filtered off
in vacuo, and the ethanol evaporated in full to obtain an
oily solid. This raw product was dissolved in DCM, fil-
tered, and then reprecipitated in a large excess amount of
DEE to give pure aminated PTMO (13.980 g, 86 % yield)
as a butter-like yellow solid.

d) T(CH;);N"-PTMO-N"(CH;);I" synthesis: Into a 250-mL
round-bottomed flask a mixture containing the previously
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synthesized H,N-functionalized PTMO (13.025 g,
13 mmol), iodomethane (8.01 mL, 130 mmol), and anhy-
drous K,CO; (8.983 g, 65 mmol) in EtOAc (100 mL) was
magnetically stirred at room temperature for 24 h. The
reaction mixture was then filtered at reduced pressure,
and the solids obtained were thoroughly washed with
EtOAc (2 x 50 mL). Next, the crude product was dissolved
in absolute EtOH (500 mL), and then the mixture was
filtered again for removal of K,COj; impurities. Finally,
the solvent of the filtrate evaporated completely in vacuo
to afford pale yellow solids of QA-capped PTMO (9.982 g,
54 % yield) with melting point of 308 °C.

Intercalation of Na-MMT by QA-capped PTMO

Na-MMT powder (1.625 g) was dispersed in deionized water
(150 mL), and then vigorously stirred overnight. To destroy the
residue agglomerates, the resulting suspension was also kept in
an ultrasonic bath at room temperature for 1 h. A 500-mL
round-bottomed flask containing 300 mL deionized water
was charged with the prepared suspension, and stirred magnet-
ically at 80 °C for another 45 min. A solution of QA-capped
PTMO (1.045 g, 48 mmol) (2 CEC) in deionized water (30 mL)
was added to the flask dropwise within 10 min, while stirring.
The cation exchange process was allowed to be completely
carried out for 72 h with the same conditions. The mixture
was then filtered, and the solid obtained was thoroughly
washed with deionized water (300 mL). The organically mod-
ified montmorillonite (QAPTMO-MMT) was dried in a vacu-
um oven at 80 °C for 12 h. To compare the results, a reference
sample involving montmorillonite modified by TTAB instead
of QAPTMO was also prepared by a similar manner.

Exfoliation of PTMO-intercalated platelets
by PTMO-based SPU

A 100-mL round-bottomed flask equipped with a mechanical
stirrer, a thermometer, a reflux condenser, and a nitrogen inlet
was charged by a solution of MDI (3.012 g, 12 mmol) and
PTMO (6.020 g, 6 mmol) in DMF (30 mL). The solution was
heated to 90 °C, and stirred mechanically at this temperature
for 2.5 h under nitrogen stream. Then, while vigorously stir-
ring, 1,4-BG (0.53 mL, 6 mmol) was added to the reaction
flask, and the mixture remained with the same conditions for
additional 10 min. On the other hand, QAPTMO-modified
montmorillonite powders (2.5, 5.0, and 7.0 wt.% with respect
to the target polymer) were sonically dispersed in DMF
(5 mL) for 1 h, and then added to the flask. Thereafter, it
was allowed to be stirred for 3 h at room temperature to obtain
a highly viscous solution. To prepare the corresponding poly-
urethane films, the solution was subsequently poured into 9-
cm glass Petri dishes. The transparent films with high

flexibility could be obtained at 70 °C for 24 h. Two reference
composites loaded by TTAB-organified and unmodified
montmorillonite powders (5.0 wt.% for each) as well as a neat
polyurethane were also synthesized analogously.

Results and discussion
Synthesis process

QA-capped PTMO (QAPTMO) was synthesized through a
four-step reaction starting from hydroxyl-telechelic PTMO.
This bivalent organic salt was obtained from trimethylation re-
action of amine-terminated PTMO. The H,N-PTMO-NH, was
prepared from PTHF1000 similar to the method described by
Wang et al. for preparing amine-terminated polyethylene oxide
[24]. PTHF1000 was converted to the corresponding
macrodiamine and then to QAPTMO with passing through
CI-PTMO-CI and Ph(CO),N-PTMO-N(CO),Ph precursors.
The four-step reaction to achieve QAPTMO organifier is shown
in Scheme 1(A). The resulting QAPTMO was then utilized as a
new intercalating agent for montmorillonite platelets (Scheme
1(B)). It is expected that this bivalent macrocation can

a 1) SOCI, / Pyridine / Toluene
2) Potassium phthalimide / DMF

HO-PTMO-OH QA-capped PTMO
3) NyH4H,0 / EtOH \® ®y
/8 N

4) CH3l (Excess).K,CO; | AcOEt

\/ Intercalated MMT

@
&e@\e
@

1) 2 MDI / DMF sefﬁ@

HO-PTMO~OH 3
oo

@
e%
2) 1,4-BG @
\r\)

Exfoliated MMT
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Scheme 1 The four-step reaction to QA-capped PTMO (a), intercalation
of MMT platelets by QAPTMO (b), and exfoliation of the PTMO-
intercalated platelets by PTMO-based SPU (c)
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significantly enhance the organophilicity of the inorganic
nanolayers along with a remarkable increase in their basal spac-
ing. This will be possible through diffusion of QAPTMO into
the montmorillonite platelets and exchange with the sodium
ions present in the clay galleries. In this situation, if these
PTMO-intercalated nanolayers are present in a medium that a
polymer is being synthesized, the resulting macromolecules get
a high capacity to incorporate into the nanolayers. This can
reasonably lead to a full exfoliation of the organoclay platelets
into the polymer matrix. Accordingly, as an exceptional choice,
PTMO-based segmented polyurethanes were examined for this
synthesis. The bivalent macrocations of QAPTMO loaded into
the montmorillonite platelets and the soft segments of the SPU
macromolecules both comprise tetramethylene oxide units in
their structures. This equality allows the polyurethane chains
and the intercalating agent to approach each other, resulting in

(a)

()

(d)

®

Transmittance

3900 3400 2900 2400 1900 1400 900 400

Wavenumber (cm™)

Fig. 1 IR spectra of QAPTMO organifier (a), H,N-telechelic PTMO (b),
Ph(CO),N-PTMO-N(CO),Ph (¢), Cl-telechelic PTMO (d), HO-
telechelic PTMO (e), QAPTMO-MMT (f), TTAB-MMT (g), Na-MMT
(h), SPU/QAPTMO-MMT 7.0 % (i), SPU/TTAB-MMT 5 % (j), SPU/
Na-MMT 5 % (k), and neat SPU (m)
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Fig. 2 XRD profiles of clay particles (a) and the resulting SPU/clay
nanocomposites (b)

a further dispersion of the nanolayers. Schematic illustration of
the two-step polyaddition reaction for preparing PTMO-based
SPU, which is being loaded by PTMO-intercalated MMT par-
ticles, is presented in Scheme 1(C). According to the formula-
tion used for the polyaddition reactions, the hard/soft segments
can lead to the weight ratio of 3/5 in the resulting SPU chains
(~600 g for the molar weight of 2MDI + BDO as the hard
segments vs. ~1000 g for the molar weight of PTMO as the soft
segments). Here, PTMO has a dual role; both is used for inter-
calation of clay platelets in the form of its ammonium salt and is
responsible for formation of the soft segments of the SPU
chains. To compare the results, an intercalating agent other than
QAPTMO, i.e. TTAB, was also utilized by a similar manner. In
addition, two other references involving polyurethane loaded by
Na-MMT as well as neat polyurethane were also synthesized.
Figure 1 shows the IR spectra of QAPTMO organofier (a)
and all precursors (b-e) in the four-step reaction path. In the
spectrum of the QA-capped PTMO, the N-H stretch peak of
H,N-PTMO-NH, centered at about 3480 cm ' thoroughly
disappeared. In the spectra of QAPTMO-intercalated MMT
(QAPTMO-MMT) (f) and TTAB-intercalated MMT (TTAB-
MMT) (g) the peaks related to C-H stretch at 2860 and
2945 cm ' were added to the peaks of Na-MMT spectrum
(h). The spectra of SPU/QAPTMO-MMT (7.0 wt.%) (i),
SPU/TTAB-MMT (5 wt.%) (j), and SPU/Na-MMT (5 wt.%)
(k) and the neat polyurethane (m) were also presented. In these
spectra, the characteristic peaks attributed to the loaded clay,
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Table 1 26 and d-spacing values of various kinds of MMT particles
Organifier 209 door Ref.
()  (nm)
None (Cloisite Na*) 7.1 1.17 [26]
CH
® (Cloisite 15A)
CH;—N—HT 2.6 3.15 [27]
Wr HT: Hydrogenated Tallow
CH,
®
NH, CH, CH, CH,—N—CHj, 6.2 1.35 [28]
CH,
i ||
’H—(-O CHy CHy}-0-C-N—CHaJe-N-C—CH, CHZ-I?%H—CH:,, 39 229 [29]
><:°\P//° ) CoHs
o \H—CHZCHz—n-ﬂ—CHZ—lLQCZHS 45 1.94 [30]
C,Hs
CH,
®
C1gHz3——N—CH;3 4.4 1.96 [31]
CH,
CH, O (I) CH;
H3C—C—C—0—CH2CH2—0—C—CH2CH2]—N/@ 4.2 2.05 [31]
2 oM
16'133
CH,
CraHag—N-—CH, (TTAB) 49 180
CH,
(|:H3 THs
@
CHa_T®_('CH2)4_€° CH2CHch20Hﬁ1—zo—€CH2)4—T—CH3 (QAPTMO) 22 403
CHj CH3

which appear below 650 cm ™' (470 and 516 for SPU/
QAPTMO-MMT) could be observed.

Structure and morphology

XRD technique provides information on the changes of the
interlayer spacing of the organically modified MMT upon the
formation of a nanocomposite. The formation of an intercalat-
ed structure should result in a decrease in 26, indicating an
increase in the d-spacing. Hence, QAPTMO-intercalated
MMT and PTMO-based SPU/organoclay nanocomposites
were analyzed by XRD measurements, and compared with
the corresponding reference samples. Figure 2a shows the

X-ray diffractograms of QAPTMO-MMT, TTAB-MMT, and
Na-MMT. Upon intercalation of the clay platelets by
QAPTMO organifier, a significant increase in the basal spac-
ing occurred. The d spacing increased from 1.30 nm (260 =
6.6°) for Na-MMT to 4.03 nm (20 = 2.2°) for QAPTMO-
MMT. This 2.73-nm enhancement clearly shows that a large
amount of the organifier has been intercalated into the clay
nanolayers. In this condition, the reference organifier, TTAB,
increased the basal spacing of the pristine clay only 0.5 nm (26
= 4.9°). In addition to TTAB-MMT, some other organoclays
have been compared with QAPTMO-MMT from 26 value
and basal spacing point of view (Table 1). According to the
data of Table 1, it is clear that the basal spacing for QAPTMO-
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Fig. 3 SEM images of QAPTMO-MMT (upper row, left side image),
TTAB-MMT (upper row, middle image), Na-MMT (upper row, right side
image), SPU/QAPTMO-MMT 2.5 % (lower row, left side image), SPU/

MMT is greater than the other organifiers. The characteristic
peak associated with the clays (Na-MMT, TTAB-MMT, and
QAPTMO-MMT) could be seen in the X-ray diffractograms
of all clay-containing SPU composites as well (Fig. 2b).
However, in the SPU/QAPTMO-MMT series (2.5, 5.0, and
7.0 %) this characteristic peak is obviously shorter and wider
than those of the other two counterparts. This arises from the
exfoliation of the clay platelets, since the formation of an
exfoliated structure usually results in the complete loss of
registry between the clay layers so that even no peak may be
observed in the XRD trace [25]. When the regularity in the
parallel nanolayers of expandable clay is disturbed due to an
exfoliation process, the correlation between them as well as
their reciprocal effectiveness is lowered, and their crystalline
nature is highly destroyed. As a result, after exfoliation pro-
cess in the XRD patterns, the sharp crystalline peaks of the
nanolayers are converted to short and wide amorphous peaks.

Fig. 4 The calculations
associated with ion exchange
yield (IEY) of organoclay
particles

@ From T6 analysis:
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@ CEC of Na-MmT : LSbivalent cation) = 46.3 mmolg prmo /1009

92.6meq, +/1009

QAPTMO-MMT 7.0 % (lower row, middle image), and SPU/TTAB-
MMT 5.0 % (lower row, right side image)

Figure 3 displays the SEM images of the clay particles
(upper row) and the SPU/clay composites (lower row). The
images clearly show that both organifiers in particular
QAPTMO caused the condensed platelets of Na-MMT to be
relatively separated from each other. A significant intercala-
tion of MMT by QAPTMO intercalating agent gave the clay
particles a rock-like micrograph. On the other hand, as the
images of the lower row show, the platelets of QAPTMO-
MMT are easily observed within the resulting SPU matrix.
When the micrographs of SPU/QAPTMO-MMT 2.5 % (left,
bottom) and SPU/QAPTMO-MMT 7.0 % (middle, bottom)
are compared with each other, it could be found that the sur-
face morphology of the polymer matrix is significantly affect-
ed by the loading content of the organoclay particles. In addi-
tion, it seems that exfoliation of the clay nanolayers in SPU/
QAPTMO-MMT (middle, bottom) is higher than that of SPU/
TTAB-MMT 5 % (right, bottom).

QAPTMO

=P 50.93 % loading capacity

= 50.93 Ggaptmo /100G of the organifier

Weights of "Absorbed @ & @
and Structural waters

+ the Organifier" in

Weights of Absorbed

and Structural waters
QAPTMO -MMT in Na-MMT
Weight of the ‘ J 34.95%
intercalated = 40.76% -5.81% = 34.95% IEY = e =0.69
QAPTMO the loaded 50.93%
organifier
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Fig. 5 TG (a) and DTG (b) thermograms of clay particles and the

resulting SPU/clay nanocomposites. (a) Na-MMT (b) TTAB-MMT (c)

QAPTMO-MMT (d) SPU/QAPTMO-MMT 7 % (e) SPU/Na-MMT 5 %

() SPU Neat (g) SPU/IQAPTMO-MMT 2.5 % (h) SPU/IQAPTMO-MMT

5 % (i) SPU/TTAB-MMT 5 %

Thermal properties

TG analyses were performed to measure the ion exchange
yield (IEY) of organoclay as well as the thermal stability of
organoclay-loaded polyurethane nanocomposites. The IEY is
defined as the ratio of the loaded organifier to the maximum
loading capacity. According to the calculations shown in
Fig. 4, the IEY of QAPTMO was found to be 0.69. This means
that about 69 % of sodium cations present in the layered sili-
cate were replaced by the organifier via cation exchange pro-
cess. Despite the high molecular weight of the organifier,
QAPTMO showed relatively a high IEY value. Such

oal —--SPU/QAPTMO-MMT 2.5%
. - .-SPU/QAPTMO-MMT 5%
S —SPUITTAB-MMT 5%
o 0.3 3 SPU/Na-MMT 5%
% — —SPU Neat
T 0.2
I VS M [
/ MU PRV VTY
01 4 - Y
y o
0 . " " ; '
.75 -50 25 0 25 50 5

Temperature (°C)

Fig. 6 Tan 0 vs temperature for organoclay-loaded SPU composites
along with the curves of two model samples including SPU/Na-MMT
and neat SPU

calculations for the reference intercalating agent, TTAB, led
to IEY value of 0.60.

Incorporation of the QAPTMO macrocations into the
MMT nanolayers causes a significant increase in the basal
spacing, which this in turn, facilitates their exfoliation during
the polymerization stage. In addition, according to the hard-
soft acid-base (HSAB) concept, the linkage of the ammonium
hard ions with the strongly soft iodide counterions in
QAPTMO is weaker than that of the bromide counterions in
TTAB, which this makes the ion dissociation in QAPTMO
easier. Figure 5 exhibits the thermal behavior of the
QAPTMO-intercalated MMT and the resulting organoclay-
loaded SPU nanocomposites together with the reference sam-
ples. The residue weights at 600 °C for Na-MMT, TTAB-
MMT, and QAPTMO-MMT particles were found to be
94.20 %, 74.8 %, and 59.2 %, respectively. On the other hand,
the thermal degradation of polyurethanes occurs in two stages:
the first stage (~30 % weight loss) is mainly governed by the
degradation of the hard segments and the second stage (~50 %
weight loss) correlates well with the degradation of the soft
segments [32]. This two-stage degradation is fully in agree-
ment with the hard/soft weight ratio (3/5, as stated earlier) of
the original formulation. Some results including the tempera-
ture of 5.0 wt.% degradation (Tgse,), the temperatures of max-
imum decomposition rate for the first and second stages
(Thax1 and Tpax0), and the char yields at 600 °C are shown
in Table 2. In general, the clay platelets particularly in SPU/

Table 2 Some thermal data of the resulting SPU/clay nanocomposites

Entry Code Tasv" (°C) Tinax1” (°C) Tinax” (°C)
1 SPU/QAPTMO-MMT (2.5 %) 335.5 368.8 430.1

2 SPU/QAPTMO-MMT (5.0 %) 348.9 370.3 441.5

3 SPU/QAPTMO-MMT (7.0 %) 339.6 360.9 434.4

4 SPU/TTAB-MMT (5.0 %) 325.0 370.5 432.6

5 SPU/Na-MMT (5.0 %) 331.5 374.1 427.0

6 SPU (neat) 3239 369.9 4243

# Temperature of 5.0 wt.% decomposition
® Temperature of maximum decomposition rate for the first stage

¢ Temperature of maximum decomposition rate for the second stage
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Fig. 7 Storage modulus £’ (a) and Loss modulus £” (b) vs temperature
for some SPU/clay nanocomposites

QAPTMO-MMT 7.0 % nanocomposite could enhance the
thermal stability. SPU/QAPTMO-MMT 5.0 % nanocompos-
ite clearly exhibited a better thermal stability than the SPU/
TTAB-MMT 5.0 % counterpart. This is due to the more ho-
mogeneous dispersion of QAPTMO-MMT platelets within
the SPU matrix. Moreover, in the SPU/QAPTMO-MMT se-
ries, although the values of Tgse,, Traxi and Ty for SPU/
QAPTMO-MMT 5 % are greater than those of SPU/
QAPTMO-MMT 7 %, based on the thermograms obtained
the thermal behavior of the latter nanocomposite (SPU/
QAPTMO-MMT 7 %) is better than that of the first one
(SPU/QAPTMO-MMT 5 9%). Therefore, according to the
TG/DTG thermograms, the thermal stability of the SPU/
QAPTMO-MMT series increases with increasing the filler
content. The filler content up to 2.5 wt.% hasn’t significant
effect on the heat stability of the SPU/QAPTMO-MMT nano-
composites. However, when the content of QAPTMO-MMT
filler increases up to 5.0 wt.%, the stability towards heat con-
siderably increases. The filler plays the role of a thermal

insulator and mass transport barrier to the volatile products
generated during decomposition [33].

Dynamic mechanical thermal analysis

The temperature dependent tan  responses of SPU/QAPTMO-
MMT nanocomposites (two samples) and the related references
are shown in Fig. 6. The peak of tan 6 curve was determined as
the glass transition temperature (T,) associated with the soft
segments of the polymer. As the curves show, loading of the
PTMO-based SPU samples by organically modified clay parti-
cles (QAPTMO-MMT and TTAB-MMT) shifts the polymer T,
to higher values. Conversely, unmodified MMT lowers the T,
value of the neat SPU possibly due to the creation of the filler
aggregates within the polymer macromolecules, which this
weakens the intermolecular interaction, and increases the chain
mobility of the polymer. In addition, the T, value increased
with increasing the content of QAPTMO-MMT particles.
This arises from the strong interactions due to the hydrogen
bonding between the urethane groups of the polyurethane mac-
romolecules and the oxygen atoms on the surface of the well
dispersed silicate layers [34]. Moreover, the uniformity be-
tween the QA-capped PTMO intercalating agent and the
PTMO soft segments of the polyurethane molecules helps these
molecules to diffuse with high tendency inside the clay layers,
leading to an efficient exfoliation of the platelets.

The curves of moduli (storage modulus £’ and loss modu-
lus E”) vs temperature for pure SPU and SPU/organoclay
nanocomposites are shown in Fig. 7. In comparison with the
neat SPU, both moduli are obviously reinforced by loaded
QAPTMO-MMT particles, in particular for the 5.0 wt.% load-
ing. Also, thermo-mechanical reinforcements could be espe-
cially observed for the temperatures below the T, values.
However, SPU/QAPTMO-MMT (5.0 %) didn’t show superi-
or moduli compared to SPU/TTAB-MMT (5.0 %). This may
be originated from the highly flexible structure of QAPTMO
as the organifier of MMT platelets, which somewhat reduces
the polymer resistance against the deformation. In general, the
enhancement of modulus is reasonably attributed to the high
resistance exerted by the MMT against the plastic/elastic de-
formation [35]. Moreover, comparison between the E” curves

Table3 T, and two E’ values of the resulting SPU/clay nanocomposites

Entry Code T, (°C) E’_;5" (GPa) E’_4s" (GPa)
1 SPU/QAPTMO-MMT (2.5 %) -39.9 1.0 0.16

2 SPU/QAPTMO-MMT (5.0 %) -39.0 1.8 0.31

3 SPU/TTAB-MMT (5.0 %) -37.5 2.44 0.75

4 SPU/Na-MMT (5.0 %) -47.8 2.1 0.25

5 SPU (neat) -42.4 0.99 0.13

# Storage modulus at =75 °C obtained from DMTA graphs
® Storage modulus at —45 °C obtained from DMTA graphs
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of SPU/QAPTMO-MMT (5.0 %) and SPU/QAPTMO-MMT
(2.5 %) shows the storage modulus increases with increasing
the filler content. Some results obtained from DMTA analyses
including the glass transition temperatures and £’ values at
two temperatures below the T,’s are summarized in Table 3.

Conclusions

QA-capped PTMO was used as an exceptional intercalating
agent of MMT nanolayers with 2.73 nm increase in the basal
spacing of the pristine MMT. The intercalated nanolayers were
then fully exfoliated by PTMO-based SPU macromolecules to
prepare the corresponding thermally and thermomechanically
reinforced polyurethane composites. The soft segments of the
polymer and the diffused organifier were structurally equal,
which undoubtedly this matter helped them to be close together.
Consequently, a high degree of exfoliation of the clay platelets
could be observed in this condition. SPU/QAPTMO-MMT
nanocomposites showed superior thermal behavior compared
to the model samples especially at higher temperatures.
According to the DMTA profiles, the segmental motions in
the SPU macromolecules were found to be even limited com-
pared to the neat SPU sample due to the strong interactions
between the homogeneously dispersed platelets and the soft
segments of the SPU matrix. Furthermore, a significant en-
hancement occurred in the storage modulus of the polyurethane
with loading by QAPTMO-MMT particles. Accordingly, QA-
capped PTMO seems to be an excellent bivalent macro-
organifier for intercalation of clay particles, which subsequently
as a unique organoclay can be efficiently exfoliated by PTMO-
based segmented polyurethanes.
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