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Computer simulations are performed to study the polymerization behavior in a mixture of
bifunctional groups such as olefit&) and acrylate$B) in an effective solventa coarse description

for vegetable oil derived macromonome¢OMMSs) in solution on a cubic lattice. A set of
interactions between these units and sol&htconstituents and their relative concentratiopg

pg, and pg) are considered. Samples are equilibrated with Metropolis algorithm to model the
perceived behavior of VOMMs. The covalent bonding between monomeric units is then
implemented via reaction pathways initiated by stochastic motion of free rad&alsry small
fraction). The rate of reaction shows decay patterns with the time stg¢path power laws(i.e.,
Rapat™ ", r=0.4-0.8), exponential decayise., Ry,ae” %%t), and their combination. Growth of
A-B bonding is studied as a function of polymer concentratierp, + pg for four different model
systems appropriate for VOMMSs. The data from the free radical initiated simulations are compared
to the original simulations with homopolymerization. While most of the data are consistent with
experimental observations, the variations are found to be model depender004©American
Institute of Physics.[DOI: 10.1063/1.1753564

I. INTRODUCTION 2) is another side reaction that reduces the unsaturation in the
polymer and limits the potential for oxidative cure post
Vegetable oil derived macromonoméxOMMs) are in-  application?
corporated into emulsion polymers and employed as coalesc- Many computer simulations have been performed to
ing aids, replacing volatile organic solverfi$€OCs) that are  model polymerizatior’s13in recent years, but there are rela-
currently being used. Once the film is applied, property detively few that have modeled specific systems. This study is
velopment occurs via auto-oxidation of unsaturation foundan attempt to model the free-radical polymerization of
along the backbone of the oil, thus forming a crosslinkedvOMMSs in a solution. This model employs phenomenologi-
network! The technology is an environmentally friendly al- cal interactions as a means of equilibrating the distribution of
ternative to the traditional high-VOC products that currentlyneighboring functional groups. Unlike previous computer
dominate the market. simulationst* where each monomeric unit reacts with their
It is speculated that both proximity of the polymerizable nearest neighborgan effective medium homopolymeriza-
group to the sites of unsaturation along the oil backbone antion), a radical initiated polymerization is considered to bring
the ratio of acrylates to olefins, play a major role in theit closer to a realistic representation of the experimental sys-
incidence of chain transfer. Polymerizatforia pendent tems. In free-radical polymerization, covalent bonds are
acrylate functionalities facilitates the incorporation of theformed along the trails of kinetic reaction pathways of mo-
VOMM s into the polymer backbone. The challenge is thebile radicals. Simulations were performed at various polymer
preservation of the allylic double bonds during the free-concentrations with different fractions of acrylate—olefin ra-
radial polymerizations. Allylic hydrogens are highly suscep-tios appropriate for laboratory systems. Results are compared
tible to chain transfer reactions, which results in low conver-10 the original data generated via homogeneous polymeriza-
sion, high gel content, and branchihg.has been shown via tion.
nuclear magnetic resonance that the mechanism of chain
transfer can be one of the two possibiliti¢ggs. 1 and 2 Il. MODEL AND METHOD
!ntra_\molecular cha}in t_ransfer via proton abstraction is_shown Particles of molecular weigh¥l , andM g represent ole-
in Fig. 1. Polymerization through the oil double bor(®#g. i, (A) and acrylate¢B) on a cubic lattice of siz&? with

each particle occupying a lattice site. The volume fractions
dElectronic mail: ras.pandey@usm.edu pa and pg of particles A and B constitute the polymer con-
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FIG. 1. Proton abstraction reaction.

centratiqnp= patpg. Initially, _particles A and B are ran-  Carlo Step time. The sample is equilibrated for a sufficiently
domly distributedonly one particle at a sifeThe fraction of  |ong time by monitoring the steady-state values of the energy

empty §itesp3=l— p represents the eﬁective §0|vent CON- and visualization of the structural patterns.
centration. A set of nearest-neighbor interactions between Polymerization is then initiated by stochastic motion of

particles A, B, and solventS) sites are used to equilibrate
their relative distribution and mobility, in order to describe
appropriate  VOMM mixtures with different structural
constituents? For example, a typical phenomenological in-
teraction energyE) in arbitrary units is given by

randomly distributed radicals from a monomer at site, isay

to a randomly selected neighboring monomer at gitat-
tempts are made to form a covalent bond between the two
sites (i, j) with probability k, 4, if both have at least one
unsaturated bond. However, if both sit@sj) have radicals,
Ean=Epg=—1Ea=—2. (1) then these two radicals annihilate each other, but the bond is

Accordingly, the proximity of A to B is relatively more fa- Still formed if they have unsaturation. Thus, the covalent
vorable than the proximity of A to A or B to B, which are bonds grow on the trail of the radical moveme(ftem one
desired features hypothesized for a set of experimentdnonomer to anothgr In one time step, movement of all
systems”:“Another possible interaction is unreacted monomer@,B) is followed by radicals’ move
and reaction with a probabiliti, ;. Note that a radical is
also carried by stochastic motion of an unreacted host mono-
This enhances the probability of B surrounded by B in com-mer from one site to another. However, once the monomer is
parison to A or B surrounded by A. The experimentalimmobilized, it is still possible for radicaléincluding the
systeni* is thus represente@pproximately by interactions  one at this monomegtto move from one site to another only
se_t like _Eqs.(l) and (_2) among the functior_13| groups alo_ng if a covalent bond results between the two sites. A functional
with their concentrationspl 'PB)' Th? qua"tY of solvent is group becomes saturated when both of its functionalities be-
contrplled by a nearest-neighbor mte_ractlon between th%omes part of a covalent bond. During the simulation, the
functional units(A, B) and the solvent sites, growth of covalent bond$A-B, B—B) and their relative
Eas=Egs=—1. (3) fractions are monitored. Simulation is carried out for suffi-
The sample is equilibraté8i by moving each functional cient time steps for the_ conve_rsion fa(?tor to reach a near
group for a sufficiently long time with the Metropolis algo- constanF value. To obtaln-a rellgble estimate of the average
rithm, implemented by the following method. A particle—A COnversion factors, the simulations are repeated for many
or B—at sitei and one of its neighboring sitegsare selected independent samples each involving equilibration from an

randomly. If sitej is empty, then an attempt is made to moveinitial random distribution of constituents followed by poly-
the particle from sité to j with a Boltzmann distribution, merization. Simulations are carried out on different lattice

AE sizes, however, most of our data presented here are generated
ex
p( kg:T

(4 ona 5@ lattice as no significant finite size effects are noticed
on the qualitative behavior of bond formations. The statisti-
where T is the temperature andE is the change in the cal error bars are within the size of symbols used in the
energy of the particle if it were to move to sitePeriodic ~ figures. In the following section, four specific systems based
boundary conditions are used along ¢, andz directions.  on interactiongEgs. (1)—(3)] and appropriate concentration
An attempt to move each particle once defines a unit Monteatiosp,/pg=1, pa/pPg=5 andp,/pg=2 are considered.

Esma=Eas=—1Eg=—2. 2

R
R

|
R—CH,—CH=CH—CH,—CH—R . |
R—CHz—CH—cfH——CHz—CH—R
* —_— R——CHZ—TH
R——CHZ—']",H (f=° FIG. 2. Addition across allylic double bonds.
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FIG. 3. Acrylate positioned directly off the backbone.

I1l. SIMULATION CONDITIONS

Based on laboratory experimeftéa reaction between
two olefins(A—A) is relatively less likely during the poly-
merization, therefore, A—A bonding is not considered. The
kinetic reactions between the olefif&) and acrylategB),
for example, is described by reaction probabilitidss  FiG. 5. Snapshot of an equilibrated system prior to reaction initiation. A
=kag=0.25,kpp=0. Thus, bonds are allowed to form with (dark, B (light) spheres on a 30attice for systentii).

a 25% probability when a radical from a siteccupied by a
B group attempts to move to a neighboring gitecupied by

A or B. Polymerization only occurs between A—B, or B—B variation of the AB bond with time for systems i—iv with
subject to availability of unreacted functionalities of reactingpolymer concentratiop=0.5 and 0.7 is presented in Fig. 7.
units. It is easy to note that the growth of bonds is neither linear
The growth fraction of B—B, and A—B bonds, is deter- nor a power law with time steps. However, the population of
mined for four different Systems. Each System represents thRB bonds grow rap|d|y during the initial Stage of reaction
overall configurational characteristics of a VOMM with re- fgllowed by a slow increase. Further, the growth varies with
spect to their proximity, mobility, and relative concentra- the systen(i—iv) and depends on the polymer concentration
tions. (i) For the acrylate positioned directly off the back- (p=0.5, 0.7. Thus, the bond growth is specific to systems.
bone, as in Fig. 3, the proximity of the olefin@) to In an attempt to find an empirical relation for the bond
acrylates(B) is described by the interaction eneridsgs.(1)  growth, the rate of reaction is examined in detail. The rate of
and (3)] and concentration(or volume fraction ratio of  polymerization for each simulation is determined by evalu-
[Al[B] is 1:1 (pa/pe=1). (i) The acrylatesB) and the  ating the rate of bond growth as a function of time stegee
olefins (A) are separated by a spacer linkdg@s shown in  Fig. 8). It is rather difficult to identify a universal decay law
Fig. 4. The interactionfEgs.(2) and(3)] and their fractional  (j.e., exponential, power law, ejchat can fit with all of the
ratio of [A][B] is 5:1 (pa/pe=5). Interaction between data sets. However, systentis) and (i) seem to exhibit
groups (A, B) is identical to that in systentii) but with  distinct decay features with some claritsee insets of Fig.

concentration ratios ofA]:[B]=2:1 (pa/pg=2), in sys-  8): hoth systems have the lowest ratio of acrylates to olefins.
tem (i ), and[A]:[B] ratio of 1:1 in systeniiv).

IV. RESULTS AND DISCUSSION

As described above, the olefii8), acrylates(B), and
solvent(S) are randomly dispersed on the cubic lattice ini- |
tially. However, the mixture is brought to a thermodynamic |«
equilibrium (Fig. 5) prior to reaction initiation. The approach { ¢
to thermodynamic equilibrium is determined by monitoring &)twﬂ‘t‘ ~2 |
the interaction energy with time steps. After radical initia-
tion, the polymerization occurs very fast until saturation is )
reached. A typical snapshot of the distribution of functional N
groups and bond growth is shown in Fig. 6.

The free radical initiated polymerizations are found to [
have greater chain transfer eveiifs-B bonding (see be- |
low) since the polymerization occurs via reaction pathwaysfz;
creating greater heterogeneities throughout the lattice. ‘

0
Il
R—O0—C—CH=CH,

wor CH—CH= CH__CHZ_&H—CHZW FIG. 6. Typical snapshot of the distribution of reacted functional groups and
bond growth at times steps$= 10, 30, 50, and 10Cafter equilibration(for
FIG. 4. Acrylate positionedR-carbons away from the backbone. 500 time stepson a 3@ lattice. The large spheres represent radicals.
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FIG. 9. Fraction of saturated AB bonds versus total polymer concentration
FIG. 7. Number of AB bonds vs timé) steps on a 50sample with ten  for kaa=0, kas=Kgs=0.25 with equilibrated latticéfor 10* time steps
independent runs and radical concentratips: 0.01 at polymer concentra-  prior to reaction initiation, sample size $ith ten independent at each
tion p=0.5 (open and 0.7(filled). polymer concentration with radical concentratign € 0.01). Data for ho-
mogeneous polymerization are included for comparison.

The lower inset of Fig. 8 suggests power-law decays for the

rate of reaction, i.e., comparison is made between systém which represents a

o4 06 VOMM with an acrylate directly off the backbone of the oil,

Rapat™ " (i), Rapat™ "Xiii) (5 and systentiv), which represents a VOMM with the acrylate
followed by positioned away from the backbone. In systéim the frac-

08 tion of A—B bonding is over 85% and increases with poly-

Rapat™ “(ii,iii ). ®  mer concentration, up to a maximum of 98%ee Fig. 9.
The log—normal fits of the datapper inset of Fig. Bonthe  The occurrence of chain transfer in systéw) however, is
other hand, shows a weak exponential decays just after inignificantly lower, starting at 64% at low polymer concen-
tiation, i.e., trations and decreasing to 55%.

0.0014:: 00011 The difference between the homogeneous polymeriza-

Rapare (il), Rape ' (7} ion and the free radical simulations varies from on system to
It is hard to identify such rate of reaction decay laws fromanother. In systeni), there is very little difference between
the long-time tails. Thus, the rate of reactioR,f) decays the two simulations, however, there is significant variation in
with a power-lawR,,at " with an exponent which shows the simulations in systertv) (Fig. 9. Once at equilibrium,
a crossover from slowr=0.4, 0.6 to a rapid decayr( the As in system(i) are surrounded by B’s, therefore the
=0.8) for systemsii) and(iii ). Data for system§, iv) seem likelihood of A—B interaction is high under both homoge-
to fall in between, possibly a rate of reaction decay with aneous and heterogeneousadica) polymerization condi-
combination of power law and exponential. To examine theions. Therefore, it is not particularly surprising that there is
effect of acrylate proximity to the backbone of the oil, alittle difference between the two simulations. However, in
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= Homo. i radicals. Four different systems are used in this study, each
1.00- 9~ Radicall representing a different VOMM structure. The rate of poly-
v —¥— Radical i merization as a function of time steps is analyzed. Both
/‘ T power-law and exponential decays of the rate of reaction
3 090+ :\_\-\ seem to.occur specifically in systerig and (iii ), with dis-
& a5 v e tinct regions.
2 / \\'_\ The free-radical simulation data are compared to the
£ 7% M original simulation with homogeneous polymerizatiéihe
§ ors] T —, number of A—B bonds as a function of polymer concentra-
oo e S . tion is determined for each system. Significant variations are
' found in the fraction of A—B bonds which depend on the
R T N ratio of acrylates to olefins and the proximity of the func-
Polymer Concentration tional groups to each other. In systems where aggregates of

acrylates were prevalent throughout the lattisgstems ii—
FIG. 10. Fraction of saturated AB bonds vs polymer concentratiok {r iv), there is an increase in the number of A—B bonds as a
=0, kag=kgg=0.25 with equilibrated latticgfor 10* time steps prior to function of polymer concentration. In systefi) however
reaction initiation, sample size %@vith ten independent runs for system i ’ . e
and iii at each polymer concentration. few aggregates qf acryla_tes d_evelop during the eqwhbngm
stage, and there is very little difference between free radical
and homogeneous polymerizations.
system(iv), after the equilibrium, B’s are likely to be next to
each other creating aggregates of B’s throughout the latticey\CKNOWLEDGMENTS

see Fig. 5. The darker spheres represent the acrylates in the i
system. During heterogeneo(radical initiatedl polymeriza- The “authors would like to thank USDA/CSREES/
tion, the reaction occurs via a limited number of reaction\RICGP Agreement No. 2001-35504-10755, the MRSEC

centers(radicalg along a random one-dimensional path thatProgram of the National Foundation Agreement No. DMR-
can drift away from the B clusters into areas with higher0213883, and NSF-EPSCOR Grant No. EPS-0132618 for

concentrations of A. This reduces the likelihood of a BB financial support.
reaction. In contrast, when polymerization occurs in an iso-
tropic manner throughout the entire lattice, the likelihood of Solids, and Powder Coatings Symposiig8, pp. 305-320.

aB-B _|nt_eract|on 'S_ maximizetsee Fig. 10 ) ) 2G. Odian,Principles of Polymerization3rd ed.(Wiley-Interscience, New
A similar effect is seen when a comparison is made be- vork, 1993.

tween the homogeneous and radical initiated polymerization§E. H. Brister, O. W. Smith, and S. F. Thamd&oceedings of the 26th
of system(ii) and (iii ). Both systems have strong B—B inter- '(rl‘;eégat[')%”egg%aéerbome' High-Solids, Powder Coatings Symposium
actions, however, the ratio of A:B is very different: 5:1(in S '

Hen } . . 4K. L. Diamond, S. N. Shah, O. W. Smith, and S. F. Thanfreceedings
and 2:1 in(iii) The lower concentration of B’s in systefin) of the 30th International Waterborne, High-Solids, and Powder Coatings

result in smaller clusters, therefore there is not as great gSymposiuni1998, pp. 305-320.

difference between the homogeneous and heterogeneous p -'oigz‘ély,\?gx 365(' "12%‘;13“'”6““ of Aggregation and Gelatidilorth-

lymerizations. In systentiii), the concentration of B's is  6p_staffer, A. Coniglio, and M. Adam, Adv. Polym. Se1, 103 (1982.

higher, resulting in larger clusters and therefore a greaterH. J. Herrmann, Phys. Reft36, 153 (1986.

difference between the simulations. 8K. S. Anseth and C. N. Bowman, J. Polym. Sci., Polym. Phys. &.
1769(1995.

9K. S. Anseth, L. M. Kline, T. A. Walker, K. J. Anderson, and C. N.
Bowman, Macromolecule®8, 2491(1995.

. L . e 0y patton, J. A. Wesson, M. Rubinstein, J. C. Wilson, and L. E.

A computer simulation is designed to mimic the poly- Oppenheimer, Macromolecul&g, 1948 (1989.
merization behavior of VOMMs in solutions. Olefing), K. S. Anseth, L. M. Kline, T. A. Walker, K. J. Anderson, and C. N.

acrylatesB), and an effective solveri) are distributed and _Bowman, Macromolecule28, 2491(1995.

- K . . 12 :
equilibrated throughout a cubic lattice at various concentramé ';3'“ ;‘23 d'; i‘n z"’:;‘dﬁ' j ggﬁg'efshﬁ"?eﬁﬁﬁﬁf% (1989

tions (p=0.2-0.8. Polymerization occurs along reaction 1k | piamond, R. B. Pandey, and S. F. Thames, Struct. Chgmbe
pathways initiated by a low concentratiop, & 0.01) of free published.

1S. F. ThamesProceedings of the 25th International Waterborne, High-

V. SUMMARY AND CONCLUSIONS



The Journal of Chemical Physics is copyrighted by the American Institute of Physics
(AlP). Redistribution of journal material is subject to the AIP online journal license
andfor AlP copyright. For more information, see http:fojps.aip.orgficpoficperisp
Copyright of Journal of Chemical Physics is the property of American Institute of
Physics and its content may not be copied or emailed to multiple sites or posted to a
listserv without the copyright holder's express written permission. However, users may
print, download, or email articles for individual use.



The Journal of Chemical Physicsis copyrighted by the American Institute of Physics (AIP). Redistribution of
journal material is subject to the AIP online journal license and/or AlP copyright. For more information, see
http://ojps.aip.org/jcpoljcpcr/jsp



	The University of Southern Mississippi
	The Aquila Digital Community
	6-22-2004

	Radical Initiated Polymerization In a Bifunctional Mixture Via Computer Simulation
	Keri L. Diamond
	Ras B. Pandey
	Shelby F. Thames
	Recommended Citation


	tmp.1486151873.pdf.BzOvj

