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Molecular Architecture of Non-Linear Polymers:

Kinetic Modeling and Experimental Characterization

of the System Methyl MethacrylateR Ethylene Glycol

Dimethacrylate
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Mário Rui P. F. N. Costa*4

Summary: A general kinetic approach allowing the prediction of the molecular

architecture of non-linear polymers is applied to the study of the copolymerization of

methyl methacrylate (MMA) with ethylene glycol dimethacrylate (EGDMA). Dynamic

predictions of molecular weight distributions, sequence length distributions and

mean square radius of gyration are possible before and after gelation. A set of

experiments concerning the copolymerization of MMA and EGDMA was carried out in

toluene solution at 60 8C for which classic radical kinetics is a good approximation.

The time evolution of key polymer properties was followed using a SEC system with a

refractive index detector coupled with MALLS allowing the determination of absolute

weight average molecular weight and apparent molecular size distributions as well as

z-average radius of gyration. Special focus was given to assess the influence of the

initial amount of cross-linker on the dynamics of the non-linear structure build-up of

these products. A kinetic scheme comprising 23 different chemical species and 76

chemical reactions was used in the modeling studies of this chemical system. Most of

the kinetic parameters used in the simulations have been collected from previous

studies. For experiments at low monomer conversion (up to about 0.5) a good

agreement between predictions and experimental measurements is observed for

molecular weights and z-average radius of gyration by fitting a small number of

parameters describing gel effect (with a conversion dependent but chain length

independent termination rate parameter) and the relative propagation on pendant

double bonds. However, predicted values of weight-average molecular weights and

z-average radius of gyration before gelation are too low at higher monomer

conversions with non-linear systems. The likely cause is the presence of intra-

molecular reactions which should not be neglected in these circumstances.
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Introduction

The radical copolymerization of monovinyl

and multivinyl monomers offers the possi-

bility of synthesizing polymers with a

combination of high average molecular

weight with a low viscosity; such materials

are nowadays often used as rheology

modifiers or coatings. Moreover, with these

polymerization systems it is also possible to

obtain insoluble polymer networks with

important applications in a broad range of
, Weinheim
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separation processes (such as many deriva-

tives of styrene/divinylbenzene polymers)

or as superabsorbents hydrogels. Indeed,

materials resulting from vinyl/divinyl copo-

lymerization have found many applications

in biomedicine (e.g. contact lenses, smart

polymers for drug or gene delivery or

dental restorative materials), in tissue

engineering, in the production of imprinted

polymers, in several important separation

processes of pharmaceutical or bioengi-

neering industries or in the production of

microelectronic devices. Therefore, it was

inevitable the start-up of a growing

research activity related with the polymer

reaction engineering of vinyl/divinyl copo-

lymerization. Landin and Macosko[1] and

Hamielec and coworkers,[2,3] using differ-

ent modeling approaches with this same

chemical system, methyl methacrylate

(MMA)þ ethylene glycol dimethacrylate

(EGDMA), carried out two decades ago

two of the most important kinetic studies in

this subject and paved the way for the more

recent studies.

Nowadays, new research lines have been

explored in order to control the synthesis of

soluble branched polymers from vinyl and

divinyl monomers, namely by trying to

attain higher monomer conversions without

gelation (e.g. through the use of a chain

transfer agent[4,5] or through a semi-batch

operation mode[6]). Other important

experimental works have dealt with the

characterization of the molecular architec-

ture of these materials.[4,7] The application

of controlled radical polymerization tech-

niques (CRP) to these polymerization

systems is another important research line

also currently taking place. Recent works

reporting the ATRP copolymerization of

methacrylates with divinyl monomers

(or the homopolymerization of the latter)

can be found in the literature: MMA

with EGDMA,[8] homopolymerization of

poly(ethylene-glycol)dimethacrylate,[9] 2-

hydroxypropyl methacrylate with EGDMA

or bisphenol-A dimethacrylate,[10] homo-

polymerization of allyl methacrylate,[11,12]

2-(N,N-dimethylamino)ethyl methacrylate

with EGDMA,[13] 2-hydroxypropyl metha-
Copyright � 2008 WILEY-VCH Verlag GmbH & Co. KGaA
crylate with a disulfide based dimethacry-

late.[14]

In parallel with the experimental inves-

tigations carried out on this subject, different

kinds of mathematical models[3,15–18] have

been developed in order to predict the

behavior of these polymerization systems

and the structure of the outcoming materi-

als. It is important to note that in these

polymerization systems important deviations

are often observed with respect to the

predictions of Flory-Stockmayer’s theory[19,20]

or the theory of branching process[21] as well

as the mathematically equivalent recursive

approach.[22] Intramolecular cyclization

and reduced reactivity of pendant double

bonds have been recognized as major

factors governing the behavior of these

polymerization systems. These phenomena

also require the introduction of better

modeling tools of the statistical build-up

of chains, since the link probabilities show

considerable changes within the same

molecules or the network, invalidating

the formerly used simplifying assumptions.

Monte Carlo simulation (very slow) or

finite element methods have provided a

way to circumvent this difficulty.

A general kinetic approach (an extended

method of moments) capable of predicting

(both before and after gelation) average

molecular weights and distributions,

sequence length distributions and mean

square radius of gyration for non-linear

irreversible multicomponent polymeriza-

tions has also become a useful tool in this

research area.[23–32] The key distinctive

features of this approach relative to alter-

native methods are extensively discussed in

the above references. In this work, this

general approach is applied to the conven-

tional radical solution polymerization of

MMA with EGDMA in a batch reactor. It

is shown that besides the prediction of the

dynamics of molecular weights it is also

possible to obtain the dynamics of the mean

square radius of gyration of the polymers.

These predictions are compared with

measurements by SEC/MALLS for the

whole set of different experiments per-

formed. We show that the same fitting
, Weinheim www.ms-journal.de
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parameters calculated from the measured

molecular weights and monomer conver-

sions yield also good predictions of the

mean square radius of gyration whenever

intramolecular reactions are negligible.

This consolidated knowledge about the

molecular architecture of these materials

should hopefully be later exploited for the

prediction of physical properties relevant

for their uses.
Experimental Part

These experiments were carried out with an

automated semi-batch reactor of 2.5 dm3

maximum capacity operating in batch

mode. A detailed description of this experi-

mental set-up was presented elsewhere.[6]

Toluene at 99.7% purity, AIBN at 98%

purity, benzoyl peroxide (BPO) moistened

with 25% water at 97% purity (calculated

on the dry substance), methyl methacrylate

stabilized with 10 to 100 ppm monomethyl

ether hydroquinone at 99% purity and

ethylene glycol dimethacrylate stabilized

with 100 ppm monomethyl ether hydro-

quinone at 98% purity have been pur-

chased from Sigma Aldrich and used as

received.

The desired quantities of reactants were

charged to the reactor (see Table 1) and

brought to the desired temperature (60 8C).
Polymerizations were started (defining the

instant t¼ 0) by adding the initiator to the

reactor. Argon was bubbled in the reaction
Table 1.
Set of experiments performed in the radical copolymeriza

Exp. MMA
(dm3)

[MMA]
(mol/dm3)

EGDMA
(g)

[EGD
(mol/

A 0.35 3.269 1.0261 (w¼ 0.310%) 5.170�
B 0.35 3.267 1.5270 (w¼ 0.460%) 7.692�
C 0.35 3.272 0.0 0.
D 0.35 3.271 0.3365 (w¼ 0.101%) 1.697�
E 0.35 3.270 0.6023 (w¼ 0.181%) 3.037�
F 0.35 3.267 1.5056 (w¼ 0.452%) 7.585�
a)Weight fraction of EGDMA defined by wEGDMA ¼ mEGDM
b)The commercial BPO used in the experiments is mois
values of the mass of initiator presented in this Table incl
not included in the concentration and weight fraction
around 0.76% and wBPO around 1.15%.
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vessel at a flow rate 40 cm3/min during one

hour, before the start of the polymerization

in order to deoxygenate the reaction

medium, and that same flow rate was kept

constant during the whole polymerization

process.

Samples of polymer were withdrawn

from the reactor at prescribed polymeriza-

tion times and analyzed in the SEC/

MALLS system as described elsewhere.[6]

This integrated system enables the mea-

surements of molecular weights and aver-

age molecular radius of gyration. THF at a

flowrate of 1 ml/min was used as the eluent

and the SEC system operates at a constant

temperature of 30 8C. Refractive index

increment (dn/dc) for the polymers, solvent

and MMA in THF (respectively 0.0912,

0.1100 and 0.0077 cm3/g), required for

analyzing the MALLS results have also

been measured. The overall monomer

conversion was measured using SEC infor-

mation[6] and confirmed by gravimetry.
Kinetic Modeling

The modeling of the present case study was

carried out using the authors’ general

kinetic approach for describing non-linear

irreversible polymerization systems.[23–32]

Twenty three different chemical species are

considered as shown in Table 2. The

copolymerization of MMA with EGDMA,

eventually in the presence of an inhibitor

and/or a retarder (besides initiator, solvent
tion of MMA with EGDMA in Toluene solution at 60 8C.

MA]
dm3)

I (g) [I]
(mol/dm3)

S
(dm3)

[S]
(mol/dm3)

10�3 2.5604 AIBN 1.56� 10�2 0.65 6.097
10�3 2.5883 AIBN 1.57� 10�2 0.65 6.094

0 5.0138 BPO 1.55� 10�2 0.65 6.103
10�3 5.0050 BPO 1.55� 10�2 0.65 6.101
10�3 5.0796 BPO 1.57� 10�2 0.65 6.099
10�3 5.0033 BPO 1.55� 10�2 0.65 6.094

A=ðmEGDMA þmMMA þmIÞ.
tened with water (25% weight percent of water). The
ude the water present in BPO. The weight of water was
of BPO. Experiments have been performed with wAIBN

, Weinheim www.ms-journal.de



Table 2.
Chemical groups for the radical copolymerization of MMA with EGDMA.

Group Description Alias

Active groups in the polymer
Radical from methyl methacrylate (RMMA) A1
Radical from ethylene glycol dimethacrylate (REGDMA) A2
Radical from pendant double bonds (RPDB) A3
Radical from Retarder (RR) A4
Pendant double bonds (PDB) M3

Active groups/reagents not belonging to the polymer
Methyl methacrylate (MMA) M1

Ethylene glycol dimethacrylate (EGDMA) M2

Initiator (AIBN or BPO) (I) C1
Solvent (Toluene) (T) C2
Chain transfer agent (Carbon-tetrabromide) (CTA) C3
Inhibitor (Z) C4
Retarder (R) C5
Primary radical from initiator (PRI) R1
Primary radical from solvent (PRT) R2
Primary radical from chain transfer agent (PRCTA) R3

Inactive groups in the polymer
Polymerized methyl methacrylate U1

Polymerized ethylene glycol dimethacrylate U2

Crosslinking site U3

Fragments from initiator, solvent, chain transfer agent, inhibitor and retarder F1 to F5

Macromol. Symp. 2008, 271, 107–119110
and a chain transfer agent) is considered.

Four different kinds of polymer radicals are

distinguished since they present different

structures and therefore different reactiv-

ities are also plausible. Pendant double

bonds arising EGDMA, which are akin of
Table 3.
Kinetic scheme considered in the radical copolymerizat

Kinetic steps

Initiator decomposition

Initiation of monomers and PDBs

Methyl methacrylate propagation

Ethylene glycol dimethacrylate propagation

PDB propagations

Chain transfers to initiator

Chain transfers to solvent

Chain transfers to agent

Chain transfer to MMA

Chain transfer to EGDMA

Inhibition of polymer radicals

Inhibition of primary radicals

Retardation of polymer radicals

Termination by combination

Termination by disproportionation

Copyright � 2008 WILEY-VCH Verlag GmbH & Co. KGaA
one additional monomer, are also distin-

guished from the double bonds in the

monomers as they are known to show

different reactivities.[1–3]

In Table 3 the kinetic scheme considered

for this polymerization system is presented.
ion of MMA with EGDMA.

Chemical equation

C1 �!
kd

2fR1

Rj þMk �!
kIjk

Ak þ Uk þ Fj (þM3 if k¼ 2)

Ai þM1 �!
kpi1

A1 þ U1

Ai þM2 �!
kpi2

A2 þ M3 þ U2

Ai þM3 �!
kpi3

A3 þ U3

Ai þ C1 �!
kIi

Dead endþ R1

Ai þ C2 �!
kSi

Dead endþ R2

Ai þ C3 �!
kCTAi

Dead endþ R3

Ai þM1 �!
kM1i

Dead endþ A1 þ U1

Ai þM2 �!
kM2i

Dead endþ A2 þM3 þ U2

Ai þ C4 �!
kZi

Dead endþ F4

Ri þ C4 �!
kZPi

Inactive Products

Ai þ C5 �!
kRi

A5 þ F5

Ai þ Aj �!
ktcij

Head� Head Unit

Ai þ Aj �!
ktdij

Sat:þ Unsat: Units

, Weinheim www.ms-journal.de
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A total count of 76 chemical reactions is

assumed to exist: initiator decomposition

(1), initiation of monomers and PDB by

primary radicals (9), propagation of mono-

mers and PDB with the different kinds of

polymer radicals (12), chain transfers to

solvent (4), chain transfers to CTA (4),

inhibition of polymer and primary radicals

(7), retardation of carbon centered polymer

radicals (3), termination by combination of

polymer radicals (10), termination by dis-

proportionation of polymer radicals (10).

For the sake of generality, transfers to

monomers (12) and to initiator (4) are also

considered in this analysis. Despite the

somewhat ambiguous distinction between

inhibitors (such as monomethyl ether

hydroquinone) and retarders (deactivation

of primary radicals – deactivation/slowing

of polymer radicals), the kinetic steps here

considered involving these two species take
Table 4.
Basic set of kinetic parameters considered in the modelin
60 8C.

Kinetic step Kineti

Initiator decomposition kd¼ 9.6� 10�6 (
kd¼ 2.8� 10�6 (

MMA homopropagation kp11¼ 820
Polymer radicals termination kp11=

ffiffiffiffiffiffi
kt0

p
¼ 0.15

ktc ¼ atckt; ktd ¼

kt ¼
kt0

kt0exp �½

�

Chain transfer to solvent CS ¼ kS1=kp11 ¼ 0
Chain transfer to CBr4 CCTA ¼ kCTA1=kp11
Inhibition CZ ¼ kZ1=kp11 ¼ 1
Reaction radicalþ retarder kR1 ¼ 109

Chain Transfer to Monomer CM ¼ kM1=kp11 ¼
Chain Transfer to Initiator CI ¼ kI1=kp11 ¼ 0

a) Kinetic parameters units are dm3 mol�1 s�1, unless o
b) For AIBN, kd was collected from Ref. [33] (p. 71) and
c) For BPO, f kd was taken to be the value for a benzene

should be more accurate than the previously reporte
d) IUPAC benchmark value[33] collected from Ref. [36].
e) kt is an average termination constant in the framework

0.12 to 0.27 for the parameter kp=
ffiffiffiffiffiffi
kt0

p
can be found i

was estimated from time vs. conversion data (prior to n
the present work. Termination of MMA occurs predom
values of atd from 0.16 to 0.7 are also mentioned in

f) Collected from Ref. [39] (p. 168).
g) Collected from Refs. [2,3].
h) Parameter in the range of the inhibition reactions by
i) In the range of the rate constant for the reaction of
j) Collected from Ref. [39] (p. 169).
k) Collected from Ref. [40].

Copyright � 2008 WILEY-VCH Verlag GmbH & Co. KGaA
into account the deactivation of all kinds of

radicals and the existence of a polymer

radical with a lower reactivity (RR or A4)

coming from propagation with a retarder

(such as oxygen). This radical is supposed to

polymerize with monomers, as commonly

accepted for oxygen centered radicals

polymerizations.[33] Nevertheless, our experi-

mental set-up has avoided this possible issue;

simulations have shown that the effect of

inhibitor on average molecular weights

should only be noticeable above around

500 ppm, which is much higher than what

can be expected.

Table 4 and 5 present the numerical

values of some of the 77 kinetic parameters

used in the simulations. In Table 6 are

presented the values considered for the

propagation rate coefficients which are the

major parameters governing the crosslink-

ing process (see also Figure 1). Past
g of radical copolymerization of MMA with EGDMA at

c parameters involved a) Remarks

s�1), f0¼0.6 (-) (AIBN) b) c)

s�1), f0¼ 1 (-) (BPO)
d)

dm3/2(mol s)�1/2 e)

atdkt
if X < Xc ¼ 0:3

Z X � XCð Þ� if X > Xc
; Z ¼ 2

.2� 10�4 f)

¼ 0.25 g)

04 h)

i)

0:2� 10�4 j)

:02 (BPO);¼ 0 (AIBN) k)

therwise stated.
f0 from Ref. [35].
solution measured by inhibition with DPPH[47] which
d[45]; f0 is known to be above 0.9.[46]

of the classical kinetics. Scattered values in the range
n the literature.[37–40] kp=

ffiffiffiffiffiffi
kt0

p
¼ 0.15 dm3/2(mol s)�1/2

oticeable Norrish-Trommsdorff effect) as measured in
inantly by disproportionation (atd ¼ 0.6) but note that
the literature.[33]

some quinones.[33]

carbon-centered radicals with oxygen.[33]

, Weinheim www.ms-journal.de



Table 5.
Assumptions used in the present work for some kinetic parameters considered in the modeling of radical
copolymerization of MMA with EGDMA at 60 8C.

Kinetic step Kinetic parameters involved Remarks

Initiations kIkj ¼ kp1j ðk ¼ 1; . . . 3; j ¼ 1; . . . ; 3Þ a)

Chain transfers to agent and to solvent kCTAj ¼ CCTAkpj1; kSj ¼ CSkpj1
b)

Chain transfers to monomers and to initiators kMij ¼ CMkpij; kIj ¼ CIkpj1
c)

Propagations with radicals RR kp4j=kp1j ¼ 0:01 ðj ¼ 1; . . . ; 3Þ d)

Inhibition kZi ¼ CZkpi1 ði ¼ 1; . . . ; 4Þ b) e)

kZPi ¼ CZkp11 ði ¼ 1; . . . ; 3Þ
Reaction of radicals with retarder kRi=kR1 ¼ kpi1=kp11 ði ¼ 1; . . . ; 3Þ b)

Termination ktcij ¼ ktc; ktdij ¼ ktd ði; j ¼ 1; . . . ; 4Þ f)

a) The rate constants for the initiation of the different monomers ( j¼ 1,. . .,3) with different kinds of primary
radicals (k¼ 1, . . .3) are considered to take the same values as in the related propagations with RMMA.

b) The rate constants of the reactions between the various propagating radicals with CTA, solvent, inhibitor and
retarder are assumed to be proportional to the propagation constant with MMA.

c) The rate constants of transfer to monomers are assumed to be proportional to the similar propagation
reactions using the transfer to MMA as reference. The same assumption is used for the reactions of transfer to
initiator.

d) The propagation of the monomers with non-carbon centered radicals (e. g. oxygen centered) is considered to
be much slower than with the related normal propagation.[33]

e) The inhibition of the primary radicals is supposed to occur with MMA at the same extent.
f) It is considered that the kinetic constants for all termination reactions take the same values as the average
termination rate constant.

Macromol. Symp. 2008, 271, 107–119112
experimental works concerning the copoly-

merization of MMA with EGDMA have

been used for estimating most of the

needed kinetic parameters[2,3] involved in

this crosslinking polymerization. Neverthe-

less, here we are distinguishing the radicals

arising from PDB (Figure 1) and therefore

some other assumptions concerning the

reactivity of these species must be used. In

the present work a sensitivity analysis with

respect to the prediction of the reactivities

of these radicals is also presented. Other

assumptions are described in the footnotes

of the aforementioned Table 4 to 6.
Table 6.
Propagation rate coefficients (kpij) considered in the rad

Radical/Monomer M1

A1 820.0a)

A2 1122.7b)

A3 598.9d)

a) IUPAC benchmark value[33] (p. 219).
b) Based on the reactivity ratios r1 ¼ 0:67, r2 ¼ 1:49 an
c) Based on the reactivity ratio r13 ¼ kp11=kp13 ¼ 3:45 obt

ratios kp13=kp23 ¼ kp12=kp22 as suggested in Refs. [2,3]
d) It is considered in this work that a geometric decay r

different kind of monomers: kp3j ¼ ðkp1jÞ2=kp2j. Thes
factors. The effect of this assumption is also discuss

Copyright � 2008 WILEY-VCH Verlag GmbH & Co. KGaA
Results and Discussion

In Figure 3 are presented the experimen-

tally measured and predicted values of the

overall monomer conversion. Those data

were used to estimate the parameter

kp=
ffiffiffiffiffiffi
kt0

p
¼ 0.15 dm3/2(mol s)�1/2 consider-

ing valid the classical polymerization

kinetics, which was estimated to hold up

to monomer conversion XC¼ 0.3. A

decrease of kt owing to a different regimen

of diffusion control was observed for higher

monomer conversions and this effect was

quantified using an empirical correlation
ical copolymerization MMA with EGDMA at 60 8C.

M2 M3

1223.9b) 237.7c)

1672.8b) 324.9c)

895.5d) 173.9d)

d kp22=kp11 ¼ 2:04 collected from Refs. [2,3].
ained in this work from experimental data and on the
.
elation holds for the reactivity of radicals A3 with the
e reactivity decreases are plausible owing to steric
ed in the current work.

, Weinheim www.ms-journal.de



Figure 1.

Schematic representation of the propagation reactions considered in the radical copolymerization MMA with

EGDMA (for the sake of simplicity propagations with radicals RR are not here presented).

Macromol. Symp. 2008, 271, 107–119 113
for the decrease of the termination rate

constant as proposed by Tobita and

Hamielec[34] (see Table 4).

These solution data do not show the

slight influence of the presence of EGDMA

on kt which is nevertheless known to occur

with bulk polymerization when wEGDMA is

increased from 0 to 0.01.[3]

In Figure 4(a) and 4(b) are compared the

experimental measurements and theoreti-

cal predictions for Mw in the non-linear

polymerization MMAþEGDMA initiated

by AIBN and BPO. Error bars presented in

those two figures for the experimental

measurements of this work are those

directly indicated by the software of the

SEC/RI/MALLS system. The experimental

data on Mw lead to an estimation of the

reactivity ratio of PDB, which is r13 ¼
kp11=kp13 ¼ 3:45. With this apparent reac-

tivity ratio, good agreement between mea-

surements and predictions for runs carried

out with different amounts of EGDMAwas

achieved except when the reaction condi-

tions are favorable to the occurrence of

intramolecular reactions (high monomer

conversion with non-linear systems). It is
Copyright � 2008 WILEY-VCH Verlag GmbH & Co. KGaA
important to note that this reactivity ratio is

consistent with a decrease of reactivity of

PDB (CP ¼ 2kp13=kp12 ¼ 0:39), as reported

in other works on this subject.[1–3] Further

studies in order to clarify the values of PDB

reactivities (which actually should be

higher than these apparent values) should

include experiments at higher dilutions in

order to assess the intramolecular cycliza-

tion effects.[1,27]

Note that the kinetic approach we use

lumps all isomers with same counts of

groups into the same conventional chemical

species. Therefore, an accurate considera-

tion of intramolecular reactions is possible

only for the smallest sized loops.[27] It is

nevertheless conceivable that models using

empirical pseudo-rate constants of cycliza-

tion might prove to be useful. They present

some mathematical difficulties in their

implementation when generating functions

are introduced and this has delayed their

development by the authors.

The most innovative results of this work

are presented in Figures 5(a) and 5(b),

where experimental z-averagemean-square

molecular radius of gyration (Rg) of the
, Weinheim www.ms-journal.de



10
5

10
6

107

9630

W
ei

gh
t 

av
er

ag
e 

m
ol

ec
ul

ar
 w

ei
gh

t

Run B
0.460 % EGDMA

Run A
0.310 % EGDMA

Figure 2.

Schematic representation of the concept of bond length used in the calculation of the average radius of gyration

of branched/crosslinked polymers.
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synthesized copolymers are compared with

the predictions of the present kinetic

approach.[31] This method is valid for

tree-like polymers with Gaussian chains

considered as a set of beads connected by

massless freely rotating rods (see Figure 2).

Our predictions are therefore valid at Q

conditions. Molecular expansion in good

solvents (the excluded volume effect)

should be taken into account because the

experimental measurements were per-

formed in THF at 30 8C. The length of

the Kuhn segment connecting centers of

mass of repeating units b¼ 0.615 nm was

estimated using the relation Rg;linu ¼
0:0251M0:5 valid for poly(methyl metha-

crylate) in a Q solvent.[42,43] Using the

published value for poly(methyl methacry-

late) in THF, Rg;lin ¼ 0:011M0:596 at
0.0
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Figure 3.

Time evolution of the measured and predicted overall

monomer conversion for different polymerization

runs (see Table 1) performed with AIBN and BPO as

initiators.
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30 8C[43] we estimate that also in THF at

30 8C for linear polydispersed poly(methyl

methacrylate) Rg;lin=Rg;linu ¼ 0:438M0:096
z .

An extension of our method for taking

into account the presence of the excluded

volume effect has not yet been devel-

oped[31] and in this work we have assumed

equality of the expansion factors for
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Figure 4.

(a) Time evolution of the measured and predicted Mw

for polymerization runs performed with AIBN. (b) Same

comparison for runs initiated by BPO.

, Weinheim www.ms-journal.de



Macromol. Symp. 2008, 271, 107–119 115
branched and linear polymer molecules.

Several other researchers[48] have also

considered this assumption in more recent

works with similar goals as this one, but a

more exact estimation of g is urgently

needed.

In spite of these assumptions, a good

agreement is often observed between the

predictions and the experimental measure-

ments of Rg when intramolecular reactions

are less important and therefore some

reliable information concerning the mole-

cular architecture of these polymers can be

obtained using this approach. The excep-

tions are, as it could be expected, the high

discrepancies between predictions and

measurements with runs A and E where

higher monomer conversions at gel point

are observed.

The complexity of kinetic schemes such

as the one here discussed precludes the

direct use of other approaches (such as

Monte Carlo simulation or molecular

dynamics) which should be improved in

order to efficiently describe real linear or

branched chains.[49]

A major advantage of this general

kinetic approach is the possibility of con-

sidering more complex kinetic schemes

whenever desired. In the present work,

radicals from pendant double bonds (A3)

were distinguished from radicals of MMA

or EGDMAbecause it is plausible that they

present different reactivities (see also

Table 6). In Figure 6(a) is presented the
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(a) Predicted and measured time evolution of Rg (nm) in t

AIBN. (b) Same comparison for runs with BPO as initiat
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predicted effect of the reactivity of RPDB

on the time evolution ofMw, using run B as

an example. Different values of the reac-

tivities of RPDB k�p3j ¼ CRkp3j were con-

sidered in the simulations using the values

(kp3j) presented in Table 6 as reference. It

can be observed that these parameters can

have a major effect on the predictions only

when these radicals are reactingmuchmore

slowly (CR< 0.01) than the reference situa-

tion we have considered. However, this is a

plausible situation due to the lower mobi-

lity of these radicals and therefore the

estimated apparent reactivity ratios of PDB

can also be affected by this phenomenon.

The reliability of the predictions of the

present kinetic approach was also assessed

using experimental data previously

obtained for the bulk polymerization of

MMA/EGDMA.[2,3] Considering the poly-

merization conditions and the kinetic

parameters used in these works, our pre-

dictions of the monomer conversion at gel

point were compared with the experimental

values observed in the presence of CBr4 as

CTA. This comparison is presented in

Figure 6(b) and the good agreement

between the predictions and measurements

confirms the correctness of the foundations

of this method.

In Figure 7 is presented the relation

between measured average radius of gyra-

tion and average molecular weight for

linear MMA and different non-linear

samples of MMA/EGDMA synthesized
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Figure 6.

(a) The predicted effect of the reactivity of radicals of

pendant double bonds on the time evolution of Mw .

(b) Predicted and measured gel conversion for the

system MMA/EGDMA in the presence of CTA. Exper-

imental data collected from Li, Hamielec and

Crowe[2,3] and predictions of the present kinetic

model.

Figure 7.

Relation between average radius of gyration and

average molecular weight for linear MMA and several

non-linear samples of MMA/EGDMA synthesized in

this work.

Figure 8.

(a) Observed 908 light scattering signal in the SEC

chromatograms of samples of MMA/EGDMA corre-

sponding to different polymerization times. (b) Mol-

ecular weight along the SEC chromatogram for a

sample of MMA/EGDMA.
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in this work. The well known decrease of

the size of non-linear polymers when

compared with the linear analogous is here

confirmed. Nevertheless, it is important to

recall that these polymer samples are highly

dispersed in molecular mass and the correct

comparison is made usingMz as a reference

instead of Mw. Indeed, for a population of

linear polymer molecules a power relation

(with exponent 0.5 for Gaussian chains)

between Rg (z-average radius of gyration)

and Mz should be observed (see for

instance Ref. [32]). Note in the same

Figure 7 the high estimated errors in the
Copyright � 2008 WILEY-VCH Verlag GmbH & Co. KGaA
measurements of Mz by SEC/MALLS

(only Mw can be directly measured) when

highly dispersed polymer samples are

analyzed, as previously presented for the

system styreneþ divinylbenzene.[6]
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Figure 9.

(a) Observed relations molecular weight vs. elution

volume for MMA/EGDMA copolymers. (b) Time evol-

ution of the molecular weight distribution of MMA/

EGDMA copolymerization showing the formation of a

long end tail as gelation is approached.
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In Figure 8(a) is presented the dynamics

of formation of a polymer population with

large dimensions but at a low concentration

(forming a kind of cluster) as the gel point is

approached. The chromatogram presented

in Figure 8(b) of a MMA/EGDMA sample

collected close to gel point shows in detail a

molecular fraction with a strong light

scattering signal but a weak refractive

index.

Figure 9(a) shows an inversion in the

relation molecular mass vs. elution volume

of two highly cross-linked samples of

MMA/EGDMA confirming again the exis-

tence in the samples of polymer species

with same molecular weight but very

different molecular sizes. Similar observa-

tions have also been recently reported in

the literature.[10] Figure 9(b) presents the
Copyright � 2008 WILEY-VCH Verlag GmbH & Co. KGaA
time evolution of the chromatograms of

MMA/EGDMA samples showing the for-

mation of a long end tail as the gel point is

approached, in agreement with previous

theoretical results.[28]
Conclusions

In this work, a general kinetic approach was

applied to the study of the copolymeriza-

tion of MMA with EGDMA in toluene

solution at 60 8C and using batch operation

mode. A complex kinetic scheme compris-

ing 23 different chemical species and 76

chemical reactions was applied in the

modeling studies of this chemical system

considering the absence of cyclization

intramolecular reactions. Most of the used

kinetic parameters have been collected

from related studies and experimental

measurements by SEC/RI/MALLS of the

average molecular weights and monomer

conversion of the synthesized products

were used to estimate fitting parameters

concerning the reaction rate and the

reactivity of pendant double bonds. The

decrease of the reactivity of pendant double

bonds measured in this work is consistent

with earlier studies with the same chemical

system.[1–3]

For experiments at low monomer con-

version (up to around 0.5) a good agree-

ment between predictions and experimen-

tal measurements is observed. Predicted

weight average molecular weights and

z-average radius of gyration are too low

at higher monomer conversions with non-

linear systems. Further experimental stu-

dies with more emphasis on describing

cyclization effects should be undertaken in

order to clarify these issues.

Using the same set of kinetic parameters

applied in the predictions of average

molecular weights, we show that the

measured z-average radius of gyration can

also be calculated.

It has also been confirmed that the

interpretation of the SEC chromatograms

of branched/crosslinked polymers may be

troublesome due to the existence of
, Weinheim www.ms-journal.de
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copolymer chains with the same molecular

weight but quite different molecular sizes

(elution volumes).

The results here presented are a step

towards further studies allowing a better

control on the molecular architecture of

non-linear polymers with several important

applications in biotechnology and medicine

(e.g. as ‘‘smart’’ polymers[50]). The operation

in semi-batch reactor[6,51] with controlled

radical polymerization (CRP), namely atom

transfer radical polymer (ATRP), is a

promising combination to improve the

properties of these materials. The simpli-

fied description valid at low conversion with

negligible cyclizations is likely to hold in

most cases with CRP as shown in previous

works.[52]
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