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ABSTRACT: This article applies kinetic Monte Carlo simulations to interpret experimental measurements in
the polymerization of hyperbranched poly(ether esters)s in a melt condensatigoli@@mers and Bmonomers.

Building on the analytical modeling of Flory and Stockmayer, additional effects of cycle formation, unequal
reactivities, and end-capping reagents are added into the simulations to desctibBzAvolymerization in the
absence of a solvent. The experimental data have been published sepaaattlijere it is compared to the

model predictions in order to quantitatively assess whether the data are consistent with these models. On the
basis of the modeling, we conclude that cycle formation is negligible, suppression of the third B group is
insignificant, and the mobility of the freesBnonomer leads to enhancement of its reaction rate. The addition of

the monofunctional end-capping reagents does not necessarily lead to suppression of branching i By A
system and depends sensitively on the stoichiometry of the reactants.

I. Introduction on the step growth of multifunctional monomers was based on
the assumption that there was no cycle formation in these
polymerization processes, which enabled the calculation of
molecular weight using an infinite series solution. The models
of Flory and Stockmayer are useful because they enable
quantitative predictions of polymer properties. While it is
intuitive that a branched polymer that is composed gfaAd

Bz monomers will ultimately gel, the model generates the
guantitative prediction of gelation at 87% A conversion for the
stoichiometry of A:Bz = 1:11° More recently, this method has

The shape and topology of organic molecules have a profound
effect on their propertie3In the past two decades, synthetic
polymer chemists have introduced a new class of highly
branched macromolecules which are composed of multifunc-
tional monomers and are classified as either dendrimers or
hyperbranched polymers. Dendrimers are typically synthesized
using multistep reactions, and they offer superior control of
molecular size, shape, and functionality. On the other hand,

hyperbrgnched polymers are less ordered but are easier Yeen extended to include the effect of cycle-forming reactions
synt.he5|ze.. . ) ) on the gel poin°

Discussion Of the Synthe“c meth0d0|ogles f0r preparatlon Of In Order to pred|ct the Ume evo'ution Of polymenza“on’
a wide range of hyperbranched and dendritic polymers can beinetic models based on mass-action kinetics are often em-
found in several extensive review articfe§.Many of the past  pjoyed. Ordinary differential equations are used to describe the
experimental studies have focused on the synthesis and charggncentration of each type of branching W2 For example,
acterization of AB-type monomersn(= 1), particularly with a trifunctional monomer may exist in four states: no reactions

AB2 monomers:~® However, very few of the ABtype mono-  (free), one reaction (terminal), two reactions (linear), and fully
mers are commercially available due to their lack of symmetrical reacted (dendritic). These models are typically of low dimension
functionality and tendency to react prematurélys a result, and may be solved analytically in some cases or numerically

Az + Bs polymerization has recently been the subject of iy others. A disadvantage of this modeling approach is that no
extensive researéh'* since it provides an alternative and more  information is provided on the molecular weight distribution
convenient way to synthesize highly branched polymers. In of the resulting polymer.
contrast to polymerization of ABtlype monomers, these systems  \yhen prediction of the molecular weight and its distribution
offer a wider range of molecular structures depending on the js also desired, population balance models are commonly used,
monomeric types and processing conditions. For example, A jn which the concentration of polymers of each possible size is
+ Bs polymerization has been performed by heating a mixture computed’2123-25 These models therefore have high dimen-
of A2 + Bs' and also by dropwise addition of,Anto Bz.** The sion. For systems of linear polymers composed of a single
molar ratio of A to Bs can also be varieti!®'’Moreover, our monomer type, the kinetics are fully described by the number
recent efforts have demonstrated the opportunity to control the of monomers in the polymer. Thus, if one models the concentra-
distance between branch points through the judicious selectiontjgn of polymers up to a maximum size of 1000 monomeric
of various telechelic oligomers asA units, then the dimension of the model is also 1000. However,
Modeling studies have long been used to explain experimentalin branched polymers, more information is needed to describe
observations in an adhoc fashion, and modeling is often usedthe kinetics, such as the number of reactive end groups in the
to steer the discovery of synthetic methods and the formation polymer. When several descriptors are needed to describe each
of novel architectures. Early work of FId&and Stockmayé# polymer, the dimension of the population balance model grows
rapidly X’ For the model considered in this article, six descriptors

. . are used to describe each polymer: the numberahdnomers,
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Solving a population balance model with six descriptors would to explore a wider range of phenomena, for a batghtAB3;
be very intensive computationally. reaction in a melt. The Monte Carlo simulations are used to

Generating functions and the method of moments are often interpret the experimentally measured number-averaged mo-
used to reduce the dimension of these population balancelecular weight, weight-averaged molecular weight, and the
models. However, this approach becomes much more difficult density of branched units, by considering the effects of the
as the number of descriptors grows, since moments must beCyclization reactions, unequal reactivities, and end-capping on
included for each descriptor. The difficulty of this approach is the structure development of hyperbranched polymers.
illustrated by the recent paper of Dusek, Duskova-Srmckova

and Voit!” in which unequal reactivities and monofunctional Hiahly b hed polv(eth hesized in th |
reagents were considered separately but not simultaneously. ighly branched poly(ether ester)s were synthesized in the melt
phase using an oligomeric ;,A+ Bz polymerization strategy.

_ Cycle formation was neglected by Flory and Stockmayer, but condensation of poly(propylene glycol){aligomer) and trimethy

it is a major factor in the structural development of dendritic 1 3 5-benzenetricarboxylate{Bionomer) generated highly branched
and hyperbranched polyme#%?5-28 The method of moments  structures. The conversion and degree of branching were measured
has been extended to describe cycle formation in hyperbranchedvith 'H NMR spectroscopy, and the molecular weight (number-
polymers composed of ABmonomer% and the AB + Bs average, weight-average, and polydispersity) was characterized
systen®?® This extension is enabled because in these systems alsing size exclusion chromatography (SEC), at six points throughout

maximum of one cycle is possible, at which point the polymer the polymerization process. Additional experiments were also
cannot grow further. In contrast, in the, A B3z system, there performed in which two different monofuncponal end-cappmg_
is no limit on the maximum number of cycles. Infinite series reagents were added for the purpose of delaying the gel point. This

. . S experimental work has been published previousiyd should be
solutions have been developed to predict the gel point in the ;g ited for further details on the experimental procedures. The

Az + Ba system but do not include additional effects such as present work interprets these experiments through a comparison

unequal reactivities of the groups insBnd the effect of  with Monte Carlo simulations, utilizing alternative assumptions and

monofunctional reagents. kinetic models. Because the error in the SEC measurements is
As an alternative to mass action kinetic models that use ~10%, our goal is not to achieve exact agreement between the

concentration variables, Monte Carlo simulations have been &xPeriments and modeling but to compare the trends and magni-

performed for hyperbranched polymers, so that more realistic tudes.

kinetics can be included and so that structural information can |||. Model and Simulations

be obtained. For example, the Wiener index can be computed 1his paper focuses on the use of a model to interpret the

for each polymer in the simulation, which is related 10 gynerimental data. Each simulation starts wWitmonomers of
viscosity3C In the Monte Carlo simulations, individual mono- A, andN monomers of Bin the system, since the monomers
mers are reacted with each other to build up the polymer, using\yere nolymerized with a 1:1 molar ratio during the experiments.
random numbers to select each event. Each monomer is tracketyt gach step in the simulation, all of the available (unreacted)
throughout the simulation, and information regarding its con- ¢,4ctional groups are listed. Then, using a random number, an
nection to other monomers is stored. Monte Carlo simulations p group an a B group are selected from the list and the reaction
may be used to describe only the connectivity of the polymers, s eyacuted. This is followed by updating the list of available
without describing their spatial positiofs?>2% or lattice A and B groups, molecular weights of the molecules, and the
Monte Carlo simulations can be performed in which each ,,mher of dendritic, linear, and terminal units in the system.
monomer is a_ssomated with a sp_anal position in the lafice. The probability of selecting a particular pair of A and B
Direct comparison between experimental data and Monte Carlo g s is proportional to the reaction rate for that pair, which
simulations h.as. been Ilmlted to d:_;\te, but these simulations Canyie|ds the correct time evolution of the systéfTherefore, a
be valuable in interpreting experimental restfts: As com- model is needed for the reaction rates of various events. The
putational resources grow, Monte Carlo simulations become anfirqt effect that is considered in this effort is the formation of
increasingly attractive alternative to population balance model- ¢y qjes through intramolecular reactions. Our polymerization was
ing, since their major drawback has been the amount of performed in the melt, which was hypothesized to minimize
computation required. cycle formation due to high concentration of reactants, so
Another modeling approach is to describe the structural cyclization reactions are taken into account in the simulations
development of hyperbranched polymers using atomistically to address this hypothesis. While selecting an A group (from
detailed algorithm8:3° These studies are limited to the growth A, oligomers) ad a B group (from B monomers) for reaction
of single polymers at a time because of the high computational gt each simulation step, some pairs are favored more than the
cost, so they are not as useful for predicting the molecular weight others. If the reaction of an-AB pair leads to cycle formation,
distribution. However, if the conformation of the polymer the selection probability of that particular pair is promoted by
changes throughout the reaction and this strongly influences thethe cyclization parameter, such thaty = (kJ/ka)/N, wherek,
kinetics, then it may be necessary to include this level of detail. s the rate of cyclization reactions for each-B pair andk is
Recent studies employ syntheses of hyperbranched polymerghe rate of noncyclization reactions for each-B pair. N
via A, + B3 both in a solutiofir®12and also in the melt phas& appears in the parametgrsince the number of intermolecular
with no solvent. Herein, we combine experimental and com- reactions in the simulations grows &3, while intramolecular
putational efforts to understand the polymer structural develop- reactions are initially proportional td. Althoughy is constant
ment in a melt, especially branching and the onset of gelation. throughout each simulation, the overall number of cycle-forming
The experimental data have been published previdualyd reactions increases with conversion because the number of
this paper employs a Monte Carlo simulation to interpret the possible cycle-forming reactions increases with molecular
experimental findings and to eludicate the underlying kinetics. weight. We use different values of in the simulations to
In a previous study, we used a simpler kinetic model to explore explore the effect of cycle formation on the resulting polymer.
the role of cyclization in the dropwise addition of Ato Bz in In addition to cyclization and noncyclization reactions, we
a solvent'® Herein we consider a similar statistical framework also consider end-capping reactions between E groups (from

" |I. Experimental Section
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monofunctional end-capping reagents) and B groups, with a rate N ]05 (a)
constant oke. The ratioe = kJ/knc is then the second parameter 5

in our kinetic model. In a second set of simulatiopsand e

have been varied to observe their effects on the development

of molecular characteristics such as number-average molecular §
weight (Mp), weight-average molecular weightl{), polydis-

persity index (PDE M,/M,), and the fraction of dendritic units 0 ==
(fo). fo is calculated usindgo = D/(D + T + L), whereD, L, 0 20 40 60
andT indicate the number of dendritic, linear, and terminal units A conversion (%)
in the system. We pldb in the simulation results (as opposed (b)

to f_ or f), sincefp is the quantity extracted from tH&l NMR T
measurements. 10+ A

Depending on the properties of the monomers, such as their
molar mass or electrostatic interactions, unequal reactivities of I 7
their groups can also affect the structural development of 0 ; . .
hyperbranched polymers. End groups usually have higher 0 20 40 60 80 100
reactivities than the groups along the length of the chains A conversion (%)
because of the lower kinetic excluded volume effécthis (©)
would cause the linear units to have lower reactivities than the 0.4
terminal units. In order to simulate unequal reactivities of the
B groups, we define a third paramejerFor each unreacted B
group in a B monomer, we check the reaction state of the other
two B groups in the monomer. We then consider three possible
cases of unequal reactivity. For this purpose, we deffin® 0
be the rate of reactionf@ B group in a free B monomer k; 0 20 40 60 80 100
to be the rate oa B group in a terminal unit, anks for a B A conversion (%)
group in a linear unit. We assign reaction rates in the ratio of Figure 1. Comparison of simulation and experimért). In the
p = ki/lko = ko/ks. ky is expected to be enhanced relativekto simulations, the cyclization ratip is varied: y = 0 (solid line),y =
due to the greater mobility of the freq Bronomer and its ability %g\j\;gﬁneg/ gfr‘ae)?é ;;&mgmi?gme)(g):Ollczils(dgss?ts?r'ggtx"gg)l-
to diffuse throggh the polymer, while may be QIﬁerent fro”? and (c)%raction ogf dendritic unité. Ag}eempen)t/ be?ween experimeﬁts
ks due to blocking, free volume, and electrostatic considerations. and simulations is not achieved fty at any value ofy.

In order to isolate these two effects, we have also performed

PDI
W
N

simulations withp:2 = ki/kz andk; = ks and then also witlp,s with an equal number of Aand B; monomers in the system.

= kolks andk; = ka. The simulation results plotted are averages over 50 independent
For the simulation results presented in this study, the systemrealizations.

size isN = 10 000. Smaller simulation sizes if= 1000, 3000, a. Effects of Cyclization ReactionsThe melt polymerization

5000, and 7000 have also been used. The simulation resultsyas previously considered to be sufficiently concentrated so
with N = 1000 differ Significantly from the simulations with that the Cycle formation would be neg||g|b1eWe first
largerN. On the other hand, simulations with largéragreed investigate the extent of cyclization via the simulations. Extent
quantitatively. This suggests that the trends reported in this studyof cyclization (EOC) is defined as the fraction of reactions
are not dependent on the system size. Additionally, for the casepetween A and B that is intramolecular and is a quantity that
of no cycle formation and equalsBeactivity, we compared  has been measured previously using MALDI-ToF for linear
our weight-averaged molecular weight with the analytical theory polymers but is less reliably measured in hyperbranched
of StOCkmayell,g and the error is~1%. Clearly, if one is po|ymers due to the many possib|e isomérs.
interested in describing the approach to gelation with no bound Figure 1a,b shows the experimeftahd simulated evolution
on the molecular weight, then the system size would also need ¢ the weight-average molecular weighi, and the polydis-
to approach a macroscopic number of monomerés'lland persity PDI as a function of Aconversion, for the 10 00&
studies have been performed to quantify this trad&offow- 10 000 A + B3 system with differeny values. The reactivity
ever, in these simulations, only molecular weights up to 500 000 | ;iq pis 1, and no monofunctional reagents are present. For
g/mol are presented, since this is the range of the experimentala” y values, a slow increase My, and PDI values was observed
data. Furthermore, the error in the SEC measurement85, until about 80% A conversion. Above 80% Aconversion, a
so an error of 1% in the model predictions is not significant. sharp increase iMy and PDI takes place in all the systems,
except for the one with the highest level of cyclizatign= 1).
The experimental data for PDI aill, are most consistent with
Monte Carlo simulations have been carried out in order to & value ofy around 102. The ideal limit of no cycle formation,
assess the effects of cyclization, unequal reactivities, and end-modeled by Flory, is the solid curve with= 0.
capping reactions on the polymer structure development. Mo- M, and PDI development in systems with cyclization ratios
lecular weights of A (PPG-1000) and B(TMT) are 1060 and in the range ofy = 0—1072 all agree reasonably well with the
252 g/mol, whereas the molecular weights of two types of end- experimental data. Because of the variability of the experimental
capping reagents, PPG-M-1000 and dodecanol, are 1200 andneasurements, the goal of the modeling is not to match the
187 g/mol, respectively. The simulation system containing experiments exactly but to assess the magnitude of the various
10000 x 10000 A and B monomers yielded molecular effects. The simulation witlr = 10~1 has a loweiM,, and PDI
weights in the same range as those observed in the experimentsat high conversions compared to the experimental data. This
Similar to the experiments, simulations have been initialized suggested that the extent of cyclization, which is the fraction

IV. Results and Discussion
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Figure 2. Simulation predictions of extent of cyclization. The (b)

cyclization ratioy is varied: y = 1072 (dashed line)y = 1072 (dotted _ . . _
line), y = 107! (dashed-dot line). For thg = 0 case, EOG= 0. |

A conversion (%)

PDI

of reactions that are cycle-forming, was quite low during the
experiment. Figure 2 shows that the system withk= 1071
reaches an extent of cyclization of 0.09 at 90%canversion. 0
Interestingly, even such a low extent of cyclization dramatically
suppressed thil,, and PDI, as illustrated in Figure 1a,b. Figure
2 also shows that wity = 1072 or y = 1072 the extent of 0.4
cyclization is less than 3%. This result supports the original
hypothesis that melt polymerization would suppress the effect b
of cycle formation on molecular weight and gelation. £ 0.2 ISt
Another important characteristic of hyperbranched polymers eI il
is the fraction of dendritic unit, which is directly proportional O e e T L o
to the extent of branching in the system. The development of 0 2011 ety o180 i 5100
fo at differenty levels is shown in Figure 1c as a function of A conversion (%)
A, conversion. Ay is increased frony = 102to y = 1074, Figure 3. Comparison of simulation and experimérft). In the
an increase irfp is observed at Aconversions of 60% and ~ Simulations,p = kike = kifks. p = 1 (solid line), p = 1.5 (dashed
bove. This trend was expected since cyclization reactionsl'ne)"o:Z(d(-med line)p = 10 (dashed-dot line). (a) Weight-averaged
a pecte Y . molecular weight, (b) polydispersity index, and (c) fraction of dendritic
enhance the number of dendritic groups via the formation of ynits.
small, fully reacted polymers with no free groups. However,
the evolution offp is not consistent with the experimental data  the experiments. The fact that the experiments eventually reach
for any value ofy. For ally, the simulations predict a higher 3 |arge value off, near that predicted with = 1 instead
fraction of dendritic units. suggests thaa B group in a linear unit has a similar reactivity
b. Effects of Unequal ReactivitiesThe disagreement df to a B group in a terminal unit.
between the experiments and simulations suggests that there is The low values offp around 60% conversion are more
an additional effect that suppresses the amount of branchingconsistent with a suppression of the reaction of terminal units
during the experiments, other than the effect of cyclization relative to free units, as shown in Figure 4 for various levels of
reactions. It could be attributed to the lower reactivity of free p;,. Recall thato1» = ki/kp, with ky = ks. The high reactivity of
B groups in linear units relative to the free B groups in the the free B could be due to its mobility as well as the fact that
terminal units or completely unreacted Bonomers. However, B groups in polymers may be partially blocked by other portions
this would also reduce the molecular weight. In order to assessof the polymer. This trend ify is much more consistent with
this tradeoff quantitatively, additional simulations have been the experimental data. A high value pf, = 10 best matches
performed during which the reactivity of free B groups is thefp measurements, while a somewhat lower valugiphear
modified, based on the overall state of therBonomer. Inthese  1.5-2 agrees best in the molecular weight distribution. Our
simulations presented in this sectign= 0 since the previous  conclusion based on the simulations in Figures 3 and 4 is that
section demonstrated that cyclization did not play a major role a suppressed reactivity of the third B group in the linear unit is
in this system. not consistent with the observed data. The more consistent
Figure 3 shows the evolution of the simulations with different explanation is that the freesBnonomers are more mobile and
levels of reactivity ratiop. With p = 1, the simulations are  therefore react faster tharg B polymer.
identical to those in Figure 1, while largereduces the amount c. Effects of End-Capping ReagentsThe third and final
of branching and also the molecular weight and distribution. simulation study considers the addition of monofunctional
The reduction in molecular weight was expected since the reagents to the A+ Bz system. Stockmayer’s theoretical studies
polymers are becoming more linear, but the reduction of of highly branched polymers indicated that addition of a
molecular weight and polydispersity is not as dramatic as it is monofunctional end-capping reagent should shift the gel point
with cyclization. Even for the extreme value @f= 10, gelation to higher monomer conversion valués819Thus, delaying the
is delayed but not completely suppressed. In Figure 3c, the gel point by terminating some of the B functionalities is the
increase irp causes a decreasefi) as expected, but the shape main motivation behind using end-capping reagents in this
of the curves does not match the experimental data. In the datasystem. A molar ratio of monomers as:Bs:E = 1:1:1 was
the fraction of dendritic units rises quite high at late conversion used in the experiments to ensure that residual B end groups,
but is very low at earlier conversions. The 1:1 molar ratio of which would be expected in an,83 = 1:1 system at full A
A, and B is important in understanding this behavior. Because conversion, do not remain in the system at full conversion.
of the 1:1 molar ratio, there is an excess of B groups, so at full  Figure 5 provides a comparison of the change in the evolution
A conversion, only?3 of the B groups have reacted. If the of M, for the addition of PPG-M-1000 (1200 g/mol) at the
reactivity of the third B group is strongly reduced, then there beginning of the reaction. The A conversion that is plotted also
will be few dendritic units that form, but this is not observed in includes the conversion of the end-capping reagent, since that

3 — =2
0 20 40 60 80 100
A conversion (%)

(©)
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Figure 4. Comparison of simulation and experimérgt). In the Figure 6. Simulated evolution with end-capping reagents added at
simulations,p1> = kilk; andk, = ks. r12 = 1 (solid line), p1> = 1.5 the beginning of the process, with variation in stochiometry:BAE
(dashed line)p;, = 2 (dotted line),p1o = 10 (dashed-dot line). () = 1:1:1 (solid line) and AB3E = 1:0.9:1 (dotted line with markers).

Weight-averaged molecular weight, (b) polydispersity index, and (¢) The molecular weight of E (PPG-M-1000)Ny,cap= 1200 g/mol.o:2
fraction of dendritic units. = ki/k, = 1.5 andk, = k. (a) Weight-averaged molecular weight, (b)

s polydispersity index, and (c) fraction of dendritic units.

x 10 (@

when the reactivity ratio is also large. Furthermore, this effect
is only observed when the end-capping reagents also have a
higher reactivity than the A groups inAe > 1). This might
be the case for the dodecanol reagent if the end-capping reagent
has a higher diffusivity than the Alue to its lower molar mass.
0 20 40 60 80 100 In the simulations presented in Figures 5 and 6, we: set
A conversion (%) 1000, although the results are similar tor= 10. Whene ~ 1,
(b the simulations predict that the end-capping reagents have a
! negligible effect on the polymer structure. By reacting with the
107 I excess B groups, they only add their extra mass to the polymer.
} " In the opposite limit, wher > 1 andpi, > 1, the E groups
. react quickly with the free Bmonomers, after which the EB
0 : : : : units begin reacting with A Each B is thus bonded to only
0 20040 60 80100 two A, monomers, so the polymers have a linear structure.
A conversion (%) 2 ! . y .
© In the experiments, it was observed th{;\t the gel point was
0.4 completely suppressed up to 98% conversion of each monomer,
and the measured contraction factor from GPC was more
consistent with a highly branched polymer (lar§g. Our
simulations do predict a suppression of molecular weight with
the end-capping reagents, but gelation is only delayed and not
. . completely suppressed. At the extreme vajue = 10, a
0 20 40 60 80 100 significant reduction irfp is also implied, but at lower values
A conversion (%) of p12, high levels of branching are still predicted.
Figure 5. Simulated evolution V\_/ith'er?d-cappiqg reagents added at | the presentation of the experimental restiltse suggested
wgigﬁgé?rgn?pgfet-ﬁ-féggisi;}l XS:Z:BfZEOO_ g:}lir:l-(.):}... ;:?n”;?gi‘r:glit that ester interchange of the with the monofunctional reagents
p12 = ki/lkz andk, = ks. 112 = 1 (solid line),p1> = 1.5 (dashed linep:, might account for the observed reduction in molecular weight.
= 2 (dotted line),p1» = 10 (dashed-dot line). (a) Weight-averaged While this interchange would cause a randomization of the
molecular weight, (b) polydispersity index, and (c) fraction of dendritic  polymer, at the high conversion of 98% it does not provide a
units. (Note: dendritic units are calculated here based on the numbercqngistent explanation for the extreme reduction in molecular
of A—B reactions. E-B reactions are not considered in the calculation . -
since they do not lead to further branching.) weight. At 98% conversion, most of theﬂknonomers freed
up by ester interchange would have reacted with another B
is measured by NMR. Curves are shown for the valueg; of monomer.
considered previously in Figure 4. A primary observation is that  Other effects not included in the model could be causing the
the addition of the end-capping reagents has the larger effectsuppression of gelation observed in the experiments, such as
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