
(7) D.W. Shont, J. Liquid Chromal 16 (1993), 3371
(8) R.A. Hulchinson, D.A. Paquel, ind J.H. McMinn, Macromokculcs (1995),

in prcss.

(9) J. Schwccr, A.M. van Hcrk, RJ. Pijpers, B.G. Mmdcrs, and A.L. Oennm,
Macromol. Symp. 92 (1995), 31

(10) D.I. Christic, and R.G. Gilben, Macromol. Chem. Phys. (in press),
(11) S.W. Lansdownc, R.G. Gilbert, D.H. Napper, and D.F. Sangsler, J. Chem.

Soe. FaradayTnms. l 76 (1980), 1344
(12) B.S. Hawkctt, D.H. Napper, and R.G. GUben, 3. Chem. Soe. Faiaday

Trans. l 76 (1980), 1323
(13) A. V. Tobolsky, and J. Offenbach, J. Polym. Sei. 16 (1955), 311
(14) B.R. Momson, B.S. Casey, I. Lacdc, G.L. Lcslie, D.F. Smgster, R.G.

Oilben, uid D.H. Napper, J. Polym. Sei. A: Polym. Chem. 32 (1994), 631
(15) I.A. Maxwell, B.R. Morrison, D.H. Napper, and R. G. GUben,

Macromolecules 24 (1991), 1629
(16) P.A. G.M. Schcren. G.T. Russcll, D.F. Sangstcr, R.G. Oilbert, and A.L.

Gcnnan, Macromolecules 28 (1995), 3637
(17) G.T. Russell, R.G, Gilbcn, imd D.H. Nappcr, Macromolecules 26 (1993).

3538
(18) MJ. Ballard, D.H. Nappcr, and R. G. Gilben, J. Polym. Sei., Polym. Chcm.

Edn. 22 (1984), 3225

New developments in the kinetíc modelling ofcomplex non-Iiacar

polymerizations

M. R. N. Costa, R. C. S-. Dias, Faculdade de Engenharia da Universidade do Pano,

Porto. P

Summary

A DCW kínedc method for modelliny and sünulation of non-linear in-eversible po-
lymerizatíons is described. In comparison to a previous version, il is easier to use

and more efScieDt in perfonning computatíons with polyadditíons. Chain length
distributions and gel propertíes (such as the concentraüons of elasdcaly active
juncüons and chams) were coroputed for anionic copolymerization ofmonomers
vvith one and with two temúnal double bonds. Free radical copoiymerization of

the same monomers could be sünulated with success only before gelation because

cf severo numerical sensitivity.

l
Zusammeafassung

Em kmetisches Verfàlu-en filr dic Modellierung und Simulation von nichtlinearen

Íiieversiblcn Polymerisationen wird beschrieben. lm Vergleích zu emem vorher-

gehçnden Verfahren íst díeses emfacher zu benutzen und cfEzienter bei der Be-
rechnung von Potyaddítíonsreaktioaen. Kiettenlilngenverteilungen und EÍgenschaf-
tcn dês Géis (z. B. dic KonzcDfrationcn der elaslisDll. aktivcn Verbindimgen imd

Ketten) fílr anionische Copolymerisation von Monomem niit cin und zwei Dop-

pelbÍnáungen künnen vorausgesagt werden. Bisher ist die Simulation der Copo-
lyroerisatioa fi'eier R^idikale derselben Monomeren nur vor dem Stockpunkt ge-
luagen.
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General principies

A kinetic modelling of irreversible polymerizaüons with arbitTary
sioichiomelries (Costa and Dias [l]) was reccnüy used in lhe descripüon of

lhe cure of epoxide resins, allowing the predictíon of average moleculBT

weights before and after gelation and elastic properties of gel, and wiïl be
the starting po. int for this analysis.

A finite number //, of reactive groups A], .... A,,, is assumed to be presenl
in the chemical system. Their mole concentrations are named for
simplicity A,,.... A,,. A sei ofNg reacüve compounds BI, .... B,,, indudcs
monomers, initiators, transfer agents or by-products. Another set ofW(
groups Xp ..., X^ encompasses the products ofreactions between acüve
groups, but which wiiï noE react any furtiier. To Ehis class belong invariaflt
moieties named "repeating units". which may exist aü-eady in the
monomers in the case of polycondensaüon reacüons. Also, io order to
desenhe molecular structure wíth enough detail só that predictíon of elastic
properties is possible, every group must be associatcd with Úiejunction G(
to whích it is attacheá. Some of them are aïready present in monomers,

others are fonned by reaction between a pair of groups.

Each polymer molecule is defmcd through the numbeis of groups it
contains, wíthout taking into account its isomers. A molecule with a vector
of numbers of active groups fl = [flj... a^} , a vector of product groups x =:
[^i... ,Y^ and vectors of línking groups v s= [v^ v^g Vyy ] wíll be named
P(a, x, v). Its mole conccntratíon is written as PÇa, x, v), and it wiïl be

found mosi of lhe limes üuough its vectorial discreta transform :

P(a.f. fi= ^afi... ^íf... ^*r'... ^'^P^...., aM^,...,̂ ) (l)
Q)=O -Ci=0 V|=0 VjVvïiO ^'

The crux of this descripüon is the Íntroduction of the stoichloirLelric
coeffícients for the reactions among acúve specíes.

Complex non-Une a r potymtífiiailcn

When a group A| attached to some juncüon G reacts wilh another group Aj
|: attached to ajuncüon H in anothcr molecule, ueating a link V^^ between
t: lhe two juncüons, lhe vector of numbers cf active groups attached lo G

chanfes by v^ = [ v^^,... v^^ ] and the vector of numbers of active
gronps attached to H changes by v^< = I >'<AI,, - VAU,,«, l:

l G... (A^^... +H... (A|),... -AI!'^... (Ak), ^^»... GV^H... tA|)^^^...

Ij Some pther reacüons do not produce linking groups between repealing
[;: iinits. If a gioup A| reacts in that way by an unimolecular reaction, the
l' apparent constant is named ̂  and if lhe reaction is bimolecular and

involves Aj, ils apparent constant is t^ . The changes in numbcrs of
j' groups A],, B],, X], broughl up by üiose rcucüons are v^, v;e,,. r,u,, and

''AU,! . "'AAS,,,. VAU|;| . O'11"' teactions among groups and isolated
compounds are described by a similar notaüon.

Using lhe principie of equal reacüvity, rate laws can be written for lhe
various chemical species, yielding in lhe case of lhe polymer molecules:

^si^^(^^^-4it. ^(--)+

J £^, ^(--. ). £â...¥.......
+Ë^^^[t«<(ai^^, -.)+Â".(S^-1)]

A A (3) <"»»»" ° "Am,, + "*w,
>;*"<,v-si l0'»''"'"')'n';»'*""'"' 

'' 

- 

" 

- 
"-

Í.T ^ aMHU ° ''""B "'.'"f
M. Ne{A. B} M. Ne{A. B]

^.n^^. fí^^ <5) ^''^VAU"

(2)

(4)

(6)

i.l
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^:

li

l

'v'A, 'Y[a/^Y[ç/^
(7)

Insertion of these raie expressions in mass balance equaüon of polymer
species leads to a panial differenüal equaüon for P, which can be solved
by lhe method of characteristics.

Gel properties, such as the concentraüon of elasticaly acüve juncdons and

chains and the weight fracdon of dangling chains, as well as distribuüons
of average mean square molecular radius, assuming valid lhe Gaussian
chain model for describing the polymer molecules, can also be computed.

bu; space limiiauons preveni us from presenting the detaUs.

Simulation of copolymerizations of mono + divinyl monomers

A copolymerization of a monovinyl compound RCH=CH; (B, ) with a
divinyl coropound R'(CH=CH;); (B, )is iniüated by m organoliüúum
R"Li (83). We took as example styrene + 1.4-divinylbenzene + LÍC(HS.
Each monomer was considered a single junction. This is essentially a
"living" polymerization at tcmperatures below ambienl, but a slow
spontancous anion deacuvadon (Bywatcr [2]) occurs at highcr
temperatures, prcvenüng fali conversion of double bonds and even
gelation. Rale of propagation was considered to depend only on the nature
of lhe monomer which reacts and not on the kind of anion. However,

reactiviiy ofpendant double bonds was distinguished from the prevailing
before initiation or propagaüon and inítiation was supposed to have a finite
raie. Chemical species and reactions are described in table I. , .

TABLE I: Reacüon stoichiometry of thc anionic copolymerization of a
monovinyl monomer RCHsCH^ with a divinyl monomer ̂ (Çïí=Cïí^

[Monovinyl
luiiüaüon

pivinyl
ïniüation

[Intemal v i ny t
[nlUation

Reaction

name

[Monovinyl
[propagation

Pivinyl
[jropagaiion

Internai vjnyl
[propagaüon

Pydride,
elinúnaüon

^ydride
exchange

Chemical equation

Complex non-linoar potymBniaüon

Transformed
Istoich. coefïïcíents

|B, +BI '""-"'' , A, +A2+X, +VBn^

Ai+B^ ^"^-' , A, +A^V,,,,

k\ =k.
A]+A3 '."" '' , X3+X,

raa,, - U|{4
"a*ii = ia
VIS,, °C]

vaa,, = f i
'AB,, =°l/n2

'BA,, 'f]
^B|, =fí/a,

VSA,, = n,

"""^
VSA,, *aia2

V-U, ; = I/"|

-v^, =n^
VA, =03/^1

''Uli -h/"t

v.u, i-ç. /ai

We present in figure l an example of thc computed chain length

distribution of sol molecules and in figure 2 lhe predicted values of
tíasücaly acüve networkjunctions and chaíns. In both cases, they «u-e very

dífferent from the predictions of Ae theory of branching processes.

hitial mole raüos ofínitiacor and double bonds and of divinyi and the
monovinyl monomers were 0. 001.

Free-radical copolymerizatíon of the same monomers was also analyscd.
Traiisfer reacüons have been neglected. Rate of propagaiion was
considered to depend on the nature of thc unj[ carrying lhe radical and of

[; thc monomer with which it reacts, bul the reactivity of the two double

526



"!»ii

0. 000
IO2 itf

Numbcr ofMonomcr Units

Figure l: Chain length disïribuüon of sol at gel puint in aiüonic
polymerization of styrene + p-divinylbcnzene for instantaneous tC, =«")
and slow(C, = 0.001) iniriation.
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Figure 2: Concenuation ofelasticaly acüve network junctions (EANJ) md
chains (EANC) in anionic polymerizaüon of styrene + p-divinylbenzene
according to kineric modelling, for instantaneous iniüaüon, and TBP.
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Comptex non-linear polymBniation

tonds in lhe samc monomer was considcred to change afier reaciing one of
Ibcm. The reponed parameier values wcrc taken from a previous siudy on
lhe system methyl methacrylate (MMA) / elhylene glycol dimclhacrylate
(EGDMA) at 70 C, initiated by AIBN (Li el. al. [3]), for different inilial
»eight fracüons of EGDMA. Initial concentraüon of AIBN was 0.0516
inoldm

.3

O.Oï EGDMA
- 0, ]»EGDMA
- - - 0,2% EGDMA
- - - o.aa ECDMA
-. - 0. 5% EGDMA

.

/'
..^---'--l;

20 40 60 80 100 120
Time (min)

Figure 3; Predicted weight average degree of polymenzation vs. ume in a
baich radical polymcdzadon of MMA + EGDMA at 70 C. before gelation,
for different initial weight fracüons of EODMA.

li hás not yet beco possible to obtain numerical results beyond gel point for
Ihis chemical system. The inlegration along thc chBracieristics usually
breaks down after a very shon ume interval, and it is very difficull to find
cut an initial esümaie of lhe initial a». Thc solulion is likcly to come from

l lhe combinaüon of the continuation principie with a multiple-shooting
method adapted to "stíff systems ofordinary diffcrential equaiions.

Conclusions

For Ae simulations whiçh could be successfully performed up now (free
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radical polymerizations before gel point, polycondensaüons, non-radícal
polyaddiüons), lhe proposed method of polymerization modelling hás
requu-ed only reasonable computatíon resources (not greaier than for the
Monte Cario meihod described by Tobiia [4], which hás a more limiled

scope and relies on quasi-steady state hypothesis and a number ofother
approximations). Therefore, it is likely to remain a uscful tool in Ae future,
specially when the present numerical problems will be overeome.
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li i
A lunetíc study of the polymerization of MMA

JÁ. FeÍÍu, C. Bassaiii, Inst. for Safety Technology-Joint Ressarcli Cenlre, Ispra,I

C, Sottíle, G. Maschio, University ofMessína, I

Summary'

Kinetic studies on Üie bulk polyrnerisation cf methyl mediacrylate (MMA) have

been carried oul using differential scannmg caioriinetry (DSC), both ij i the ab-

sence and lhe presence of 2,2' - azo-bis-isobutyronitrile (AIBN). A long inducti-
on period was found when AJBN was not used. Nevertheless, ÜIE: reactioii started

and reached high conversion. A more severe test was carrieá out by inducing tíie

polymerisation without having removed tlie inJiíbilor present tn cormnercial

MMA. Again, the reaction started, but after a longer induction períod, and it did

1, 1 not reach a high conversion. The lests can-ied out widiout AIBN were characteri-

scd by lhe appearance ofan exothennic peak bcfore the onset ofliie auto acce-

leration. probably due lo the formation of radicais by the inonomer itseir, A more

': detailed study ofthe reaction hás been performed when tlie initíator vvas used. AiJ

lhe ÜiermokinetÍc parameters have becn measured or calculated and show good
sp-eement wíth those in the iiteratuTe.
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