STUDIES ON THE COPOLYMERISATION OF
METHYL METHACRYLATE WITH N-ARYL ITACONIMIDES

by
VISHAL ANAND
(CENTRE FOR POLYMER SCIENCE AND ENGINEERING)

THESIS SUBMITTED
IN FULFILLMENT OF THE REQUIREMENTS
FOR THE DEGREE OF
DOCTOR OF PHILOSOPHY

to the

INDIAN INSTITUTE OF TECHNOLOGY, DELHI
JULY, 2002



(3K
L
&
YR







CERTIFICATE

This is to certify that the thesis entitled “STUDIES ON THE COPOLYMERISATION
OF METHYL METHACRYLATE WITH N-ARYL ITACONIMIDES” being
submitted by Vishal Anand to the Indian Institute of Technology, Delhi, for the award of
degree of Doctor of Philosophy is a record c;f bonafide research work carried out by him.
Vishal Anand has worked under my guidance and supervision and has fulfilled the
requirements for the submission of this thesis, which to my knowledge has reached the
requisite standard.

The results contained in this thesis have not been submitted, in part or full, to any other

University or Institute for the award of any degree or diploma.

Prof. Veena Choudhary

Centre for Polymer Science and Engineering.
Indian Institute of Technology, Delhi,

Hauz Khas, New Delhi — 110 016,



ACKNOWLEDGEMENT

I acknowledge with a deep sense of gratitude to my thesis supervisor Prof. (Mrs.) Veena Choudhary
for fer constant inspiration, invaluable suggestions and motivating guidance for carrying out this
work, Her co-operation and timely guidance were instrumental in presenting this work in the form of
thesis. I shall be highly grateful to her.

My sincere thanks to Prof (Mrs.) I K, Varma for her valuable advices whenever required during the
period of my research,

I am thankful to ®rof. S. N. Maiti, Head, Centre for Polymer Science and Engineering for providing
tﬁq facilities required to carry out the experiments.

I am indebted to Prof. Ashok Misra, ®rof. A. K, Gupta, Prof- A. S. Brar and Dr. A. K, Ghosk for
their concern to my work,

I would (ke to acknowledge Prof. Andreas Greiner, Inistitute fur ®hysikglische, Kern und
MakromoleRulare Chiemie, Philipps Universitat Marbury, Germany, for giving me a chance to spend
some time in fis (aboratory to carry out a part of the work, I am thankful to Dr. Seema Agarwal, Dr.
Ravi Palaniswami and Dr. Rajni Madan for their fielp dunng my stay in Germany.

I wish to thank Or. Anjali Solankj, Or. Mona Malik, Dr. Arup Ranjan Bhattackarya, Or. Purnima
Jain, Or. Precti Jain, Bimlesh Locﬁaé, Or. Bharti Gaur, Rakesh Kumar, Nimisha Agarwal, Benny
George, Dr. Sandeep Tyagi, Shaunak Dey Rey, J. K, Paul and Bhawna Kulshreshtha for their felp
and encouragement throughout my research work,

I am also very grateful to the staff of CESE Mr. Surender Kumar, Mr. Shivkgnt, Mr. Devender
Singh, Mr. A Sethi and Mr. AshoR Kapoor for their fielp during the work, I also thank Mr. Munna

Lal for recording the Iﬂﬁwmﬁsj_aectm and Mr. Prabfu Nath Prasad for tracing the figures.



I am thankful to Dr. Qajeev‘Q{ana, Sanjeev Sharma, Rajeev Kumar, Kranti Chawla, Or. Anubhav
Saxena, Roopali Rai, Gunjan Garg, Arvind Kumar, Nikar Ranjan Kundu, ®Pabak Nanda, Mukesh
 Kumar, Anoop Kulshreshitha, Skrinivas Rao, Ranjeet Shaki and. @ﬁawani‘Sﬁatﬁpati for their constant
moral and technical support and keeping me cheerful during my hard days.

I am grateful to my all-family members especially my maternal uncle Kumar Birendra and my brother
Chetan_Anand for their constant motivation during the entire period.

Last but not the least, I am sincerely grateful to ny beloved parents for their constant moral support
throughout my acedemic career.

The financial assistance provided by Council for Scientific and Industrial Research, Government of

India for carrying out this work_is gratefully acknowledged.

\lishod
(Vishal Anand)



ABSTRACT

Copolymerisation of MMA with N-aryl substituted maleimides has been extensively
investigated in the past with an aim to improve their thermal performance. Since
maleimides have a very low tendency for homopolymerisation due to the presence of 1,2-
disubstituted double bond, the propagétion step is extremely slow due to the steric
interactions between the P-substitutent of the propagating species and the two
substituents of the incoming monomer molecule. Itaconimides on the other hand contain
1,1-disubstituted double bond, thereby rendering it more reactive. Secondly the dwindling
petrochemical feed stocks have necessitated the need to focus attention on developing
polymers based on annually renewable resources. Maleimides obtained from maleic
anhydride are based on petrochemical resources whereas itaconimides are prepared from
itaconic acid, obtained from easily renewable resources such as com starch by
fermentation process using Aspergillus ilaconicus or Aspergillus terreus fungi.

Earlier studies in our laboratories has shown that the position as well as the nature of
substituent ie. electron withdrawing or releasing group in maleimides affected the
copolymerisation and thermal behaviour of MMA copolymers. The main focus of present
investigation was therefore to investigate the copolymerisation behaviour of N-(phenyl)
itaconimide / N-(o-/m-/p-chlorophenyl) itaconimides / N~(p-tolyl) itaconimide monomers
with methyl methacrylate using conventional and controlled free radical polymerisation.
The effect of comonomer structure and copolymer composition on the glass transition

temperature, thermal stability and microstructure of the copolymers was also evaluated.



N-aryl itaconimide monomers having electron releasing and electron withdrawing groups

was synthesized according to the procedure reported by Searle using acetone as a solvent.
A two step procedure was employed for the synthesis of N-aryl itaconimide monomers.
0.25 moles of itaconic anhydride were dissolved in minimum amount of dry acetone and
0.25 moles of amine solution was added slowly with vigorous stirring. The reaction was
carried out at 20-25°C. The itaconamic écid precipitated out from the solution.
Cyclodehydration of the itaconamic acid was done using acetic anhydride and anhydrous
sodium acetate as cyclodehydrating agents at 60°C. Purification of monomers was done
by passing a chloroform solution of the monomer through silica gel column and the
solution was concentrated under reduced pressure and imide crystallised out on cooling.
Monomers were characterised using elemental analysis, FTIR, 'H-NMR and 13(3{11*1}-
NMR spectroscopy. The results of elemental analysis for monomers agree well with the
theoretical values. The mole fraction of citraconimide in various itaconimide monomers
was calculated from the ratio of intensity of methyl protons at & = 2.17 % 0.03 ppm
(citraconimide) to the vinylidene protons at & = 5.76 + 0.03 ppm in 'H-NMR and was
found to be in the range of 0.06-0.11.

Conventional free radical polymerisation was carried out by using AIBN as an initiator
and THF as solvent at 60°C under nitrogen atmosphere. The mole fraction of N-aryl
itaconimides in the initial feed was varied from 0.1 to 0.5 for the preparation of
copolymers. Polymerisation was carried out by taking 30% (w/v) solution of monomers
in THF using 0.5% of AIBN as an initiator. The reaction was stopped at low conversion

(£15%) by pouring the contents of the flask into large excess of methanol.



Molecular characterisation of polymers was done by GPC using polystyrene as
calibration standards. Monomers having electron-withdrawing group (PI/MI/OI) gave
copolymers having low molecular weight as compared to the copolymers prepared from I
and PTI monomers. Molecular weight in copolymers decreased with increasing amount
of N-aryl itaconimide in the copolymers. Termination due to chain transfer to monomer
may be responsible for the formation of.low molecular weight polymers. The copolymers
had molecular weight in the range of 2.2 x 10° - 61.8 x 10° (M, ) and 5.1 x 10? — 108.2 x
10* (M, ) with polydispersity index in the range of 1.5-3.0. All the homopolymers of N-
aryl itaconimides i.e. sample PI, PPL, PMI, POI and PPTI had molecular weight in the
range of 1 x 10% - 8.7 x 10° (M,) and 1.6 x 10° — 18.7 x 10° (My) with polydispersity
index in the range of 1.5-2.2.

Block copolymers of MMA and N-aryl itaconimides were also prepared using atom
transfer radical polymerisation (ATRP) technique. In the first step, PMMA-C1
(macroinitiator) was prepared by bulk polymerisation of MMA at 85°C using
AIBN/FeCly.6H,0/PPh; in 1:4:12 molar ratio as an initiator. In the second step,
polymerisation of N-aryl itaconimides was carried out in toluene at 85°C using PMMA-
Cl/CuBr/Bpy in the molar ratio of 1:1:3 as an initiating system.

M, and polydispersity index of PMMA prepared from ATRP was also determined using
GPC and was found to be 1.27X10% and 1.29 respectively which is in good correlation
with the value calculated from M, ., = (M1, /[I]o) % MWy, x conversion. Unimodal
curve for all PMMA-b-Poly (N-aryl itaconimide) copolymers were obtained in GPC. M,

and polydispersity index of copolymer were caleulated and it was found that there is an

increase in molecular weight for all the block copolymers without much effect on



polydispersity. Only oligomeric blocks of N-aryl itaconimides could be incorporated in
the PMMA backbone. However high molecular weight PMMA i.e. M, of 4.8 x 10* with
narrow PDI (1.17) could be prepared by using PMMA-X macroinitiator M, =1.27x 10°
and PDI = 1.29). Isomerisation of N-aryl itaconimides to N-aryl citraconimides or
termination due to chain transfer reaction i.e. chain transfer to monomer may be
responsible for the low molecular weight' of the second block (homopolymer of
itaconimides). In order to investigate this fact, N-aryl itaconimide monomers were heated
separately in toluene at 85°C for different time intervals. The % isomerisation was found
to be 32%, 21% and 23% in case of ML, PI and I monomers repectively after 4 days. On
the other hand, ~40% isomerisation was observed in case of PTI monomer after 6 days.
Structural characterisation of homo/copolymers was done using 'H-NMR, *C{'H}-NMR
and elemental analysis. 'H-NMR spectroscopy and elemental analysis was used for the
determination of copolymer composition. A good agreement was observed between the
values obtained using 'H-NMR and elemental analysis in all the copolymers. In the
copolymerisation of MMA with N-aryl itaconimides, an increase in mole fraction of
itacqnimide in feed (m;) did not show a linear increase in the mole fraction of
itaconimide in copolymer (M,). All the copolymerisations showed deviation from
linearity i.e. ideal polymerisation and the copolymers were richer in M, thus showing
that the N-aryl itaconimide monomers are more reactive in propagation compared to
MMA.

The reactivity ratios of the monomers were calculated from the knowledge of copolymer
composition using Fineman-Ross, Kelen Tiidos and RREVM methods. The RREVM

reactivity ratios of the monomers were found to be r; (I) = 1.32 / r, (MMA) = 0.36; r; (PI)



=1.26 / 1, (MMA) = 0.35; r; (MI) = 1.21 / 1, (MMA) = 0.34; 1 (OI) = 0.78 / 1 (MMA) =
0.34 and r; (PTI) = 1.18 / r; (MMA) = 0.23. This clearly shows that N-aryl itaconimides
are more reactive than MMA (i.e., %11 > K12 and K2; > K2;) towards homopropagation-and
cross-propagation. The values of Q and e for N-aryl itaconimide monomers were
calculated from Alfrey and Price equation using the value of Q and e for MMA as 0.78
and 0.4 respectively. The Q and e values of the monomers were foundto be Q =274 /¢
=116, Q=3.12/¢=127,Q=3.64/e=14 Q= 3.64 /e =1.55and Q =4.98 /e = 1.47
for I, PI, MJ, OI and PTI respectively.

In order to clarify the substituent effect on the copolymerisation, Hammett’s equation was
applied to the copolymerisation and p value was calculated. The negative p-value
suggests that the relative reactivity (1/ry) of itaconimide toward an attack by PMMA
radicals tends to increase as the eléctron donating nature of the substituents in
itaconimide becomes greater, Q and e values were also plotted against the o constants of
the substituents in itaconimide. The large Q values thus observed in case of PPTI can be
explained on the basis of resonance stabilization due to the presence of electron releasing
substituent (-CHj) at p-position, which may not be possible in case of itaconimide
monomers having electron-withdrawing substituent (-Cl group).

Structural  characterisation of block copolymers  obtained by  using
AIBN/FeCly.6H,0/PPhs initiating system was done using 'H-NMR and “C{'H}-NMR.
Mole fraction of N-aryl itaconimides in copolymers calculated using 'H-NMR and CHN
analysis was very low i.e. 0.03 and 0.06 for PTI and I monomers respectively even after 9

days of reaction. Polymerisation for N-(o-/m-/p-chlorophenyl) jtaconimides was also



carried out but no signal due to aromatic protons was detected in 'H-NMR even after 7
days of reaction.

Structural characterisation of block copolymers obtained by PMMA-Cl/CuBr/Bpy
initiating system was also done using 'H-NMR and *C{'H}-NMR. Mole fraction of N-
aryl itaconimides in copolymers calculated using "H-NMR and CHN analysis are in good
correlation with each other.

For microstructural analysis, BC{'H}-NMR spectra of PMMA, homopolymers of N-aryl
itaconimide and MMA : N-aryl itaconimide copolymers were recorded. In copolymers
the carbonyl carbon of MMA resonate at & = 175.0-178.4 ppm and of N-aryl itaconimide
. at §=171.9-174.2 ppm and 178.6-180.9 ppm. The carbonyl carbon signals of MMA (M)
® = 175,0-178.4 ppm) as well as N-aryl itaconimide (I) (8 = 171.9-174.2 ppm) in
copolymers show multiplet indicating that it is sensitive to compositional and
configurational sequences and hence were used for the determination of sequence
distribution of M- and I- centered triads. The concentration of various compositional triad
fractions was calculated from the relative area of the resonance signals. The relative area
of resonance signals were determined using a non-linear least square Lorentzian line
shape deconvulating program. Assuming the Alfrey-Mayo statistical model (first-order
Markoy terminal model) to be valid at any moment of the low-conversion copolymers,
the triad fractions can be calculated using the terminal model reactivity ratio of the
monomers using Harwood’s statistical model program. There was a good agreement
between the experimentally determined values and theoretical values obtained from
Alfrey Mayo statistical model. The Monte Carlo (MC) simulation method was also used

to monitor the changes in copolymer sequence behavior during the course of



polymerisation and the M- and I-centered triads obtained from this method are also in
good agreement with the experimental values calculated from 2C{ lH}-NMR.

DSC scans of various homopolymers and copolymers were recorded to study the effect of
copolymer structure and composition on the glass transition temperature of the
copolymers, In order to have a similar thermal history second heating scans were used to
determine the glass transition temperatﬁre. The powdered samples were first heated to
120°C and then quench cooled and the DSC scans were re-recorded at a heating rate of
10°C/min. Ty of PI, PPI, PMI and PPTI homopolymers was found to be 220°C, 238°C,
227°C and 232°C respectively whereas PMMA prepared under similar conditions had T,
of 109°C. Copolymers having 0.21 + 0.01 mole fraction of itaconimide monomers of
varying structure showed an increase in Ty of 15-53°C. The position of the substituent on
the phenyl ring (o-m-or p-) in N-aryl itaconimides affected the glass transition
temperature. T, was maximum in case of Ol copolymers and was lowest in MI
copolymers, Glass transition temperature of copolymers increased with increasing
amounts of N-aryl itaconimides in the copolymer.

Thermal stability of the copolymers was determined by recording TG/DTG traces in the
nitrogen atmosphere. The relative thermal stability of the homopolymers and copolymers
was compared by comparing the initial decomposition temperature (13), temperature of
maximum rate of weight loss (Tmax), final decomposition temperature (Tg) and percent
char yield at 700°C. One or two step degradation was observed in all the copolymers
whereas PMMA. showed three-step decomposition. This shows that the incorporation of
N-aryl itaconimide in PMMA backbone restricts the formation of H-H linkages. A

significant increase in the percent char yield i.e. in the range of 5-35% at 700°C was



observed upon incorporation of N-aryl itaconimides in the PMMA backbone. Percent
char yield in case of PI and PPTI homopolymers and copolymers was Jower as compared
to N-(o~/m~/p-chlorophenyl) itaconimide homo/copolymers. Position of chloro substituent
also affected the char yield and showed a tfend of PPI>POI>PML

Thermal characterisation of block copolymers prepared by ATRP was also carried out
using DSC and thermogravimetry. Second hea;ting scans were used to determine the glass
transition temperature. Two transitions were seen in the DSC scans of block copolymers.
First transition corresponds to glass transition temperature of PMMA and second
transition corresponds to the glass transition temperature of N-aryl itaconimides. All

copolymers showed broad single step degradation and were stable up to 245°C.
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