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Abstract New polyurethane chemically crosslinked net-

works containing silica were synthesized by both Diels–

Alder polymerization and Michael addition reaction.

Structural characterization of the products was evidenced

by proton nuclear magnetic resonance and attenuated total

reflectance in conjunction with Fourier transform infrared

spectroscopy techniques. Differential scanning calorimetry

was used to demonstrate the thermally remendable char-

acter of the materials obtained through Diels–Alder poly-

merization. The influence of increasing silica content on

the glass transition temperatures was studied. It was

observed that the glass transition temperatures increased

with increasing silica content. Absolute heat capacities and

crosslinking densities were determined for the thermore-

versible materials. A comparison between materials

obtained through Diels–Alder process and Michael addi-

tion method was studied. A kinetic study was conducted

via an isoconversional method. Morphological studies were

conducted by atomic force microscopy technique.

Keywords Hybrid materials � Retro-Diels–Alder �
Michael addition � Thermal remendability

Introduction

The quantitative recovery of polymers and their corre-

sponding monomers from polymer-containing waste has

become a real worldwide challenge in conserving petro-

leum resources, even for the most easily recyclable mate-

rials. In order to overcome this aspect, the research

domains in obtaining polymeric materials which combine

easy recycling, utilization of renewable resources, mild

synthetic reaction conditions, and biodegradability are

constantly expanding [1]. For these purposes, smart poly-

mers [2–6] or materials which can respond to several dif-

ferent external stimuli, such as change of temperature, pH,

atmosphere, light, magnetic field, and electric field, needed

to be synthesized. The properties of these polymers permit

them to be used in self-healing materials, in biomaterials

for biomedical applications, in microelectronic applica-

tions, and in materials with memory shape capacity [2–5].

Chemical recycling processes have proven to be more

and more effective. They consist in the depolymerization

and repolymerization cycles of the comprising monomers

with the reproduction of the initial polymeric material

[7, 8]. However, limitations in obtaining crosslinked

structures with such properties exist due to the use of tra-

ditionally covalent reactions in the crosslinking step with

the result of irreversible networks. Because of this aspect,

such networks exhibit severe limitations, e.g., lack of

control over the structural design of the final network and

potential side reactions (e.g., chain degradation) leading to

limited processing ability and remendability. In order to

surpass this impediment, the possibilities for reversible
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crosslinking reactions were exploited, including the

obtaining of thermoreversible crosslinked networks con-

taining Diels–Alder (DA) adducts [9–12]. However, liter-

ature in this research area is only limited to the preparation

of polymers or monomers containing a furan derivative

which reacts with a dienophile [13–19]. The three most

important advantages of the DA reaction are the following:

both DA and retro-Diels–Alder (rDA) reactions proceed

under relatively mild conditions, require no additives such

as catalyst, and generate no by-products.

In this paper, authors report the synthesis of new hybrid

networks containing polyurethanic chains and silica via

DA and Michael addition (MA) reaction and characterize

them by proton nuclear magnetic resonance (1H-NMR),

attenuated total reflectance in conjunction with Fourier

transform infrared spectroscopy (ATR–FTIR), differential

scanning calorimetry (DSC), and atomic force microscopy

(AFM) methods.

Materials and methods

Materials

(3-Aminopropyl)triethoxysilane (APTEOS) (Fluka), 3-iso-

cyanatopropyltriethoxysilane (IPTEOS) (Aldrich), tetra-

ethyl orthosilicate (TEOS) (Fluka), dibutyltin dilaureate

(DBTDL) (Merck-Schuchardt), 2-furfuryl alcohol

(Aldrich), dimethylformamide (DMF) (Aldrich), tetrahy-

drofuran (THF) (Aldrich), acetonitrile (Aldrich) were used

as received. Bismaleimide containing urethane groups

(BMI) was prepared by a method described in a previous

paper [20]. 2-Furylmethyl-(propyltriethoxysilane) carba-

mate (FPTEOS) was synthesized by a method described

below.

Synthesis

2-Furylmethyl-(propyltriethoxysilane) carbamate

2-Furylmethyl-(propyltriethoxysilane) carbamate (FPT-

EOS) was synthesized by addition reaction of 2-furfuryl

alcohol to IPTEOS in THF in the presence of DBTDL as

catalyst. After removing the solvent, a yellow viscous

product was obtained; FTIR (KBr, cm-1): 3340, 2975,

2928, 2886, 1724, 1533, 1443, 1390, 1245, 1165, 1103,

1079, 957 and 777; 1H-NMR (CDCl3-TMS), d (ppm): 7.40

(s, 1H, 5-furyl proton), 6.38 (d, 1H, J = 2.3 Hz, 3-furyl

proton), 6.345 (dd, 1H, J1 = 2, J2 = 3.2 Hz, 4-furyl pro-

ton), 5.3 (m, 1H, NH), 5.1 (s, 2H, CH2-furyl), 3.8 (m, 6H,

CH2–O), 3.15 (m, 2H, CH2–NH), 1.62 (m, 2H, CH2), 1.23

(t, 9H, CH3), 0.64 (m, 2H, CH2–Si).

Bis(triethoxysilane) monomers by DA cycloaddition

To a solution of urethane-bismaleimide (BMI) (1.0 mmol)

in acetonitrile (10 mL), FPTEOS was added (2.0 mmol)

and stirred at 80 �C for 12 h. After recovering the solvent a

yellow wax was obtained; FTIR (KBr, cm-1): 3990, 2938,

2852, 1776, 1710, 1605, 1542, 1516, 1393, 1315, 1230,

1108, 1075, 839, 772, 688; 1H-NMR (CDCl3-TMS), d
(ppm): 7.46 (d, 4H, aromatic protons), 7.17 (d, 4H, aro-

matic protons), 7.05 (m, 2H, NH-phenyl), 6.55 (d, 4H,

HC=CH cycloadduct protons), 5.37 (m, 4H, 2 protons of

CH2–NH–COO and 2 protons of CH–O cycloadduct), 5.04

(m, 4H, CH2-furyl), 4.18 (m, 4H, CH2–COO), 3.80 (m,

12H, CH2–O–Si), 3.64 (m, 2H, CH of succinimide cyc-

loadduct), 3.42 (m, 32H, CH2–O from poly(tetrahydrofu-

ran) (PTHF) structure), 3.17 (m, 4H, CH2–NH), 3.11 (m,

2H, CH of succinimide cycloadduct), 1.62 (m, 40H, 36

protons CH2 from PTHF structure and 4H of CH2–CH2–

Si), 1.21 (t, 18H, CH3), 0.61 (m, 4H, CH2–Si).

Bis(triethoxysilane) monomers by MA reaction

To a solution of BMI (1.0 mmol) in THF (10 mL), APT-

EOS (2.0 mmol) was added and stirred at room tempera-

ture for 24 h. After removing the solvent a yellow wax was

obtained; FTIR (KBr, cm-1): 3440, 2927, 2852, 1719,

1612, 1538, 1517, 1404, 1313, 1224, 1114, 1065, 835, 684;
1H-NMR (CDCl3-TMS), d (ppm): 7.48 (d, 4H, aromatic

protons), 7.18 (d, 4H, aromatic protons), 7.08 (m, 2H, NH),

6.73 (m, 2H, NH), 4.18 (t, 4H, CH2–OOC), 3.85 (m, 2H,

CH of succinimide ring), 3.81 (m, 12H, CH2–O–Si), 3.42

(m, 32H, CH2–O from PTHF), 3.06 (dd, 2H, CH of suc-

cinimide ring), 2.84 (m, 4H, CH2–NH), 2.37 (dd, 2H,

succinimide ring) 1.73 (m, 4H, CH2–CH2–Si), 1.63 (m,

36H, CH2 protons from PTHF structure), 1.22 (t, 18H,

CH3), 0.68 (m, 4H, CH2–Si).

Synthesis of polyurethane networks based on DA

monomers (PUSHDAN)

To a solution of BMI (0.001 mol, 1.08 g) in DMF (15 mL),

FPTEOS (0.002 mol, 0.69 g) was added and stirred at

80 �C for 8 h. The solution was cooled at room tempera-

ture and mixed with pre-established amounts of TEOS

according to Table 1. After about 5 min of stirring, 3 drops

of DBTDL and 3 drops of water were added and the stir-

ring continued for 10 min at room temperature and 2 h at

60 �C. The resulted mixture was used to obtain films by

pouring on a Teflon foil. The films were maintained at

80 �C for 48 h and another 12 h in vacuum at 80 �C. The

obtained colourless and transparent films (with a

0.1–0.25 mm thickness) were easily peeled off from the

substrate.
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Synthesis of polyurethane networks by Michael addition

(PUSHMAN)

To a solution of BMI (0.001 mol, 1.08 g) in DMF (15 mL),

APTEOS (0.002 mol, 0.47 mL) was added. The solution

was stirred at room temperature for 6 h and mixed with

pre-established amounts of TEOS according to Table 1.

Further, the same procedure as in the case of PUSHDAN

was followed.

Measurements

ATR–FTIR

The FTIR spectra were recorded on a Bruker Vertex 70

Instrument equipped with a Golden Gate single reflection

ATR accessory, spectrum range 600–4,000 cm-1.

1H-NMR

The 1H-NMR spectra were recorded on a Bruker NMR

spectrometer, Avance DRX 400 MHz, using DMSO-d6 as

solvents and tetramethylsilane as an internal standard.

DSC

DSC measurements were conducted on a DSC 200 F3

Maia (Netzsch, Germany). A mass of 10 mg of each

sample was heated in pressed and pierced aluminum

crucibles at a heating rate of 20 �C min-1. Nitrogen was

used as inert atmosphere at a flow rate of 50 mL min-1.

The temperature against heat flow was recorded. The

baseline was obtained by scanning the temperature

domain of the experiments with an empty pan. The

enthalpy was calibrated with an indium standard as well

as the heat capacity was calibrated by measuring with

sapphire disk supplied by Netzsch.

Crosslinking densities determination

Crosslinking densities were calculated following the method

described by Vera-Graziano et al. [21], using Eq. (1):

q0c ¼
Ci

p�C0
p

C0
p

¼
DCi

p

C0
p

ð1Þ

where Ci
p and C0

p are the heat capacities of the polymer

network at a given crosslinking density, ðq0cÞ
i
, and that of

macromonomer BTESDAM, respectively. In order to

determine the heat capacities, several heating curves were

measured in the temperature range from 30 to 180 �C all at

the same heating rate of 20 �C min-1. First, a baseline for

the DSC cell, B, was recorded using two aluminum empty

crucibles as sample and reference, respectively. After that,

a heating curve was recorded for a reference sample, R,

consisting of pure sapphire. This procedure was repeated

before recording every heating curve, S, for each sample in

Fig. 5. The difference in heat flow signal between the

sample and baseline and the total area between the curves

was measured. Then, the absolute heat capacities (Cps) of

the samples at given temperatures were obtained by the

height differences relation, using Eqs. (2) and (3):

Cpðsample) =
S�B

R�B
ð2Þ

Cpðsample) ¼ msapphire � DpðsampleÞ
msample � Dpðsapphire)

� Cpðsapphire) ð3Þ

where Dp(sapphire) and Dp(sample) are the effective dis-

placements of sapphire and sample, respectively; msapphire

and msample are the masses of sapphire and sample, in mg,

respectively; and Cp(sapphire) is the absolute heat capacity

of sapphire (in J g-1 K-1) from the literature [22]. Such

determinations were made by instantaneously raising the

sample temperature one degree (from Tx to Tx?1). The area

limited by the curve and the baseline, between Tx and Tx?1, is

the heat capacity, in accordance with its definition

[23, 24]. Determinations were properly done because of the

Table 1 Composition of hybrid materials

Network BMI/g FPTEOS/g APTEOS/g TEOS/g Silicate content*/%

PUSHDAN-1 1.08 0.65 – – 8.28

PUSHDAN-2 1.08 0.65 – 1 21.47

PUSHDAN-3 1.08 0.65 – 2 29.15

PUSHMAN-1 1.08 – 0.44 – 10.05

PUSHMAN-2 1.08 – 0.44 1 27.61

PUSHMAN-3 1.08 – 0.44 2 35.31

* As calculated from the added quantity of FPTEOS, APTEOS or TEOS
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small thermal inertia of the DSC equipment allowing the

sample to absorb only the required energy to raise its tem-

perature just one degree in the elapsed time.

Kinetic parameters determination

Global kinetic parameters of the rDA reaction were

determined by Flynn–Wall–Ozawa method (FWO) [26–30]

which uses shifts in the temperature domain of the heating

curves with heating rate increase. For this purpose,

approximately the same mass (10 mg) of a sample obtained

through DA reaction (PUSHDAN-3) was heated at four

different heating rates of 5, 10, 15, and 20 �C min-1,

respectively (Fig. 1). The values of the peak temperatures

(Tp) and of the enthalpies of the endothermic process at all

four heating rates are given in Table 2. The final form of

the mathematical expression of FWO method by Doyle

approximation [25, 31], is given in Eq. (4):

dðlogbÞ
d(1/TpÞ

¼ � 0:4567Ea

R
ð4Þ

where Ea is the activation energy (kJ mol-1), b is the

heating rate (�C min-1), and R is the gas constant (8.314 J

mol-1 K-1).

If the assumption of a first order reaction proves valid,

for the same value of a, the plot of logb as a function

of 1/Tp is a straight line with the slope proportional with

the Ea. The pre-exponential factor A (s-1) can be deter-

mined using Eq. (5) [32]:

A ¼ b� Ea � expðEa=R� TpÞ
R� T2

p

ð5Þ

The non-isothermal heating curves were processed by

means of Netzsch Thermokinetics 3 software.

AFM

AFM images were collected in semicontact mode using a

Solver PRO-M, NT-MDT, Russia.

Results and discussion

Synthesis

The polyurethane silica containing crosslinked networks were

synthesized by both DA and MA reactions of BMI using

FPTEOS or APTEOS, respectively, followed by sol–gel pro-

cess of triethoxysilane groups and TEOS (Scheme 1; Table 1).

The ATR–FTIR spectra confirmed the proposed struc-

tures. The reaction between BMI and FPTEOS was moni-

tored by the disappearance of the characteristic peak of

maleimide group at 1,158 cm-1 and the decrease of the

overlapping band NH–COO (urethane) and C=C (in furan) at

1,535 cm-1 (Fig. 2). There, two new absorption bands which

appeared at 1,776 cm-1 due to the maleimide-furan cyc-

loadduct [33] and at 1,195 cm-1 due to asymmetric mC–N–C of

cycloadduct and a decrease in intensity of the bands at 1704,

834 and 689 cm-1 attributed to the maleimide group can also

be observed. After the sol–gel process takes place, a new

absorption band appears in the spectra of PUSHDAN-1-3 at

1,069 cm-1 attributed to the asymmetric stretching of the Si–

O–Si group [34]. The intensity of this band increases from

PUSHDAN-1 to PUSHDAN-3 due to the increase of the Si–

O–Si groups in the hybrid network with increasing TEOS

content. As it can be observed, in the ATR–FTIR spectra of

the hybrid materials obtained by Michael addition reaction,

PUSHMAN-(1-3), there are no major differences comparing

with the spectra of PUSHDAN-(1-3). However, it should be

noted that the symmetric and asymmetric absorption bands

characteristic to the carbonyl group are shifted to higher

wavenumbers in the case of the Michael addition products.

Thermally reversible polyurethane networks

The DA and rDA reactions of hybrid polyurethane net-

works were monitored by ATR–FTIR spectroscopy and

DSC measurements.

0.0

a

b

c

d

–1.2

–0.6

40 60 80 90

Temperature/°C

H
ea

t f
lo

w
/m

W

120 140 160 180

Fig. 1 DSC heating curves: a 5 �C min-1, b 10 �C min-1, c 15 �C

min-1 and d 20 �C min-1

Table 2 Peak temperatures and enthalpy values of endothermal

reaction (�C)

Heating rate, mh/oC min-1 Tp/oC DH/J g-1

5 124.17 -42.51

10 133.03 -39.18

15 137.75 -43.84

20 143.04 -39.07
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ATR–FTIR

The ATR–FTIR spectra of PUSHDAN-2 films recorded at

25, 150 �C, after cooling at 25 �C, and after curing the

sample at 80 �C for 6 h are presented in Fig. 3. By heating

PUSHDAN-2 at 150 �C, the furan-maleimide cycloadducts

from the crosslinked network de-bonded generating free

furan groups which resulted in an increase of the absorp-

tion band at 1,518 cm-1 (spectrum b). Also, the retrodienic

process is indicated by the fact that the carbonyl absorption

band shifts to higher wavenumber (from 1,706 to

1,714 cm-1). The de-bonded crosslinking sites have par-

tially formed again when cooling the sample. The
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formation of furan-maleimide adducts was accompanied by

a decrease in the furan absorption intensity and a shift to

lower wavenumber values of the carbonyl absorption band

(from 1,714 to 1,710 cm-1) [35]. The recovery reaction is

not complete probably due to the rigidity of the dienic

component (which now is a silica network with free furyl

groups), which leads to the slowing down of the reaction.

So, after heat treatment at 80 �C for 6 h, the carbonyl band

shifts back to the initial value, while the furan absorption

band decreases in intensity, indicating the complete refor-

mation of the cycloadduct.

DSC

DSC analyses are often implied in characterizing materials

with thermoreversible properties [36, 37]. Figure 4 indi-

cates three heating cycles of the sample PUSHDAN-2

recorded in the temperature range from 30 to 180 �C and

two cooling curves from 180 to 30 �C at a cooling rate of

-5 �C/min with liquid nitrogen. A reproducible glass

transition temperature (Tg) was observed at a value of

113 �C on all three heating curves corresponding to the Tg

of the crosslinked network. This transition underwent a

broad endothermic process at a peak temperature value of

150 �C. A wider and less intense exothermic peak was

observed on both cooling curves at a peak temperature

value around 130 �C.

The endothermic process is attributed to the rDA reac-

tion which mainly involves the chemical de-bonding

between maleimide and furfuryl moieties in the crosslinked

network structure [1, 38, 39]. On the cooling segments, the

networks repolimerized via DA reaction. Process enthal-

pies yielded similar values of -10.46, -8.367, and

-7.785 J g-1 for rDA reaction and 1.699 and 1.257 J g-1

for DA reaction, respectively.

Figure 5 displays the glass transition temperatures

(Tgs) on the second heating curves of samples PUSHDAN-

(1-3). The DSC curve for the non-crosslinked macromo-

nomer adduct of a semi-solid glassy texture (BTESDAM)

was also recorded until a Tg was observed at 78 �C.

Tgs shifted to slightly higher values with increasing silica

content. The increase of silica content in the solution

composition increased the crosslinking density from sam-

ple PUSHDAN-1 to PUSHDAN-3 due to weaker seg-

mental motion of the chains. This lead to chain stiffness

because of a reduction of free volume in the network [40,

41]. It has been also reported that silicone crosslinking

groups enhance the toughness of the network as the Si–O

bonds are known to be stronger compared to C–C bonds

[42].

Cps values and crosslinking density values are given in

Table 3. It can be observed that crosslinking density values

increase with the decrease of Cps values, as expected. The

Cp is an energetic characteristic of the chain segments

movement. Upon increasing values of the crosslinking

degree, reduction of free volume between chain segments
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Fig. 5 Effect of increasing silica content on Tgs: a BTESDAM,
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Table 3 Heat capacities and related crosslinking data

Sample code Heat capacity, Cp/J g-1 K-1 q0c

BTESDAM 2.6386 0.0000

PUSHDAN-1 2.5901 0.0184

PUSHDAN-2 2.5777 0.0231

PUSHDAN-3 2.4896 0.0565
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sterically hinders their movement, thus lowering the Cps

values.

A comparative DSC study was conducted between a

sample obtained by DA polymerization (PUSHDAN-1)

and another one through MA reaction [43] (PUSHDAM-1).

Both samples were heated at a rate of 20 �C/min. Figure 6

displays the second heating curve of the sample PUSH-

DAN-1 (Fig. 6a) and the first heating curve of the sample

PUSHDAM-1 (Fig. 6b). The sample obtained through MA

reaction presented a single endothermic transition at a

centered temperature value of 93 �C. Sample PUSHDAN-1

exhibited a Tg at a 109 �C, as also shown in Fig. 5, and the

wide endothermic peak characteristic for the rDA process

at a temperature value of 150 �C, similar to PUSHDAN-2.

This highlighted the capability of the latter system as a

thermally remendable material.

Kinetic study

The sum of all the basic steps of the rDA reaction equals

the enthalpy change of the process. Owing to this aspect,

the DSC data permit the evaluation of kinetic parameters of

the reaction. Estimations can be both qualitative and

semiquantitative. In a qualitative estimation, the position,

shape, and number of DSC peaks are considered. In a

semiquantitative estimation, the thermochemistry and the

kinetics of the rDA reaction relate to the area and shape of

the observed endothermic peak. The shape of the peak and

the minimum and maximum peak temperatures are con-

trolled by the kinetics, while the peak area is determined by

the enthalpy change [44].

The different expressions of rate equations used in

kinetic analysis of solid state reactions can be found in the

literature [45]. Under non-isothermal conditions, examples

of different shapes of the theoretic thermal analysis curves

of the conversion degree (a), and alternatively, the rate of

40

a

b
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Temperature/°C

120 140 160 180
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–1.0

–0.5

H
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t f
lo

w
/m

W

Fig. 6 DSC curves of samples: a PUSHDAN-1 (second heating

curve) and b PUSHDAM-1 (first heating curve)
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103.1/ Tp/K–1

2.6 2.7 2.82.2
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Fig. 7 Plot of heating rate versus reciprocal absolute temperature

Table 4 Global kinetic parameters determined by FWO method

a Ea/kJ mol-1 A/s

0.02 95.83 ± 3.52 9.33 9 109

0.1 103.15 ± 6.25 1.162 9 1011

0.2 104.18 ± 7.56 2.754 9 1011

0.3 104.20 ± 8.43 2.951 9 1011

0.4 105.37 ± 8.57 4.266 9 1011

0.5 108.07 ± 8.19 9.772 9 1011

0.6 112.05 ± 8.24 3.236 9 1012

0.7 117.61 ± 9.56 1.659 9 1013

0.8 124.78 ± 13.63 1.318 9 1014

0.9 132.24 ± 24.29 1015

0.98 137.2 ± 47.57 3.09 9 1015

0.0

Exo

–0.3

–0.2

–0.1

80 100
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H
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w
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Fig. 8 Comparison of experimental curves (open circle) with those

calculated from kinetic data (straight line) at: a 5, b 10, c 15 and

d 20 �C min-1
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change of a, (da/dT), as functions of temperature, corre-

sponding to the rate equations, can also be found in the

literature [46]. These curves were constructed by means of

the Doyle approximation [25] for the temperature integral.

The kinetic features of the reaction can only be esti-

mated from a single dynamic (i.e., a and T) experiment if

assumptions are made about the form of the rate expres-

sion. It is often assumed, without appropriate justification,

that the reaction of interest can be regarded as a first order

process, Eq. (6), where f(a) is the conversion function [46].

f ðaÞ¼ 1�a ð6Þ

The kinetic plot obtained by the FWO method and

global process parameters values are given in Fig. 7 and

Table 4. Ea values for the rDA reaction vary from 95.83 to

137.2 kJ mol-1. Ea values increase with conversion degree

thus suggesting that the process takes place in a successive

reaction pattern [47]. Multivariate non-linear regression

method was performed to determine reaction model for the

four heating rates and to find the real form of the

conversion function [47]. After testing of 16 reaction

types, the best results were obtained for a n-th order

reaction form, given in Eq. (7). A simple single step

reaction model was found to be the best fit for the chosen

kinetic pattern.

f ðaÞ ¼ ð1� aÞn ð7Þ

In order to check the form of the conversion function

and the accuracy of the kinetic parameters, the

experimental curves were compared to software

simulated ones, by multivariate non-linear regression,

using data presented in Table 4. Figure 8 shows the

comparison of experimental data with simulated data.

The value 0.995305 of the correlation coefficient indicated

good fitting between experimental and calculated data. The

correlation coefficient value very close to 1 proves the

validity of the chosen kinetic model. The parameters of the

rDA reaction obtained through multivariate non-linear

regression method are given in Table 5.

It can be observed that the kinetic parameters corre-

sponding to the rDA process and determined by multivar-

iate non-linear regression method are in the range of global

ones determined by FWO method. Moreover, Ea and

Table 5 Kinetic parameters of the rDA reaction by multivariate

non-linear regression method

Heating rate,

mh/oC min-1
Ea/kJ mol-1 A/s n DH/J g-1

5 112.21 3.92 9 1012 1.24 -32.26

10 -32.85

15 -27.64

20 -28.27
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Fig. 9 AFM images of:

a PUSHMAN-1, b PUSHMAN-

2, c PUSHDAN-1 and

d PUSHDAN-3
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A values of 112.21 kJ mol-1 and 3.92 9 1012 (Table 5) are

almost equivalent to those corresponding to an a value of

0.6. The main difference between the two applied kinetic

methods is the form of the conversion function. If FWO

method imposes a first order reaction model, multivariate

non-linear regression method found the best kinetic fit

between experimental and simulated data for an n-th order

reaction model.

Morphological studies

The morphology of the films PUSHMAN-1,2 and PUSH-

DAN-1,3 has been investigated by AFM technique

(Fig. 9a–d). In general, the topographic features obtained

with AFM for hybrid materials films were found to depend

on the organic/inorganic phase behavior which also affects

the values of mean squared roughness (RMS). RMS values

depend on the surface textures since the surface roughness

can be defined as the irregularities of the surface texture.

The surfaces of PUSHMAN-1 and PUSHDAN-1 films,

obtained by sol–gel process of BTESMAM and BTES-

DAM, respectively, without adding TEOS, have low

roughness (RMS = 0.8 and 0.3 nm, respectively). The low

values for roughness suggest that the prepared films have

an excellent surface planarity. PUSHMAN-2 and PUSH-

DAN-3 films (obtained when adding TEOS) also have

surfaces with low roughness (RMS = 1.22 and 1.08 nm,

respectively). However, the roughness in this case is higher

than in the case when TEOS is not used, suggesting that the

degree of surface roughness when using TEOS is lower

than in the hybrid materials obtained without adding

TEOS. These results also suggest that the domain sizes of

the inorganic phase are smaller in the hybrid materials

obtained without adding TEOS [48].

Another observation that can be made is that the silica

particles are more uniformly dispersed in the films of DA

products than in the films of MA products, their size being

comparable. The roughness of DA hybrid materials films is

lower than that of MA hybrid materials films.

Conclusions

New polyurethane and silica-based crosslinked networks

were synthesized by both DA and MA reactions of BMI

using FPTEOS or APTEOS, respectively, followed by sol–

gel process of triethoxysilane groups and TEOS. 1H-NMR

confirmed the formation of the soluble non-crosslinked

starting macromonomers used in both synthesis paths. The

formation of the crosslinked network structures was evi-

denced by ATR–FTIR method. ATR–FTIR, together with

DSC method, was also used in demonstrating the thermally

remendable character of the samples obtained through DA

process. Both methods showed the reproducibility of the

rDA reaction upon heating and that of the DA process upon

cooling the samples. Heat capacities and crosslinking

densities were determined by DSC technique. Tgs and

crosslinking density values increased with silica amount

increase and Cps values decrease.

Global kinetic parameters were determined by FWO

isoconversional method. A good correlation between

experimental data and simulated data was found proving

the accuracy of the chosen kinetic model.

Morphological studies, by AFM technique, indicated

lower roughness and more uniformly dispersed silica par-

ticles in the DA obtained films.
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