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Polycarbonate-based polyurethane (PC-PUs) hybrid materials were obtained by the addition of
organically modified bentonite and montmorillonite (1 w/w %). PC-PUs and their nanocomposites were
prepared using prepolymerization with two polycarbonate diols (both of M ca 1000) differing in chain
constitution, hexamethylene-diisocyanate and 1,4-butane diol (chain extender) as starting components.
All samples contained the same hard-segment content (30 w/w %). Thermogravimetry coupled with
differential scanning calorimetry (TG-DSC) was performed to obtain information about the organoclays
addition on the thermal stability of the prepared polyurethane elastomers. The effect of bentonite and
montmorillonite nanofillers on the decomposition pattern has been evaluated. By deconvolution of derivative
thermogravimetric (DTG) curves, it has been found that the thermal decomposition of polyurethane samples
takes place in three overlapping processes. Degradation kinetic parameters (activation energy and reaction
order) were calculated on the basis of thermal data obtained at only one heating rate.
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BJIMJAHUE HA JOJABAIBETO BEHTOHUT U MOHTMOPUJIOHUT BP3
TEPMHUYKOTO PA3JIOKYBAIBE HA HOBU ITOJINYPETAHCKHU/OPTAHOTVTIMHEHH

HAHOKOMIIO3UTHU

[omnyperanckn (PC-PUs) xubpuaun marepujanu 0OasupaHd Ha MOJMKapOOHAaTH ce J00WeHH
CO JI0/laBatbe OpraHcKu Mouuduuupann OEHTOHUT M MOHTMOPWIOHHT (1 wW/w%). PC-PUs u HuBHHTE
HAHOKOMITO3UTH Oea MOATOTBEHH CO MOMOII Ha IMPENoMMepH3alija Co JiBa MOJMKapOOHATHH AWUONU (U
nsara co M_oxony 1000) xou ce pasiMKyBaaT CIOpPEJl COCTAaBOT HA HU3UTE, XeKCaMeTUJIEH-IMH30L1jaHaT
u 1,4-Oytan auon (3a MPONODKYBAamke HAa HM3aTa) KaKO IMOYETHH KOMMOHEHTH. CHTe MpUMEpOI MMaaT
ncra cozxpxuHa Ha 1Bpcera ¢asa (30 w/w%). TepmorpaBumeTpuja 3ae1HO co AU(EepeHIrjaTHa CKeHUpadKa
kanopumerpuja (TG-DSC) Oea m3Benenu 3a aa ce mo0ujaT MHGOOPMAIIH 32 TOAAACHUTE OPTAaHCKU TIIMHH U
3a TepMUUYKa CTAOMITHOCT Ha TOATOTBEHUOT ITOJIMypeTaHCKH exactomep. CrieneH € edekTor Ha OEHTOHUTOT
1 HAaHOMIOJIHWIOTO MOHTMODPWJIOHHT Bp3 IpOLECOT Ha jerpazanvja. Co JEKOHBOJyIMja HA W3BOAOT Ha
tepmorpasnmerpuckute (DTG) kpuBH Oele yTBpAEHO Jieka TepMHUYKaTa JIerpa/ialiija Ha TOJIHypPETaHCKUTE
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NPUMEPOLM CE OABMBA BO TPH IPOLECH KOM ce€ IPEKIOIyBaar. JlerpaqaliioHuTe KHHETHYKH MapamMeTpH
(eHeprujara Ha aKTHBAIMja M PEIOT HA pEaKIyjara) ce MPEeCMETaHH BP3 OCHOBA HA TEPMHUYKHUTE ITOJATOIH

£[O6I/I€HI/I 01 CaMO €/ICH CTCIICH Ha 3arpcBambC.

KJIy'-IHH 360p0BI/lZ MOJINYPETAHCKU HAHOKOMITIO3UTH 6a3I/IpaHI/I Ha HOJ'II/IKap6OHaTI/I; CJIOCBUTHU CUJIMKATH,

DTG; Tepmuuka cTaOUITHOCT

1. INTRODUCTION

The aliphatic polycarbonate-based poly-
urethanes (PC-PUs) are thermoplastics with a
wide range of engineered application due to
their microphase-separated structure, caused
by the incompatibility of soft and hard phases.
Since these elastomers are characterized by
good biocompatibility and biostability, they
have found an important medical application,
for producing equipment and artificial tissues
[1-5]. Due to their enhanced mechanical and
thermal performances, PC-PUs can be also
used as industrial parts and building materials
[6-9]. In our previous work, the structure and
thermal properties of polyurethane/organoclay
nanocomposites obtained by prepolymeriza-
tion were studied in detail [10]. The investiga-
tion of hydrogen-bonding formation and col-
lecting the information on the nanometer-scale
physical structures of the PC-PUs and their hy-
brids obtained by the two-step technique was
done using Fourier transform infrared (FT-IR)
spectroscopy and wide-angle X-ray diffrac-
tion (WAXD). The morphology of unfilled and
filled materials influenced by microphase-sepa-
rated state has been studied by small-angle X-
ray scattering (SAXS) and differential scanning
calorimetry (DSC) measurements. In following
research, the intercalation of montmorillonite
and bentonite was determined. All methods
have confirmed the existence of a heterogene-
ous microstructure with phase separation. Ther-
mal properties (the glass transition temperature,
the temperature of hard segments melting, and
the recrystallization temperature) were influ-
enced by the dispersion of nanofillers with lay-
ered structure [10].

It is well known that the addition of or-
ganoclays with a layered structure of nanopar-

ticles to the polymer matrix can enhance ther-
mal degradation of nanocomposites [11-15].
Many researchers have investigated the influ-
ence of hydrogen bonding and nanofiller con-
tent on thermal stability and degradation kinet-
ics of PU mineral-reinforced materials using
thermogravimetry [16—17]. Polyurethanes are
relatively thermally unstable materials, and
the decomposition temperature of the urethane
bond depends on their composition and struc-
ture [18]. The degradation of polyurethane ma-
terials is caused by the breakage of urethane
linkages, which can be achieved through three
mechanisms that may occur simultaneously:
dissociation into isocyanate and alcohol as its
starting components, breaking of the urethane
bonds with formation of primary amine and
olefin, and splitting the urethane linkage to
form secondary amine and carbon dioxide [19].
The incorporation of nanoparticles in a polymer
matrix can lead to a change in the decomposi-
tion temperatures and degradation mechanism,
causing the formation of products that differ
both in quantity and identity compared to neat
matrices [20].

The degradation of PUs is a complex pro-
cess, which generally consists of at least two
stages [21, 22]. The first one presents the decom-
position of the hard segment, which involves the
dissociation of polyurethane to chain extender
and isocyanate. It is known that in this stage, the
amount of residue is correlated with the amount
of unreacted isocyanate in polymers [23]. The
second step is assigned to depolycondensation
and polyol degradation mechanisms and is af-
fected by the soft-segment content [24, 25]. The
objective of the present research is focused on
the investigation of the influence of the poly-
carbonate chain constitution and the addition
of organically modified montmorillonite and
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bentonite (1 w/w %) on the thermal stability of
elastomers obtained by prepolymerization. The
mechanism of the decomposition was assessed
using the extracted curves obtained by deconvo-
lution of derivative thermogravimetric (DTG)
data. The non-isothermal kinetic parameters (the
reaction order and the activation energy) were
determined using TG data at one heating rate.

2. EXPERIMENTAL

2.1. Materials and polyurethane film
preparation

Aliphatic polycarbonate macrodiols with
molecular mass around 1000 (PCDL T5651
and T4671) were kindly provided by Asahi Ka-
sei Chemical Corporation. All characteristics
of macrodiols were given by the supplier. For
PCDL T5651: OH value: 111.4 mg KOH/g; wa-
ter content: 0.0052 w/w %; viscosity at 50 °C:
1619 mPas. For PCDL T4671: OH value: 109.9
mg KOH/g; water content 0.0072 w/w %, vis-
cosity at 50 °C: 2388 mPas. The hexamethylene-
diisocyanate (HDI), 1,4-butane diol (1,4-BD),
and the catalyst, dibutyltin dilaurate (DBTDL),
used were all from Fluka. The catalyst solution
was prepared in Marcol oil (20 ww %). As a
solvent, tetrahydrofuran (Sigma Aldrich) was
applied. Organically modified montmorillonite
(Cloisite®15A, produced by Southern Clay Prod-
ucts, Inc.) and organically modified bentonite

Table 1

(Bentonite for organic systems, BO, Fluka) were
used as nanofillers.

Segmented polycarbonate-based polyu-
rethane films were prepared by prepolymeriza-
tion. During the two-step procedure, the ratio of
OH groups from the diol and chain extender was
kept constant (R = 1), while isocyanate compo-
nent was added in slight excess (NCO/OH, =
1.05). In the first step, tetrahydrofuran was added
to the polycarbonate diol, then DBTDL (cata-
lyst concentration was 0.05 w/w %). Then the
pertinent excess of HMDI was added, and the
mixture was stirred for 24 h at room tempera-
ture. The viscosity of the system increased due
to the NCO encapped prepolymer formation. As
a final step, the chain extender was added to the
reaction system, mixed, and degassed in order to
remove residual bubbles. Finally, the prepared
reactive system was spread on a polypropylene
sheet using a ruler (slot width 500 um) and left
for 24 h at room temperature in an inert atmos-
phere for the reaction of BD with the prepolymer
and for gradual solvent evaporation. The sample
preparation was finalized by post curing at 90
°C for 1 h. For the synthesis of hybrid materials,
the procedure was the same, except of the first
step, where the organolayer silicate (bentonite
and montmorillonite) nanoparticles were left to
be dispersed in the mixture of polycarbonate diol
and solvent for 48 h. The code and description of
prepared polyurethane elastomers and their na-
nocomposites are given in Table 1.

The sample code and composition
of obtained PC-PUs and their nanocomposites

Sample code PC diol Nanofiller (1 w/w %)
5651/0 5651 -
5651 /BO 5651 bentonite
5651/ 15A 5651 montmorillonite
4671/0 4671 -
4671 /BO 4671 bentonite
4671 /15A 4671 montmorillonite

Maced. J. Chem. Chem. Eng. 32 (2), 319-330 (2013)
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2.2. Thermogravimetry coupled with
differential scanning calorimetry
(TG-DSC analysis)

The thermal decomposition of the
samples was studied by simultaneous TG/DSC
measurements using the TA Instruments SDT
Q600 thermal analyzer. The measurements
were performed from room temperature to
450 °C in flowing-nitrogen atmosphere (100
cm’/min), with a heating rate of 20 °C/min
and sample masses of about 3 mg, employing
an open alumina crucible and a corresponding
empty referent crucible.

3. RESULTS AND DISCUSSION

The structure of PC-PUs, prepared by a
two-step procedure under DBTDL-catalyzed
conditions, with separated (soft and hard) do-
mains is shown in Figure 1. Segmented aliphatic
polyurethanes consist of alternating crystalliz-
able hard segments (formed from the chain ex-
tender and diisocyanate component) and flexible
soft segments (made from polycarbonate diol).

The presence of hard domains in the structure is
directly related to the physical properties of seg-
mented polyurethane materials and connected to
their thermal stability [26]. By introducing or-
ganoclays in polymer matrix, reactions between
hard domains and nanofillers modify the thermal
behavior of the materials.

3.1. Thermal stability and decomposition of
the unfilled and filled PU materials

Thermogravimetric analysis coupled with
DSC (TG-DSC) of the polycarbonate-based
polyurethanes and their reinforced elastomers
has been performed to obtain information on the
influence of macrodiol type and the presence
of nanofillers on the thermal decomposition
of the materials. In order to gain a better
insight into the thermal behavior of novel
polyurethanes, the thermal stability of each
starting component was studied also. TG and
DTG curves of polycarbonate diols 5651 and
4671 and the diisocyanate and chain extender
(hard segments) are shown in Figure 2.

20CN—(CH5)g—NCO + HO—\AAANNNAS—OH

HDI

H o DBTDL
|

polycarbonate diol (in THF)
O H
I

OCN = (CHy)g —N—C — O — " AAAANANS—0—C —N — (CH,)g -—NCO

NCO encapped prepolymer

+
chain extender \

HO — (CH,),— OH

14-BD

o H H O O H H O
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Fig. 1. Scheme of the prepolymerization used for the preparation
of polycarbonate-based polyurethanes
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Fig. 2. TG and DTG curves of the starting compounds: a) pure polycarbonate diols;
b) pure chain extender (1,4-BD) and pure diisocyanate component (HDI)

Figure 2 shows that the thermal stability
of polycarbonate diols is significantly higher
than the reactive components used for hard-
segment formation. The thermal stability of
polycarbonate diol 5651 is higher by 10 °C
compared to the stability of diol type 4671
(onset for diol 5651 is 307 °C; onset for diol
4671 1s 295 °C; see Figure 2a). The difference
in the thermal stabilities of HDI and 1,4-BD is
somewhat higher (for HDI onset is 106 °C, and
for BD onset is 128 °C; see Figure 2b).

As derivative thermogravimetric (DTG)
curves are more sensitive than TG curves,
the decomposition of polyurethanes and their
nanocomposites based on PC diol type 5651

Maced. J. Chem. Chem. Eng. 32 (2), 319-330 (2013)

or PC diol type 4671 is presented by the
corresponding DTG curves in Figures 3a and
3b.

The onset temperature is about the same
for all samples: 7 = 298 + 3 °C. At the lower
temperature, a small weight loss of ~4 % is
observed. The shape of DTG curves refers to
a complex decomposition pattern involving
several overlapped processes. The presence of
nanofillers does not affect the onset temperature.
However, it shifts the peak temperature to higher
values. This means that it has an effect on the
decomposition rate. Namely, nanofillers slow
down the decomposition of the elastomers. The
decomposition is not complete, and above 400
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Fig. 3. DTG curves of unfilled PU elastomers and filled with 1 w/w % of organoclays,
based on a) PC diol 5651 and b) PC diol 4671

°C, some carbonaceous char residue is left. The
amount of the residue in materials with nanofillers
is evidently higher because neither montmorillonite
nor bentonite is volatile. The increase of char
amount of nanocomposites compared to unfilled
elastomers is somewhat higher than expected on
the basis of the amount of the additive (1 ww %),
indicating that clay particles affect the degradation
pathway [20]. The nanoparticles generate a “barrier
effect,” which causes a delay in the release of
volatile products in comparison to the pure polymer
[27]. The change in the decomposition rate could be
the consequence of an extended H-bond network
in the elastomers or/and because the small filler
molecules slow down the heat transfer between

the layers (see DTG peaks in Figure 3). Thermal
enhancement by montmorillonite dispersion in
polymer matrix was already observed [28-30]. The
addition of bentonite to PUs also slightly improved
thermal stability.

In DSC curves (Figure 4) the effect of na-
nofillers is even more emphasized. The influence
of the nanofillers on the decomposition mechanism
is clearly seen. The endothermic decomposition
in filled polymers consists of better separated pro-
cesses, which are less endothermic compared to the
corresponding unfilled elastomers. The nanofill-
ers affect the decomposition pattern of elastomers
more with diol type 5651 than those containing
type 4671.

Maced. J. Chem. Chem. Eng. 32 (2), 319-330 (2013)
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DSC curves of unfilled and filled samples
before decomposition temperature show one very
small (more visible in PUs based on PC diol type
4671) endothermic change near 90 °C, which may
be related to the melting of hard segments.

The detailed inspection of DTG curves
suggests that the decomposition consists of
multiple processes, taking place simultaneously
and which can be separated by deconvolution
using the Gaussian equation. Figure 5 shows that
deconvolution of DTG peaks for the PU series
based on diol type 5651. The degradation profiles
in nitrogen atmosphere exhibit three peaks (steps),
which are described by the peak area (Am) and
peak maximum (7). It has been reported that the
amount of weight lost at each degradation stage
may be used as a quantitative measurement of the
hard (HS) and soft (SS) content in the segmented

Maced. J. Chem. Chem. Eng. 32 (2), 319-330 (2013)

PUs [31]. On the basis of the contribution of
each degradation step with corresponding peak
maximum, the influence of the macrodiol type
and organoclay addition on the decomposition
pattern might be explained. The first stage,
detected at low temperature, is connected with the
HS degradation. The two high-temperature steps
are probably associated with the degradation of
the soft segments, due to the building units in the
macrodiols. The chains of both polycarbonate diols
consist of hexamethylene (C6) and tetramethylene
(C4) units between carbonate groups, but in
various ratios. Similar data were found in literature
[32]. The results of the numerical analysis of the
polyurethane materials decomposition are listed
in Table 2. The appearance of HS degradation at
low temperatures is most probably due to the low
thermal stability of the hard-segment building
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Fig. 5. Determination of multiple decomposition
stages (position and area) by deconvolution of DTG
curves for polyurethanes based on PC diol type
5651: pure (5651 / 0), with 1 w/w % of bentonite
(5651 / BO), and with 1 w/w % of montmorillonite
(5651/15A)

units (Figure 2b). The presence of the two last
high superposed DTG maxima in polyurethanes
and their nanocomposites may be the result of the
high thermal stability of the pure polycarbonate
diols (Figure 2a).

The average value of the first decomposi-
tion peak contribution, 4, is 28.8, and it is re-
lated to the hard-segment content in all samples
calculated to be 30 w/w %. The sum of the con-
tributions of two other decomposition steps (4,
and 4,) is connected to the soft-segment content
(70 w/w %). Results obtained using deconvolu-
tion of DTG peaks show that this method might
be suitable for quantitative determination of
hard and soft segments in segmented PC-PUs.
The addition of 1 w/w % of bentonite or mont-
morillonite slightly shifts the temperature of
each degradation step to a higher value (Figure
6). The temperature increase of three decompo-
sition stages is more pronounced for polyure-
thanes based on PC diol type 5651.

3.2. Kinetics of thermal degradation
of a series of segmented unfilled and filled
polyurethanes

The thermal degradation kinetics of
segmented unfilled and filled polyurethanes was
also studied. The correct interpretation of the
kinetic parameters of the decomposition obtained
from experimental data is not an easy task, and it
significantly depends on the method used for the
calculation [23]. Several integral and differential
methods could be applied for the determination of
kinetic parameters of the thermal decomposition
using thermogravimetric data [33, 34]. In this
work, data obtained at only one heating rate
(20 °C/min) has been used for the determination
of the reaction order and activation energy. First,
TG curves were transformed into conversion vs.
temperature curves using Equation 1:

w,-w.
a(l)= T ()

where a is the degree of conversion, W is the
initial weight, I¥_is the final weight, and W is the
weight at temperature 7' (K).

The activation energy and the reaction order
were determined using the non-isothermal direct
differential method presented by Equation 2:

Maced. J. Chem. Chem. Eng. 32 (2), 319-330 (2013)
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Table?2

Data describing the degradation stages obtained by deconvolution of polyurethanes DTG curves

First degradation step Second degradation step Third degradation step
Sample code Peak Peak Peak Peak Peak Peak
arca maximum area maximum arca maximum
4, (%) T, (°C) 4,, (%) T,,(°C) 4, (%) 'T,,(°C)
5651/0 27.6 317 59.8 345 12.6 377
5651 /BO 294 328 62.6 356 8.0 386
5651/ 15A 32.0 329 53.6 359 14.4 386
4671/0 22.0 319 71.0 345 7.0 375
4671 /BO 36.5 324 49.3 349 14.0 379
4671 /15A 25.7 325 67.5 358 6.8 387
average value 28.8 324 60.7 352 10.5 382
st. deviation 5.1 5.0 8.2 7.0 3.7 5.0
applied: the correlation coefficient between
da _4 e*% f(@) 5 the left-hand side of Equation 5 and 1/T was
dT S (2) expressed as a function of the reaction order,

where 4 is the preexponential factor, R is the
gas constant, £ is the heating rate, and £ is the
energy of activation. For most of the reactions,
fla) 1s usually [35] defined as:

fl@)=(10-a) )

where n is the reaction order.

Introducing the form for fla) and
applying natural logarithm, Equation 2 can be
transformed into

da
_dr __j, 4L 4)

In =
(I-a) B RT

The left-hand side (including the reaction
order n) of Equation 4 versus 1/7 gives a line.
Its slope gives the activation energy (E),
while the intercept is equal to the frequency
factor (4). In the first step, the reaction order
was determined. The following approach was

Maced. J. Chem. Chem. Eng. 32 (2), 319-330 (2013)

which is shown for the unfilled elastomer based
on PC diol type 5651 (Figure 6). In all cases,
the achieved correlation coefficient was high
(above 0.99). The value of the reaction order was
chosen on the basis of the maximum correlation
coefficient. With the determined reaction order,
the slope of the plot of In((da/dt)/(1-a)") vs. 1/T
gives E_(Figure 7 and Table 3).

0.99-
0.98

0.97}-

Correlation coefficient

0.96

0.9

w0

1 2 3 4
Reaction order

Fig. 6. Correlation coefficient dependence on the reaction
order for unfilled polyurethane elastomer based on PC
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In(dal(1-a)*n)
A

15 1.6 17 18
AIT (1/K) * 1043

diol type 5651

Fig. 7. Dependence of the left side of Eq. 4 on reciprocal
temperature for unfilled polyurethane elastomer based on
PC diol type 5651

Table 3

Kinetic parameters
(reaction order and activation energy) of the
degradation process of polycarbonate-based
polyurethanes and their hybrid materials

Sample code  Reaction order, Activation energy

n E, (kJ/mol)
5651/0 1.76 195.5
5651 /BO 1.54 182.2
5651/ 15A 1.50 167.9
4671/0 1.53 186.3
4671 / BO 1.70 185.1
4671/ 15A 1.35 164.2

The variation in reaction order and acti-
vation energy values confirmed the complexity
of the PC-PUs thermal degradation mechanism
caused by the addition of organoclay nanoparti-
cles. As no regularity was found in the values of
either the reaction order or activation energy, the
effect of nanoparticles on the thermal decomposi-
tion of polymers was mainly evaluated from the
decomposition temperatures recorded during the
thermogravimetric analysis.

4. CONCLUSIONS

A series of all aliphatic polycarbonate-
based polyurethanes and their hybrid materials,
with 30 ww % of hard segments, were synthe-
sized using prepolymerization. Mineral-rein-
forced nanocomposites were obtained by 1 w/w
% addition of organically modified bentonite and
montmorillonite. It was determined that soft seg-
ments (polycarbonate diols) possess significantly
better thermal stability than hard-segment build-
ing units consisting HDI and 1,4-BD blocks, with
higher values for the decomposition onset and
DTG peak temperatures by about 200 °C. The
onset temperatures of prepared polyurethanes
and their hybrid materials were found to be 298
+ 3 °C. The influence of macrodiol choice and or-
ganoclay addition was determined by deconvolu-
tion of DTG curves using the Gaussian equation.
A detailed inspection of obtained Gaussian curves
suggested that thermal degradation processes con-
sist of three steps, taking place simultaneously in
temperatures ranging from 300 to 410 °C. The
first stage, detected at low temperature, is con-
nected with hard-segment degradation, and the
two high-temperature steps are probably associ-
ated with the degradation of soft segments, due
to the different chain constitutions of the macro-
diols used. The addition of nanofillers shifted the
temperatures of all decomposition stages higher,
causing a thermal stability enhancement of pre-
pared materials due to the interaction between
layered silicates and PU matrix. Degradation ki-
netics (activation energy and reaction order) was
determined, applying the proposed method based
on only one heating rate. Obtained variation of ki-
netic parameters has confirmed the complexity of
the thermal degradation mechanism of prepared
nanostructured polyurethanes.
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