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Abstract : Condensation polymerization of p-
Nitrophenol, 4,4’-Methylenedianilineand Formal de-
hyde catalyzed by 2M HCI has been carried out. The
resin composition was determined on the basis of el-
ementd andysis. Solution viscosity measurement was
carried out to ascertain the characteristic functionsand
constants. The number average molecular weight was
determined by conductometrictitration in non-ague-
ous medium. The structure of newly synthesized co-
polymer has been elucidated and confirmed on the
basis of spectral techniquesi.e. UV-Visible, FT-IR
and *H-NMR spectroscopy. Thermal analysis was
performedinair aamosphere at the heating rates 10°C/
minfor studyingitsthermal degradation behavior and
kinetics. Thermal degradation curve has been dis-

INTRODUCTION

Study of thermal degradation behavior and com-
putation of kinetic parametersby implementing modern
deve oping thermd degradation kinetic techniquesisthe
subject of interest for many investigators. Theinterest

cussed with minute detailsfor each decomposition step.
Freeman-Carroll, Sharp-Wentworth and Coat-
Redfern methods have been implemented to evaluate
the kinetic parameters such as activation energy, or-
der of reaction and frequency factor. The datafrom
Freeman-Carroll method hasbeen used to determine
various thermodynamic parameters i.e. entropy
change (AS), free energy change (AF) and apparent
entropy (S*). A detailed anaysis of these methodsfor
thetreatment of constant heating rate with non-iso-
thermal kinetic datais presented.

© Global Scientificlnc.

K eywor ds: Polycondensation; Resins, Thermogravi-
metry; Coat-Redfern; Freeman-Carroll.

isfully recognized becausethekineticsisrelated with
the decomposition mechanismsin which thethermal
degradation takesplace. Their mechanismsallow study-
ing the salient features of kinetic equationsand kinetic
study istheinitiativeto postulatesmechanismsfor the
therma decompositioni¥,
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Variety of thermally stable copolymers has been
synthesized in order to study their thermal degradation
behavior and reaction kineticsfor moreand moread-
vanced applications. Literaturecontainslargeinforma-
tion regarding the copolymeri zation of binary monomer
systemshowever; researchesare developing oninves-
tigation of modern methodsof synthes sof terpolymers/
copolymers, itscharacterization and therma studiesfor
itshigh performancedtility.

Terpolymers exhibited renewed applications as
semiconductors?, high energy material§%, thermally
stablematerial g4, antioxidants®, opticd lithography and
microel ectronicg®, fungicidesin plantsand tissues”,
biosensorg®, additives?, ion exchangers/chelating
agent!1% etc. Appreciabl e progress has been made by
polymer scientistsin many ternary systemssuch aslina
lool-styrene-methylmethacrylate!*!, indene-
methylmethacrylate-acrylonitril€*?, styrene-acryloni-
trile-chromium acrylate®?, isobutylene-acrylic ester —
alkylboron halide™, 2-ethoxyethyl methacrylate-sty-
rene-malec anhydride™, styrene-acrylonitrilemaleic
anhydride?®, anthranilic acid-thi ourea-forma dehyde
etc. A comprehensivekinetic model for high tempera
ture free radical production of styrene,
methylmethacrylate and acrylateresinshasbeenre-
ported by wel wang and robin Hutchinson*8, Boztung
and Basan*¥ have reported the synthesisand charac-
terization of mae c anhydride-styrene-vinyl acetateter-
polymer ester derivative. The thermal properties of
emulsionterpolymersof N- p-tolylmaeimide/butadiene-
styrenelatex/acrylonitrile/styrene have been studiedin
detail by litingyang et a'. Also, number of papershas
been published by our researchersfrom our laboratory
on thermal degradation kinetics of terpolymerg?-29,
Jadhav M M havereported the synthesis, character-
ization and therma degradation kineticsof copolymers
derived from 2,2’-dihydroxybi phenyl- formal dehydd?!
copolymer and 2,2’-dihydroxybi phenyl, urea, formal-
dehyde?” terpolymer. A detailed study has been done
by Pradip Paik and Kamal K. Kart® on kinetics of
thermal degradation and estimation of lifetime for
polypropylene particlesand its effect on particlesize,
involving theuseof singleaswell asmultipleheating
ratetechniques.

In the present communication, synthesis, charac-
terization and thermal degradation behavior and kinet-

ics by TGA at the heating rate of 10°C/min under
nonisothermal conditionsof copolymer derived from
p-nitrophenol and 4,4’-methylenedianilineusingthelink-
age of formaldehyde hasbeen studied. Activation en-
ergy (Ea), frequency factor (z) and order of reaction
(n) were determined using Freeman-Carroll, Sharp-
Wentworth and Coat-Redfern equations. Certain gen-
erdizationsare maderegarding thekinetic parameters
obtained from mathematical kinetic equations. Com-
puted results are compared and el aborated.

EXPERIMENTAL

Materials

All thechemicalsused wereof analytica grade pu-
rity. p-Nitrophenol and formal dehyde (37%) were pur-
chasedfrom S. D. Fine Chemicals, India. 4,4’-Meth-
ylenedianilinewaspurchased fromAcros Chemicals,
Belgium. SolventslikeN, N-dimethylformamide, dim-
ethyl sulphoxide, tetrahydrofuran, acetone and diethyl
ether were procured from Merck, India

Synthesis

p-NP-4,4’-M DA-F-I1 copolymer was synthesized
by condensation polymeri zation method by usngthemo-
lar proportion 3:1:4 of reacting monomers i.e. p-
nitrophenol (4.17 gm, 0.3 mol) and 4,4’-
methylenedianiline (1.98 gm, 0.1 mol) with formal de-
hyde (15ml, 0.4 mol) in presenceof 2M HCl asacata
lyst & 130°Cinanoil bath for about 3 hrsof continuous
heating with occasiona shaking (Figure 1). Thetem-
perature of electrically heated il bath was controlled
with the help of adimmerstat. Theresinous dark red-
dish brown colored solid product wasimmediately re-
moved, filtered and repeatedly washed with cold-dis-
tilled water, dried inair and powdered with the help of
an agated mortar and pestle. It waspurified by dissolv-
ingin1:1(v/v) conc. NaOH/water with constant stirring
andfiltered. Theresulting polymer samplewaswashed
severa timeswith boilingwater and driedin ades cca-
tor at room temperature. Further dried polymeric sample
extracted with diethyl ether to remove the excess p-
nitrophenol-formal dehyde copolymer, which might be
present ong withthe p-NP-4,4’-MDA-F-11 terpoly-
mer. Finally theterpolymer was passed through 300-
mesh sizesieveand kept inavacuum over silicagd™.
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Figurel: Chemical reaction of p-NP-4,4’-M DA-F-I1 copolymer

THEORETICAL CONSIDERATIONS

Char acterization of copolymer

Theintringd cviscosty of newly synthesized copoly-
mer hasbeen eva uated using Tuan-Fuoss viscometer!™
fabricated inour research laboratory at different con-
centrationsranging from 1.00to0 0.031% of copolymer
indimethylformamide (DMF) at 30°C. Intrinsicvis-
costy [n] wascd culated from relevant plotsof Hugging’
equation (1) and Kraemer’sequation 2 (Figure 2).

Tsv /= [n] + Ky [n]2.C @)
Mirerf . = ] + Kp.[n1%.C @
Wheren,, = relative viscosity; [n)=1lim(n,, /C); K =
Huggin’s congtant; K, = Kraemer’s constant.

Thenumber average molecular weight (mn) was

determined by conductometrictitrationsin non-aque-
ous medium such as dimethyl sulphoxide (DM SO)
against ethanolic KOH asatitrant by using 25 mg of
sample. A plot of specific conductance against
milliequiva entsof base (ethanolic KOH) required for
neutralization of 100 gm of copolymer has been plot-
ted (Figure 3). Fromtheplot, thefirst and final breaks
were noted. The average degree of polymerization

(oP) and hencethe number average molecular weight

(Mn) of al copolymers have been determined using
theformula.

Total milliequivalent of baserequired
for completeneutralization

P= Milliequivalentsof baserequired (3)
for smallest interval
(Mn) = Dp X Repeat unit weight (4)

Copolymer resin was subject toelementa anadysis
for carbon, hydrogen and nitrogen on Perkin Elmer 2400
Elementa Andyser. Withthehel p of el ementd datathe
empiricd formulaand empirica weightshavebeen as-
signed to the new copolymer resin.

A UV-vis ble spectrum wasrecorded by preparing
solution in dimethyl sul phoxide on Shimadzu UV-Vis-
i ble double beam spectrophotometer in the range of
200-850 nm. Infrared spectrum was recorded using
KBr pdlletin nujol mull on Perkin-Elmer RX-1 spec-
trophotometer in the range of 4000-500 cm™. Nucl ear
Magnetic Resonance (*H-NMR) spectrum of newly syn-
thesized copolymer resin has been scanned on FT-
NM R-Cryo magnet spectrum 400 MHz (Bruker) spec-
trometer. Theelemental analysisand spectral studies
for newly synthesized copolymer were carried out at
Sophisticated Andytica Instrumentation Facility (SAIF)
Punjab University, Chandigarh.

Thermogravimetricanalysis

Thermogram representsthe rel ationship between
changein mass on thetemperaturewhich givesinfor-
mation about sample composition, product formed af-
ter heating and kinetic parametersY. Heatingis per-
formed under gtrictly controlled conditionsand canre-
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ved changesin the structure and other important prop-
ertiesof thematerid being sudied. Kinetic parameters
have been determined using Freeman-Carrol 12, Sharp-
Wentworth®! and Coat- Redfernt! methods as given
below.

Freeman and Carroll method

Alog(W/qp) A
2109 a0 _ (— T —+ n (5
AlogWr 2.303 R/ "AlogWr

Where dw/dt = rate of change of weight with time; W
=Wc - W ; Wc = Weight loss at the completion of
reaction; W= Totd weight lossuptotimet; Ea=En-
ergy of activation; n=order of reaction

The Alog (dw/dt) and Alog Wr values aretaken at

d
Alog (5P

AlogWr

regular intervals of 1/T. In this case

1
i - givesadraght line. Theslopeand intercept
AlogW
areequal to (Ea/R) and n, respectively.
Shar p-Wentwor th method
log SE =109 (5) — 55557 -7 ©)

Where dddt =rate of changeof fraction of weight with
changeintemperature;  islinear heating rate, dT/dt; c
isthefraction of polymer decomposed at timet.

dc

Thus, alinear plot of 10 — dt isob-

\'
ersusT

tained whosedope glvesthevd ue of Eaand A may be
evauated fromtheintercept. Thelinear rdaionship con-
firmed that theassumed order iscorrect.

Coat Redfern method
m|G2=m {Z -2 -5 o

Where g and A is the heating rate (°C/min) and fre-
quency factor respectively; g(e) isequa to—In(1-o) for
n=1and ([1-(1-0)"]/(1-n) for n-1.

Thus, aplot of either In[(1-(1-o)*")/(T%(1-n))] vs
(@m) or In[-In(1-a)/T?] vs(1/T) should resultsin straight
lineof dope[-Ea/R] for correct valueof n, Snceit may
be shown that for most values of Eaand for thetem-

peraturerange over whichreaction generdly occursthe
expression In[(AR/QEQ) (1-(2RT/Ea))] isconstant.

RESULT AND DISCUSSION

Viscosity measurement and number aver age mo-
lecular weight

Viscosity measurement wascarried out & 300K in
Dimethyl Sulphoxide (DM SO) using Tuan-FuossVis-
cometer, at six different concentrations ranging from
1.00% to 0.031%. Reduced and inherent viscosity ver-
sus concentration was plotted for each set of data. The
intringcvisoosity [] wasdetermined by thecorresponding
linear plots(Figure2). Huggin’s(K,) and Kraemer’s(K.)
constantswere determined by using equation 1 and 2
respectively (TABLE 1). According to the aforemen-
tioned relations, theplot of nSp/C andInn /CaganstC
waslinear with slopesof K, and K, respectively. By
extrapolating linear plot to zero concentration, inter-
ceptsontheviscosity function axisgive[n] valuein
both the plots. The cal cul ated va ues of the constants
K, andK, inmost casesfavorably satisfied therelation
K, +K,=0.5%, It was observed that copolymer hav-

inghigher (Mn) showshigher valueof [n].

Thenumber averagemolecular weight (mn) of the

copolymer hasbeen determined by conductometricti-
tration method in non-agueous medium and using stan-
dard potassium hydroxide (0.05 M) in absolute etha-
nol asatitrant. The specific conductance was plotted
against milliequivaents of ethanolic KOH required for
neutralization of 100 gm of each copolymer (Figure 3).
Thereare severa breaks beforethe complete neutral -
ization of al phenolic hydroxyl groups(27). Thefirst
break in the plot wasthe smallest break and assumed
that thiscorrespondsto astageintitrationwhen anaver-
age one phenolic hydroxyl group of each chain was
neutralized. It isobserved that the molecular weight
of copolymer was found to be 7763. This observa-
tionisin agreement with thetrend observed by earlier
workerg®49, The data obtai ned from viscometric and

TABLE 1: Molecular weight and viscometric dataof 4,4’-BP-4,4’-ODA-F-11 copolymer

Empirical formula of

Copolymer repeat unit

Empirical weight of
repeat unit (g)

Mn [1]] Kl K2

bP (dL/g)

Ki+K;

p-NP-4,4’-MDA-F-1 CasH20N509

663

1171 7763 110 0.23 0.26 049
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Figure2: Viscosity plot of p-NP-4,4’-M DA-F-11 copolymer.
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Figure3: Conductometricplot of p-NP-4,4’-M DA-F-11 copolymer

conductometric studies have been incorporated in
TABLE 1.

Char acterization of p-NP-4,4’-M DA-F-11: 84.40%

(A) UV-Visble (in DMSO-d; in the range 200-
850nm)

The spectraexhibit two absorption maximain re-
gion 250 and 330 nm. Theformer and lessintenseband
may be dueto n—z* transitionsobserved at 250 nm
indicating the presence of 4,4'- methylenedianilinemoi-
ety. Hypsochromic shift observed in biphenyl may be
duetointroduction of -CH,, group between two phenyl
groupswhi ch destroysthe conjugetion. Later and more
intense band observed at 330 nm may be accounted
for t—m* transition might be dueto chromophoric (-
NO,) group. Theauxochromic substituents (-OH) in-

teractingwith nt e ectron of thebenzenering. Thisinter-
action stabilizesn* stateand thuslowerstheenergy as
aresult bathochromic shift is caused®=¢, The hypso-
chromic shift of 10 nm fromthebasicvalue260to 250
nmand abathochromicshiftin/__ of 30nmfrom 300
to 330 nm may be dueto conjugation effect and pres-
ence of -NO, group (chromophores). (Figure4).
(B)FT-IR

3451.5 cmr? (phenolic -OH str, b)*7, 2923.1 cm'?
(>NH Str, st), 2855.5 cmr? (methylene -CH- dtr, )19,
1591.0 cm? (substituted aromatic ring C-C str. st),
1650.4 cm* (>C=C< dtr. inaromatics, m), 1286.7 cnmt
(C-N dtr.inamine, b), 1498.4 cm* (Asymm. N=O str,
b), 1338.7 cm® (Symm. N=0O gtr, b), 1217.2 cnm (>C-
Odr.inphenoal, m), 965.4, 850.7 cm? (tetrasubstituted
benzenering, m), 1460.0 cm?, 1345-1350 cm'?, 750-
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770 cm™(Methylene bridge (-CH,) modes bending,
wagging, rock respectively) (Figure5).
(C) *H-NMR (400 MHz, DM SO-d,)

510.8(s, 1H, -OH), § 7.9 (s, 1H, Metaproton
of ~Ar-H), 8 3.5 (d, 1H, -CH,-NH-Ar-), § 3.1 (d,
2H, Methylene proton of Ar-CH,-Ar linkage (4,4’-
methylenedianilinemoiety)), 6 6.8-6.9 (d, 1H, Proton
orth to -CH_-), 8 8.1 (d, 1H, Proton orth to -NH-)
(Figure6).
(D) Elemental analysis

Theoreticaly caculated C = 63.34%, H = 4.37%,
N =10.55%, O = 21.74%
Experimentally found C = 63.09%, H =4.21%, N

=10.42%, O = 22.28%
Monomer empirical formula: (CH,,
Empirica formulaweght: (663).
Thermogravimetricanalysisp-NP-4,4’-M DA-F-11
copolymer

N.O));

Thermogravimetric analysisof p-NP-4,4’-MDA-
F-11 hasbeen performed at 10°C.min' and the decom-
position pattern with thermogravimetric (TGA) curve
hasbeen shownin Figure 7%, Thermogram of thisco-
polymer depi cted three step decomposition stepsin the
temperaturerange 50-600°C (TABLE 3). First stepis
slow decomposition between 50 to 120 °C corre-
spondsto 2.64% | osswhich may beattributed to water

2.50

Absorbance

T

300 400

500

600 700

Wavelength (nm)
Figure4: UV-Visblespectraof p-NP-4,4’-M DA-F-11 copolymer.

1

Transmittance (%)

4000 3000

2d00 10'00 A00

Wavenumber (nm?)
Figure5: FT-IR spectraof p-NP-4,4-M DA-F-I1 copolymer
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Figure6: 1H-NM R spectrum of p-NP-4,4’-M DA-F-I1 copolymer
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Figure7: Decomposition patter n of p-NP-4,4-M DA-F-I1 copolymer.

of crystallization associated with copolymer resin®,
against calcul ated 2.78% present per repeat unit of the
polymer. Thesecond step of decomposition startsfrom
120-290 °C which representsthe degradation of three
(—OH) groups attached to the benzene skeleton and
three (-NO,) groups (30.39% found and 30.81% cal-
culated). Third step of decomposition startsfrom 290-
590 °C corresponding to 56.82% loss of two side ben-
zeneringsaong with—CH, groupsagainst calcul ated
56.88%. Thethermal degradation by increasing tem-
perature may be dueto theincreasing strain, instability
and crosdinking of molecule by increasing thermal vi-
bration. To decreasethestrain and to maintain sability,
theresin undergoesdegradation. The synthesized co-

polymer ishalf decomposed at 210 °C observed from
therma data. The decompositionisdueto pyrolysisof
straight chainlinked structure of copolymer and at 590
°C degradation process occursuptofinal level leaving
behind theremaining moieties.

Thermal analysisof p-NP-4,4’-MDA-F-I1 copoly-
mer has been carried out and representative graphsfor
Freeman-Carroll (Figures8and 9), Sharp-Wentworth
(Figure 10) and Coat-Redfern (Figure 11) methods has
been plotted.

Thekinetic parameterscomputed by theabove men-
tioned kinetic equationsand thermodynamic parameters
such asentropy change (AS), freeenergy change (AF)
and apparent entropy change (S*) calculated on the
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Figure8: Freeman-Carroall plot of p-NP-4,4’-M DA-F-11 copolymer for calculation of activation ener gy
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Figure9: Freeman-Carroall plot of p-NP-4,4-M DA-F-I1 copolymer

basisof thermal activation energy estimated by Free-
man- Carroll method areshownin TABLE 2 using the
following equations.

(A) Entropy change
_ KR AS
Intercept =log TOE + 2.303R (8)

Where K = 1.3806 x 10*¢ erg/deg/mole; R = 1.987
cal/deg/mole; h = 6.625 x 102" erg sec; @ = 0.166;
AS=changeinentropy; E=activationenergy fromgraph
(B) Freeenergy change

AF=AH-TAS ©)
Where AH = Entha py change; T =TemperatureinKAS
= Entropy change{from (6) used}

(C) Frequency factor
logZE
vy = (10

82/3 =log3+log[1-3 {1-a] —log p(x) 9)

Where, Z = Frequency factor, B = Calculated from
equation (9); log p(x) = Calculated from Doyletable
corresponding to activation energy.

(D) Apparent entropy change

Zh

S* =2.303R log ——
9 =7+ (1)

Where, Z =fromrdation®; T* = Temperatureat which
half of the compound isdecomposed fromit total loss.
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TABLE 2: Kineticand ther modyanamic par ameter scor responding to heating rate of 10°C/min of 4,4°-BP-4,4’-ODA-F-I |

. F-C SwW C-R Entropy Apparent  Free
Thar entropy  energy
Copolymer 0 change
(C) Ea n z Ea n z Ea n z AS (J) change  change
S* (KJ) AF (sech)
4,4-BP-4,4-ODA-F-Il 210 11.75 0.95 10.63 12.28 1.0 6.32 21.56 0.99 10.15 7.159 -22.71  10251.52

Units of Ea and In(z) are kJ/mole and min* respectively; ®Half decomposition temperature
TABLE 3: Thermoanalytical dataand decomposition temper aturefor p-NP-4,4’-M DA-F-I1 terpolymers.
Wt. Loss (%)

Decomposition Temp.

steps Range (°C) Species Degraded Found Calculated
1. 50-120 One H,O molecule 2.64 2.78
2. 120-290 Three -OH" and Three -NO, groups 30.39 30.81
3. 290-590 Two side benzene rings along with (-CH,) groups 56.82 56.88

O
1000/T (CC)
0.0010 0.0012 000174 0.0016 0.0018 0.0020 0.0022 0.0024 00026 0.0028
1 1 1 1 1 1 1 1 1

o &
- 1 T ——
—
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8
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Figure10: Sharp-Wentworth plot of p-NP-4,4-M DA-F-I1 copolymer
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Figure1l: Coat-Redfern plot of p-NP-4,4’-M DA-F-11 copolymer

Thethermd stability of p-NP-4,4’-MDA-F-II co-
polymer is concluded to be higher, may be dueto the
stronger intermol ecular hydrogen bonding presentinthe
polymer structure because of water of crystallization

whichwould bemoredifficult to bresk and moreresis-
tant to higher temperature or it may be dueto the pos-
ghility of dmogt linear sructureof copolymer chainwhich
givesstability to the polymer chai ni“%41,
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Activation energy calculated by Sharp-Wentworth
method agreeswell with the Freeman-Carroll method
and Coat-Redfern method showsfairly good observa
tions (TABLE 2). Thermodynamic parameters have
been calculated“? on the basis of thermal activation
energy and thevaluesarecitedin Table 2. Similarity of
valuesindicatesacommon reaction mode. From ab-
normally low valuesof frequency factor (z), it may be
concluded that decomposition reaction of p-NP-4,4’-
MDA-F-I1 copolymer resncanbeclassed asa“dow”
reaction**#4, Thelow positivevaluesof entropy (AS)
indicate that the activated polymer hasamore ordered
sructurethanthereactantsand thereactionsared ower
than normal which were further supported by low z
vaues. Itisdifficult to draw any unique condusionfrom
themagnitude of thermal activation energy asdecom-
position mechanism is expected to be complicated.
However, in Freeman-Carroll (Figures8 and 9), Sharp-
Wentworth (Figure 10) and Coat-Redfern (Figure 11)
methods, someabnormal pointswereignoredtoget a
clear picture of most of thepoints. It isexpected that
decomposition of the copolymer isnot obeying first
order kinetics perfectly. Theseobservationsarein
harmony with thefindings of Jacobsand Tompkin(“?,
Coat Redferni* and other earlier researcherg*’.

By using abovementioned kinetictechniquesfairly
comparableresultsare obtained which representsver-
satility and great utility of thermal degradation kinetic
equationsinthermogravimetry.

CONCLUSIONS

Synthesis of targeted copolymer p-NP-4,4’-
MDA-F-II has been confirmed which is supported
by results obtained from the spectral analysis. The-
CH,- group asthe methylenelinkage between phenol
and amine showstheformation of condensation prod-
uct. Thermogram obtai ned has shown three degrada-
tion stages, first indi cating degradation of water mol-
ecule; second step shows degradation of three-OH
and three—NO, groups and third represents | oss of
two side benzeneringsaong with—CH,, groups. Acti-
vation energy cd culated by Sharp-Wentworth method
agrees well with the Freeman-Carroll method and
Coat-Redfern method al so showsfairly good obser-
vations. Low vauesof collision frequency factor may

be concluded that the decomposition reaction can be
classified as ‘slow reaction’ and order of reactionis
found to be nearly equal to one. The decomposition
reaction was started at higher temperature, indicating
aterpolymer p-NP-4,4’-MDA-F-1l isthermally stable
at higher temperature.
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