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ABSTRACT

In this work, thermal degradation of polyurethamestaining different feed concentration of 4-
[bis(2-hydroxyethyl)amino]-4itroazobenzene as nonlinear optical chromopho @) is
presented, using dynamic thermogravimetric analy@&A) in air atmosphere at different
heating rates viz. 5, 10 and 20°C mirPolyurethanes were synthesized by copolymerizatio
4-[bis(2-hydroxyethyl)amino]-4itroazobenzene and N-phenyldiethanolamine  with4- 2,
tolyenediisocyanate. Degradation activation enesgiee calculated using model free multiple-
heating rate methods i.e. Kissinger, Friedman arm\@a-Flynn-Wall. The values of activation
energy thus obtained are directly proportional teetfeed concentration of chromophore.The
lower value of activation energy for polyurethanentining 100% chromophore feed
concentration suggests its lower resistance to raatng its use in electro optic device
applications.
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INTRODUCTION

In recent years, poled polymers [1-7] with nonlinegtical (NLO) chromophores have attracted
a great deal of attention owing to their tremendpoential for ultra fast electro optic devices.
However, fabrication of efficient photonic devicissa challenging task as such systems place
additional demands on poled polymeric materialtugiag exceptional thermal stability of both
polymer and chromophore, high density of NLO chrphmre, good temporal stability of poling-
induced polar order, etc. Generally, polymers pgssg high glass transition temperatureg (T
can lock the chromophore in their acentric ordeerapoling and hence show good temporal
stability of aligned chromophores [8, 9]. Recentlye have reported [10] novel highy T
polyurethanes with NLO chromophore synthesizedgusopolymerization approach. Moreover,
the resulting polymeric materials were found to g@ss good temporal stability of poling
induced aligned chromophores and hence they seémdx@ promising materials for NLO
applications. Therefore, it is essential to studwermal degradation kinetics of these
polyurethanes to further enhance their performdoicBlLO applications.
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The kinetic study of thermal degradation providegful information to determine optimum
conditions for integration and packing process bONdevices. Thermal degradation may cause
serious problems to these polymeric materials dutineir use at elevated temperatures.
Therefore, an accurate control of the processimgvearking conditions of these NLO polymeric
materials is very important to design the devicath wesired electro optic properties without
damage of any sort.

Thermogravimetric analysis (TGA) is often usedxaraine the behavior of polymeric materials
during thermal degradation [11-16]. One of its madvantages is the high reproducibility of
results in dynamic mode that assures the calculaifgprecise kinetic parameters. The kinetic
equations describing the material weight loss #Hemint temperatures and atmospheres can be
applied to optimize the operating conditions fovide applications.

The aim of the work undertaken is to investigate timermal degradation kinetics of
polyurethanes with NLO chromophore under flowingcainditions. Dynamic thermogravimetric
runs were carried out to examine the behavior daerras at different heating rates. It is now
recognised that kinetic analysis based on singlilg rate methods is very unreliable and
problematic [17, 18]. Therefore, the use of mudtipkating rate methods, e.g., Kissinger [19],
Friedman [20] and Ozawa-Flynn-Wall (O-F-W) [21, 22c. is preferred. Therefore, in the
present study kinetic parameters of thermal degi@daf polyurethanes were determined by
using FriedmanQO-F-W and Kissinger methods. This paper also reptre effect of feed
concentration of NLO chromophore on activation gresr of polyurethane degradation stages.

MATERIALS AND METHODS
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Fig. 1. Structure of polyurethanes with different tiromophore concentration
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Sample Preparation

The synthesis of polyurethanes with different feembncentrations of 4-[bis(2-
hydroxyethyl)amino]-4nitroazobenzene as NLO chromophore has been bedan our earlier
paper [10] (Figure 1). The synthesized polyurethanes weharacterized using different
techniques including IR, NMR, gel permeation chrtygaaphic (GPC) technique, UV/Visible
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absorption spectroscopic technique and thermahtqubs. Molecular weights of the polymers
determined by GPC were found in the rangg M4910-5880 (M/M, = 1.88-1.98). The glass

transition temperatures of these polyurethanes wlifferent feed concentrations of NLO

chromophore have been found in the range 23124&xcept for polyurethane with 100 % feed
concentration of NLO chromophore, which show abseoicT,). The prepared samples were
dried in a vacuum desiccator before taking thentloggrams.

Methods

Thermal degradation measurements were carried owingu Perkin  Elmer,
thermogravimetric/differential thermal analyzer (D3 A) in flowing air atmosphere (50 mL
minY). The TG/DTA analyzer was calibrated before reayothermograms. Dried alumina
powder was used as reference material and ceraample holder was used for taking
thermograms. The samples were heated from amig@egerature to 700 °C at various heating
rates p) of 5, 10 and 20 °C mihon each sample. Heating rates were kept to a mawiof 20 in
order to avoid the onset of mass and heat trahsfgations, which would invalidate a kinetic
analysis. Samples were accurately weighed (betWesmmd 7 mg) in a standard ceramic pan to
record the thermograms.

RESULTS AND DISCUSSION

Thermal studies

TGA data for all the samples were obtained in tiaadard form of %mass loss as function of
temperature at three heating rates (5, 10 and 26nit€) is shown in Figures 2a-2d. All
polymers showed an initial weight loss in the ran§d50-250 °C, suggesting that degradation
starts at the urethane bond [23]. Decompositiothefurethane bond leads to the formation of
primary amine and olefin or to the formation of @edary amine and carbon dioxide [23]. As
expected, the shapes of TGA curves are quite sirsiidting towards higher temperatures at
higher heating rates. The resulting TGA thermograhwved a very sharp degradation stage at
lower temperature, followed by another broad an@gular stage at higher temperature
associated with comparatively small mass loss.
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Fig. 2a. TGA curves of P1 at heating rates of (----) 5,{— )10 and (...... ) 20 °C mih
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Fig. 2b. TGA curves of P2 at heating rates of (---) 5,{—— )10 and (...... ) 20 °C mih

Kinetic studies

TGA thermograms of samples showed three importaasaof weight loss. Because of the three-
step nature of thermal decomposition reactiongja necessary to determine and use different
kinetic methods to describe the thermal degradatien the entire temperature range. Therefore,
the kinetic parameters of polyurethane were detexthifor the first, second and third stage,
separately. The main equations of the kinetic nathased in this work to analyze the
degradation behavior are summarized in Table thése methoddj is the heating rate,lis

the temperature at maximum rate of mass losstheigpparent reaction order, R is the universal
gas constant, A is the pre-exponential faatas the degree of conversion and E is the apparent
activation energy.
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Fig. 2c. TGA curves of P3 at heating rates of {(---) 5 )10 and (...... ) 20 °C mih

312
Scholars Research Library



Sanjiv Arora et al Arch. Appl. Sci. Res.: 2011, 3 (4)309-318

-

=

o
L

Weight % (%) — ———
oW B W W w @ o
O o o o o o o O

-
o
L

o
1

i 100 200 300 400 500 BO0 El]
Temperature ()

Fig. 2d. TGA curves of P4 at heating rates of (---) 5,«——— )10 and (...... Yy20°C min

The plots of application of the isoconversionakeBrman method [20] to the polyurethanes with
different feed concentration of chromophore arenshn Figures 3a-b (as illustration, curves
for P1 is shown). For degree of conversion fromlQd0.9, the plots between Inu{(dT) vs. 1/T
were found to be linear with high regression caoedfit greater than 0.988. However, at some
values of degree of conversion, much lower regoassoefficients were obtained and thus, not
included in final report for the same reason (Tabjelt is observed that there is noticeable
difference of activation energy in going from polnP1 to any of polymers P2-P4. Moreover,
the value of activation energy corresponding tetfstage is very important as polymer chain
scission starts in this region [23]. Its value @ases when NLO chromophore feed concentration
is reduced from 100% (x = 1) to 25% (x = 1/4). H®iere, polymer P4 containing 25% feed
concentration (x = 1/4) of NLO chromophore posssmsparably high resistance to heat. The
activation energies of these polymeric systemssandar to those reported in the literature for
other polyurethane systems [24].

Table 1. Final equations of kinetic methods used ithe study

Method Final Equation

_ AE, B E
O-F-W Iog(g(a))—log(F) log(f) 2.315—0.4567RT

d(n(8T;)) __E
d(UT,) R

Kissinger

da da E
Fried In(—) =In(B=))=InA+nIn(ta)—
riedman ( Olt) (B OIT)) (Fa) R

313
Scholars Research Library



Sanjiv Arora et al Arch. Appl. Sci. Res.: 2011, 3 (4)309-318

_1.6_
m 003
® 006
204 A 015
v 035
244 & 0.65
< 070

In(@B(da/dT))

T T T T T 1
1.2 13 1.4 1.5

1000/T

2.8

-3.24

-3.6

-4.0 4

4.4 4
— T T T T T T T 1
16 17 18 19 20 21

Fig. 3a. Iso-conversional plots of Friedman methotbr P1.
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Fig. 3b. Variation of activation energy for P1, catulated by Friedman method, with degree of conversn, a.

300 -
250 +
200
150 -
100 -
50 +
0] ‘ ‘ ‘

0] 0.2 0.4 0.6 0.8 1

Degree of conversion

Activation energy (kJ/moal)

Fig. 3c. Variation of activation energy for P4, catulated by Friedman method, with degree of conversn, a.
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Table 2. Activation Energies for Polyurethanes Calglated by O-F-W and Friedman Methods at Varying
Degree of Conversiong.

o Activation Energy (kJ mé)
(degree P1 P2 P3 P4

of conversion) O-F-W Friedman O-F-W Friedman O-F-W Friedman O-F-\Wriedman
0.03 81.6 94.7 133.1 189.6 146.8 207.8 172.5 217.1
0.04 89.4 103.3 142.8 203.4 166.9 234.9 196.7 248.0
0.05 95.8 110.4 149.6 213.0 172.5 243.5 183.7 231.7
0.06 100.6 115.8 154.2 219.6 175.0 246.0 177.6  (224.
0.07 104.7 120.5 158.5 225.7 176.7 248.2 173.1  5218.
0.08 106.6 122.6 159.7 225.6 180.5 253.4 170.6  3R15.
0.09 108.5 124.8 167.3 238.4 179.9 252.7 167.8  &11.
0.1 111.2 127.8 169.9 242.1 179.0 251.2 166.1 209.8
0.15 133.4 152.3 172.8 192.4 176.6 247.9 159.7 1151.
0.2 145.7 169.8 163.5 232.8 171.6 190.5 155.2 151.0
0.25 150.0 1435 159.9 192.5 164.1 163.5 154.3  3160.
0.3 147.5 145.9 161.2 162.6 158.9 161.7 153.6 161.1
0.35 142.3 131.1 158.2 141.8 157.7 160.6 157.7  4249.
0.4 176.4 205.5 157.0 189.2 156.3 167.6 164.1 205.9
045 - e 168.3 238.4 176.8 249.4 1935 246.
0.65 240.0 283.3 - e e e e -—
0.7 186.9 2124 - meeee e e e e
0.75 154.0 131.5 1335 188.0 123.3 1722 - - -
0.8 1478 - 119.2 167.4 118.9 166.5 128.6 165.1
0.85 1322 - 115.8 162.8 118.1 165.6 136.4 a74.
0.9 1248 - 115.8 163.2 118.9 166.6 152.5 195.7

The activation energy increases slowly with degreeonversion for each polyurethane (except
P4), then increases significantly at moderate value and starts decreasing thereafter at high
values ofa (Figure 3b). For P4, the activation energy de@east lowa, vary irregularly at
moderater and then increases at high valueigFigure 3c).

Secondly, we used O-F-W method [21, 22] to caleuldte activation energy for different
conversion degrees by fitting the plots of3 Ins 1/T. for illustration, O-F-W plots for
polyurethanes P1 is shown in Fig. 4a and activaéinergies calculated thereof are shown in
Table 2. The resulting fitting straight lines (regsion coefficient > 0.998) show the applicability
of O-F-W method to these polyurethanes for the meatl degrees of conversion. Moreover, the
results observed with this method follow almostikintrend as obtained with Friedman method
[20], again showing the validity of this approact these materials (Figures 4b-c). Comparing
the data (Table 2), we observed that for almosthal degree of conversion investigated, the
activation energies obtained by Friedman methodstightly higher as compared to those
obtained with O-F-W method.

The value of the temperatures of maximum weiglg bidifferent rates was used to evaluate the
apparent activation energy by Kissinger method.[1®9]this method, a straight line graph was
obtained between IB(T %) vs. 1/T, with slope Ea /R, whereis the temperature of maximum
degradation.
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Fig. 4a. Iso-conversional plots of O-F-W for P1.
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Fig. 4b. Variation of activation energy for P1, catulated by O-F-W method, with degree of conversioru.
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Fig. 4c. Variation of activation energy for P4, catulated by O-F-W method, with degree of conversiony.

For effective comparison of data obtained usinge¢hmethods, the mean values of activation
energy for each stage were calculated as giverabieT3. Activation energy for the first stage,

calculated using Kissinger method, increases as$etiik concentration decreases, indicating the
trend to be same as in the case of Friedman and\NDrfethods. Therefore, it can be said that
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the heat resistance of these polymeric systemsbeaimcreased by decreasing chromophore
loading level as the beginning of structurally impat urethane bond took place during the first
stage [23]. However, practical utility of these yokrs for NLO applications depends on the
thermal stability as well as density of NLO chrorhope. Therefore, the optimum conditions can
be set for these polyurethane systems by suitathiysang the chromophore loading level.
However, for the second and third stage, unifoendris absent.

Table 3. Mean Degradation Activation Energy Value®f Polyurethane Samples

. _, Activation Energy (kJmaf)
Degradation stage Metho¢ P1 P> P3 P

O-F-W 99.8 1544 1721 176.0
I Kissinger 130.0 180.4 1925 195.0
Friedman 114.9 219.6 242.2 222.1
O-F-W  149.2 1629 166.0 162.5

Il Kissinger - - - -
Friedman 158 192.8 191.6 189.3
O-F-W 164.2 121.0 119.8 139.1
11 Kissinger 143.5 80.0 98.1 120.0
Friedman 209.0 170.3 167.7 178.5

CONCLUSION

Thermal degradation of polyurethanes with 4-[bisy@roxyethyl)amino]-4nitroazobenzene as
NLO chromophore can be kinetically described by -@/FFriedman and Kissinger methods.
Activation energy corresponding to a particular rdelgtion stage vary with chromophore feed
concentration. Activation energy for first degradatstage obtained using Kissinger, Friedman
and O-F-W methods follow the order P1<P2<P3<P4yuethane P1 has lower activation
energy as compared to other polymeric systems Hadreating that activation energy increases
with decrease of chromophore loading level. Theef@olyurethane P1 will show lower
resistance to heat during its use in electro ogi¢ieice applications and its resistance towards
heat can be increased by adjusting chromophoreceecentration.
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