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ABSTRACT: The kinetics of reversible addition-fragmentation chain transfer (RAFT), R-group approach star
polymerizations have been studied via a combined experimental and theoretical approach. From the improved
understanding herein developed, design criteria have been suggested to aid in future syntheses of RAFT, R-group
approach star polymer. The suggested criteria are as follows. To minimize the quantity of linear polymer in the
system, it is important to have a high rate of monomer propagation but a small delivery of radicals to the system.
Crucial to the prevention of star-star coupling and resulting molecular weight distribution (MWD) broadening
is the minimization of radical termination events between star molecules. Noting that the number of termination
events is directly correlated to the number of decomposed initiator molecules, this might be achieved via several
methods. A slow rate of initiator decomposition, a fast rate of propagation, or use of a rate-retarding RAFT agent
can all lead to a reduction in star-star coupling events. Additionally, simulations reported herein demonstrate
that the use of a star-forming RAFT agent substrate which has a fewer number of arms will lead to a reduction
in the concentration of star-star coupled products. Ab initio calculations have been used to study intramolecular
RAFT equilibria occurring early in the preequilibrium. These calculations have shown that highly stable
intramolecular adduct radicals might be formed due to the close proximity of radicals and SdC bonds. The
effect of these on the kinetics is studied.

1. Introduction

The synthesis of complex macromolecular architectures has
been revolutionized by the advent of a series of versatile living
free radical polymerization methodologies, which allow the
polymer chemist to tailor polymers under mild reaction condi-
tions. The most prominent among these are atom transfer radical
polymerization (ATRP),1,2 nitroxide-mediated polymerization
(NMP),3 and the reversible addition-fragmentation chain
transfer (RAFT) process.4-9 These methodologies allow for
precise control of the degree of polymerization and the poly-
dispersity of the generated polymer; however, one of their most
attractive features is the capacity to generate well-defined star
polymer structures. The key idea underpinning the generation
of star polymers via living free radical polymerization is that
several controlling species are tethered to a central linking
moiety which constitutes the core or scaffold of the star polymer
(in a core first approach). In the subsequent polymerization
process, the polymer chains are inserted between the chain end-
cap (i.e., the dithioester moiety in the RAFT process, the halide
in ATRP, and the nitroxide in NMP) and the core structure.
Scheme 1 illustrates this concept in general terms. However,
the situation is not as simple as depicted in Scheme 1 in the
case of the RAFT process, since one has two principal options
for connection of the central core to the RAFT agent; i.e., the
core may be connected to the RAFT agent’s Z-group (or
stabilizing moiety) or to the leaving R-group. The connection
of the RAFT agents with its R-group to the core structure is

equivalent to the approach required in ATRP and NMP star
formation processes.

The connection of the R-group moiety to the core in the case
of RAFT (or the connection of the halide or nitroxide in the
cases of ATRP and NMP, respectively) has the serious
consequence for the polymerization process that the core itself
will inevitably carry a radical (or even multiple radicals) and is
thus subject to coupling via termination reactions with free
propagating radicals, propagating radicals tethered to the core
itself, or other radical-carrying cores. Clearly, such coupling
reactions are not desirable and can prevent the formation of
well-defined polymeric products (or the targeted star polymer)
with the amount of coupling products in some cases well
exceeding the amount of well-defined star polymer. In an
attempt to minimize such coupling products, most studies using
ATRP, NMP, and RAFT R-group approaches to stars have only
polymerized to low monomer to polymer conversion and/or with
low radical fluxes (see for example refs 10-16). In the case of
the RAFT process, however, employing a Z-group architecture
can avoid the formation of any side products (other than a small
amount of dead linear polymer) since the Z-group where chain
equilibration takes place is located at the core site and protects
the core from undergoing coupling reactions, thus often leading
to monomodal molecular weight material, due to the absence
of coupled star product.17,18However, the approach can be beset
with problems in reaching high molecular weight material, since
the propagating radicals have to react with the dithioester moiety
in order to affect chain extension, which may be difficult to
achieve in strongly entangled high-conversion regimes.19,20

Scheme 2 depicts the nature of the two possible architectural
approaches in RAFT polymerization.
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While a vast range of star polymers have been prepared by
all three of the above methodologies, the parameters that lead
to a certain star polymer architecture have not yet been

considered in detail and with a mechanistically rigorous
approach, especially for the RAFT process. It is thus the aim
of the present contribution to rationally map the factors that

Scheme 1. Basic Principle of Star Polymer Generation via ATRP, NMP, and R-Group Approach RAFT Systemsa,b

a The scheme classifies all three approaches based upon the observation that the central linking core is a radical carrying moiety during the
polymerization process.b Note that the underpinning mechanistic principles are very different for the RAFT process on one hand and for ATRP/
NMP on the other.

Scheme 2. Summarized RAFT Star Polymerization Mechanisms: Z-Group Approach vs R-Group Approacha,b

a In the Z-group approach, the arms of the star grow as linear chains and are only arms in the true sense when they have undergone additive
reaction with the RAFT agent (VI ). b The R-group approach features arm growth on the star proper (VII I), with RAFT equilibria taking place
between stars and stars, stars and linear chains, or linear chains and linear chains.
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influence star polymer formation and to provide a robust set of
guidelines for the preparation of star polymers via the RAFT
process. For this purpose, we will analyze complex architecture
RAFT polymerization via computational methods while at the
same time providing experimental data that underpins the
computed predictions. The interplay between theory and experi-
ments thus allows for a set of rational guidelines to be
constructed that gives the synthetic polymer chemist who uses
RAFT to prepare star architectures, a reference point when
deciding on which approach and experimental conditions should
be employed.

Recently,21 we developed a novel computational approach
to computation of full molecular weight distributions of star
polymers prepared via the RAFT process (and, in principle, other
synthetic routes). The approach allows to observe the key
parameters of the star polymerization process such as the full
molecular weight distributions, the fraction of living star arms,
the weight fraction of linear polymer chains, the overall
polydispersity of the generated star polymer, and the degree of
polymerization of the star polymers among others as a function
of the kinetic and experimental parameters. The details of the
computational methods will not be reiterated.

In the present study, we will limit ourselves to in-depth
discussion of the R-group approach and concentrate to a far
lesser extent on Z-group polymerizations. The reason for this
is twofold. First, the kinetic computation of Z-group approach
star polymer distributions is relatively straightforward since
coupling reactions are of minor importance and could only be
envisaged through the intermediate RAFT radical at the core
site. However, it seems unlikely that such reactions occur to a
significant extent.22-26

The approach into understanding star polymer formation
processes via the R-group approach is three-pronged. Experi-
ments are compared with the results of a novel simulation
methodology,21 and the existence of other reaction processes
unique to stars is probed using high-level ab-initio calculations.
The kinetic simulations are then used to study the effect of
various kinetic parameters on the resulting polymerization.

Styrene star polymerizations have been performed using the
three RAFT agents depicted in Figure 1, these being (I ) 6-arm
rate retarded, (II ) 4-arm rate retarded, and (III ) 4-arm non-rate
retarded. The term rate retarded in this context refers to RAFT

agents which decrease the rate of conversion of monomer into
polymer. The property of being rate retarded is imparted to the
substrate SdC(S-R)Z by its possession of a radical-stabilizing
Z-substituent. More specifically, turning to the three examples
presented in Scheme 3, agentsI andII are rate retarded because
Z is aπ-stabilizing phenyl group, whereas agentIII has a benzyl
Z-group, which offers a far lesser degree of radical stabilization.
The concept of rate retardation is explored in greater depth in
ref 27. Simulations of corresponding systems have been
performed to verify that the proposed kinetic model is capable
of reproducing the qualitative differences between several
contrasting systems. The effect of the initial initiator concentra-
tion and the relationship between rates of initiator decomposition
and rate of propagation have been studied by simulation. Finally,
the differences between using rate-retarded and non-rate-retarded
RAFT agents are explored. In conclusion, a number of criteria
are proposed for consideration when attempting the synthesis
of new star polymers using a RAFT R-group approach.

2. Materials and Methods

2.1. Experiment. PolymerizationsThe required quantities of
initiator, RAFT agent, and monomer were thoroughly mixed to
achieve homogeneity. Reaction vessels were sealed and the solutions
sparged with nitrogen for 15 min. To commence the reaction,
reaction vials were placed into isothermal oil or water baths. Sample
removal made use of a nitrogen-purged syringe.

Materials. Styrene (Aldrich, 99%) was purified by passing over
a column of basic alumina prior to use. 2,2′-Azobis(isobutyronitrile)
(AIBN, Aldrich, 99%) was recrystallized twice from ethanol prior
to use.

1,2,4,5-Tetrakis(thiobenzoylthiomethyl)benzene, 4-Arm Rate-
Retarded Agent.28 Phenylmagnesium bromide (1.1 equiv) was
prepared from bromobenzene and magnesium turnings in dry
tetrahydrofuran. Carbon disulfide (1.1 equiv) was added over 15
min, maintaining the reaction temperature at 40°C. 1,2,4,5-Tetrakis-
(bromomethyl)benzene (1 equiv-Br) was added at 40°C, and then
the temperature was increased to 50°C and maintained for 2 h.
Water was added, and the organic products were extracted with
toluene, with subsequent rotary evaporation yielding a dark red oil.
After dissolution of the dark red oil in chloroform, ethanol was
added until the solution became cloudy. A red solid was collected
from this solution by precipitation at-18 °C. The red precipitate
which formed was recrystallized from a 1:1 ethanol/chloroform
solution and dried under vacuum for 2 days. 300 MHz1H NMR
(CDCl3): δ [ppm] ) 4.65 (s, 8H, CH2-S), 7.33-7.38 (t, 8H,meta-
ArH), 7.49-7.54 (m, 4H,para-ArH and 2H, core-ArH), 7.95 (d,
8H, ortho-ArH). 13C NMR (CDCl3): δ [ppm] ) 39.2 (CH2), 126.9
(CH, core-Ar), 128.3 (phenyl-C3), 132.4 (phenyl-C2), 133.4
(phenyl-C4), 134.3 (CS2C, core-Ar), 144.5 (phenyl-C1), 226.5 (Cd
S). m/z ) 764.9 amu;m/ztheoretical) 765.0 amu.

1,2,4,5-Tetrakis(phenylthioacetylthiomethyl)benzene, 4-Arm
Non-Rate-Retarded Agent.Benzylmagnesium chloride was formed
via a Grignard reaction from benzyl chloride and magnesium metal

Figure 1. Multiple angle laser light scattering (MALLS) and refractive
index (RI) detected GPC traces of a 6-arm styrene star sample, showing
close agreement between the absolute molecular weight determination
method (LS) and the relative method making use of linear calibration
standards. The polymerization leading to this MWD made use of the
six-armed RAFT agent depicted in Scheme 3.I (cRAFT groups) 0.01 mol
L-1) and azobis(isobutyronitrile) (AIBN,cAIBN ) 5 × 10-3 mol L-1)
as the initiator in bulk styrene at 80°C, proceeding to 45% conversion.

Scheme 3. 6-Arm and 4-Arm RAFT Agents Used in the
Preparation of Star-Shaped Polystyrene in This Studya

a Agents I and II display a retarded rate of polymerization while
agentIII displays a non-retarded rate of polymerization.
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in dry diethyl ether. Carbon disulfide was added to the reaction
mixture, and the resulting red/brown liquid was refluxed for 1 h
and tipped slowly onto ice water. The aqueous phase was collected
and washed several times with diethyl ether before acidifying to
yield phenyldithioacetic acid which was readily extracted with
diethyl ether and evaporated to obtain a yellow oil. An equimolar
amount of potassium hydroxide (with respect to dithiophenylacetic
acid) was dissolved in a minimum amount of distilled water and
added to the dithiophenylacetic acid. The resulting liquid was placed
under high vacuum to remove the small amount of water present,
yielding potassium dithiophenylacetate as an orange powder.
Potassium dithiophenylacetate (1.1 equiv) was dissolved in dry THF
before addition of 1,2,4,5-tetrakis(bromomethyl)benzene (1 equiv
-Br groups). Heat was evolved, and the reaction mixture was stirred
for 1 h. Water was added, and the product was extracted with
toluene, which, upon evaporation, yielded yellow crystals. The
product was recrystallized from ethanol/chloroform 50:50. 300 MHz
1H NMR (CDCl3): δ [ppm] ) 4.27 (s, 8H, CH2-S), 4.29 (s, 8H,
CH2-CS2), 7.16 (s, 2H, core-ArH), 7.21-7.36 (m, 20H, 4× C6H5).
13C NMR (CDCl3): δ [ppm] ) 38.6 (CH2-S), 57.6 (core-CH2),
127.3 (phenyl-C4), 128.5 (CH, core-Ar), 129.0 (phenyl-C3), 132.8
(phenyl-C2), 133.8 (phenyl-C1), 136.5 (CCH2 core-Ar), 233.7 (C
S2). m/z ) 820.9 amu;m/z ) 821.6 amu.

1,2,3,4,5,6-Hexakis(thiobenzoylthiomethyl)benzene (6-Arm
Rate-Retarded Agent).See refs 11 and 28.

Molecular Weight Characterization. The technique of gel
permeation chromatography (GPC) is the primary tool for analyzing
the results of polymerizations. It is important to consider, therefore,
how the elution characteristics of branched structures might differ
from those of linear species of the same molecular weight.

It is well recognized that even with identical molecular weights,
branched structures will exhibit a lower hydrodynamic volume than
a nonbranched structure due to the former having a higher segment
density.29 This higher segment density arises because the branched
structure’s chains are tethered. A lower hydrodynamic volume of
the branched structure leads to it having a higher GPC elution
volume, and as a result its apparent molecular weight (if using linear
GPC calibration standards) is lower than its actual value. The elution
characteristics of branched polymers vs linear polymers has been
studied using a combined experimental and theoretical approach
by Radke et al.13,30 These authors synthesized a range of star
structures via several methods. They subsequently performed a
comparison of simulated and experimental calibration curves of
linear and star polymers, finding there to be semiquantitative
agreement between them. As well as normal star polymer, they
noted that the dumbbell-shaped star polymer formed (when two
star polymers undergo a termination reaction via combination) occur
at roughly twice the molecular weight in the chromatogram as
compared to normal star polymer.

One way of deobfuscating the differences in elution behavior is
to use a detector that measures not only the mass of polymer
material eluting at a particular point in time but also the molecular
weight of that polymer material. A light scattering detector is able
to provide this information in the form of a weight-average
molecular weight (Mw) for each differential elution volume element.
While there exist the stated differences in the elution characteristics
of star as compared to linear polymer, light scattering studies have
shown that GPC instruments equipped with refractive index (RI)
detectors only (but calibrated with linear standards) are capable of
producing chromatograms which are completely adequate for the
purposes of this study. A chromatogram of the material resulting
from a 6-arm styrene star polymerization is shown in Figure 1.
While there are differences, these are mainly in the shape of the
high molecular weight shoulder on the main star peak and also
slight shifts along the molecular weight axis, the latter being withing
the limits of the accuracy of gel permeation chromatography. This
implies that we can proceed with using RI detection in the current
study, since the objective is to understand the qualitative trends
and differences observed in RAFT, R-group approach polym-
erizationssthis is not affected by the stated differences between
exclusive RI and multiple angle laser light scattering (MALLS)

detection. In the current study, only selected analyses have been
performed using MALLS detection (with the others by RI detection
and linear standards).

The measurements of MWDs which made use of multiple angle
laser light scattering (MALLS) detection employed a Wyatt
Technology Corporation Dawn DSP-F laser photometer operating
at a wavelength of 632.8 nm with a K5 cell type. The system was
equipped with a AS3000 Thermo Separation Products autosampler
and a Gynkotek model 300 pump delivering a flow rate of 1 mL
min-1. The separation was performed using three columns: PSS-
SDV 106, 105, 103 Å (5 µm for each). The eluent was THF at 25
°C.

MWDs involving RI detection only were measured via SEC on
a Shimadzu modular LC system comprising a DGU-12A solvent
degasser, a LC-10AT pump, a SIL-10AD autoinjector, a CTO-10A
column oven, and a RID-10A refractive index detector. The system
was equipped with a Polymer Laboratories 5.0µm bead size guard
column (50× 7.5 mm), followed by three linear PL columns (105,
104, and 103 Å). The eluent was THF at 40°C with a flow rate of
1 mL min-1. Calibration curves were generated using linear
polystyrene standards over a molecular weight range of 500-106

g mol-1. The injection volume was 50µL at 5 mg mL-1).
2.2. Kinetic/MWD Modeling. The method of kinetic modeling21

involved a kinetic scheme which represented a single arm star. This
was simulated using the program PREDICI31,32 but could in
principle have been any method for the simulation of polymerization
kinetics, so long as full MWDs are produced and not simply
concentrations and average chain lengths.

Such a simulation results in the output of severalfundamental
MWDs, some of which correspond to free/linear chains and others
to star bound chains. The MWDs in this latter class are convolved
using an iterative algorithm to determine the shape of the MWD
of stars formed from these linear chains, i.e., as if they had been
joined together all along.

This postprocessing of the fundamental distributions was required
for two reasons: (i) straightforward simulation using PREDICI is
unable to represent the kinetics of species with many reactive centers
and chain lengths, and (ii) it overcomes the overwhelming multitude
of reactions to consider when attempting to construct a kinetic
scheme for stars.

In the current publication the kinetic modeling method detailed
in ref 21 was again employed to simulate star polymerization
kinetics; however, several extensions were made to the theory. In
ref 21, star-star couples were only treated up to an order of two.
In the current work, the method was extended to approximate the
MWDs which arise when three or more star species have terminated
to form couples. Since star-star coupling is an aberration on the
(more desirable) star growth process, it was simulated approxi-
mately; that is, the relative amount of e.g. second, third, etc., order
couples ischosenas a simulation parameter rather thancomputed.
This method is described in the Appendix.

Unless specified otherwise, all simulations employed chain length
independent rate coefficients and fully implemented preequilibria
and core equilibria (i.e., these processes were not implemented as
simple chain transfer steps). Table 1 lists the kinetic parameters
which, unless specified otherwise, were used in all simulations.
While termination rate coefficients are chain length and conversion
dependent in reality,26 it is felt that implementation of this
phenomenon in the simulation is unnecessary for the following two
reasons: (a) there are no data available on the form that this chain
length dependence would take in the case of star/star coupling
reactions, and (b) such a modification of the simulations would
not change the overall outcomes and trends. Many of the processes
explored are so different from that of otherwise equivalent linear
polymerizations that the effect of chain length dependence lacks
significance by comparison.

Finally, it is important to note that the kinetic model we employ
is not intended as an exact replica of the complicated systems of
interest. There may be nonrepresented processes such as diffusion-
controlled reactions or other entirely new reactions, which are yet
to be uncovered. However, this is unlikely to affect the outcomes
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of the present research, since the model has been found to be
invaluable as a qualitative tool to understand the general trends
which have been observed experimentally.

2.3. Ab-Initio Quantum Mechanical Calculations.On the basis
of the structure of the RAFT agents in Scheme 3 and as discussed
in greater depth later, it seems possible that intramolecular RAFT
equilibria, such as that depicted in Scheme 4,III andIV , might be
occurring in the early stages of the polymerization. It is quite
difficult to demonstrate the existence of such a process experimen-
tally, and consequently high-level ab initio quantum mechanical
calculations have been performed to probe the feasibility of this
mechanism.

Therefore, an approximate equilibrium constant for the ring
closure reaction has been calculated. One must be careful with the
term equilibrium constant in this context. Since the reactant and
product of this reaction are actually different rotational states of
the same molecule (radical), a more appropriate term might be the
relative populations of the minimum-energy open and minimum-
energy closed conformations. However, for familiarity and brevity
the termequilibrium constantwill be used.

The standard equation for calculation of an equilibrium constant
or a rate coefficient of a unimolecular reaction from thermodynamic
data as well as the general theory of computation of equilibrium
constants/rate coefficients from ab initio calculations is described
elsewhere.39,40

Ab initio molecular orbital theory and density functional theory
(DFT) calculations were carried out using GAUSSIAN 98,41

GAUSSIAN 03,42 GAMESS-US,43 and MOLPRO 2000.6.44 Unless
noted otherwise, calculations on radicals were performed with an
unrestricted wave function. In cases where a restricted, open-shell
wave function was used, it is designated with an R prefix.

Geometries and vibrational frequencies were obtained using the
density functional theory (DFT) method B3LYP with a 6-31G(d)
basis set. Conformational searches for the global minimum-energy
structure were also performed at this level of theory. Improved
energies were then calculated, using an ONIOM method45 to
approximate W146,47 level of theory energies. This operated by
calculating only the core reaction (CH3

• + SdCH2 f CH3-S-
CH2

•) at the W1 level of theory and then correcting the effect of
the substituents using both the high-level composite procedure G3-
(MP2)-RAD and the lower ROMP2/6-311+G(3df,2p) level of
theory. Thus, this three-level ONIOM method (as depicted in Figure
6) consisted of (1) the inner core (above) which was calculated at
the W1 level, (2) this small core was then corrected to an outer
core using the G3(MP2)-RAD level, making sure that radical centers
had allR-substituents present, and then (3) the contribution to the
energy from all remaining parts of the molecule was incorporated
at the MP2/6-311+G(3df,2p) level of theory. This use of W1 in

conjunction with an ONIOM approach has been shown to improve
further on G3(MP2)-RAD energies and provide approximate W1
energies. The B3LYP/6-31G(d) optimized geometries are contained
in the Supporting Information as Gaussian archive entries. For the
rate coefficient calculated, only approximate values were required,
and so for these cases a two-layer ONIOM approach was performed
in which the G3(MP2)-RAD layer was omitted.

3. Star Polymerization Kinetics: Simulation and
Experiment

In this section we describe the effect of a number of
polymerization design choices on the resulting molecular weight
distributions (MWDs). The features of the MWDs which are
of greatest interest include the peak caused by linear chains and
MWD broadening caused by coupling reactions. How these
effects present themselves are is discussed in terms of initiation,
monomer propagation, and RAFT agent structure.

3.1. Formation of Nonstar Material. Linear Chains. It has
been observed in previous11,21,48and also the current research
that the GPC peak due to linear chains (for those systems where
such a peak is observed) has living character; that is, its
molecular weight increases linearly with conversion. This is
indeed what one might expect on the basis of the mechanism
and is confirmed by simulation.21 The reason for the evolution
of the molecular weight of this peak with conversion is that the
linear chains responsible for this peak have RAFT end groups
and are hence living. The MWD of the linear chains in a star
system will however differ from that in a linear RAFT system
because in the star system the linear chains are all formed from
fragments of a slowly decomposing initiator, whereas in a linear
RAFT system the chains are initiated by both initiator fragments
and R groups which fragment from the RAFT agent.

Star-Star Couples.There are points in need of consideration
regarding the role of initiator in star polymerizations. Radical
fragments from decomposed initiator molecules give rise to
polymer chains that are linear, rather than star like, so it is
apparent that an excessive delivery of these species will produce
an increased multimodality resulting from (at least) linear
polymer impurities. At the outset of the discussions that follow,
it is also important to recognize that the number of termination
events that occur during a given polymerization can be no more
than the number of initiator molecules which have decomposed
up until that point. The number of terminated products may
possibly be less than the number of decomposed initiator
molecules if a radical storage process is in effect; however, this
depends on the fate of these radicals upon completion of the
polymerization. In the RAFT process, the fate of radicals and
possibility of their storage is still an incompletely understood
issue and has been the subject of much research.24,26,49-51

Since the number of termination events is related to
the number of initiator molecules which have decomposed,
Idecomposed, we can expect that ifIdecomposedis of a similar
magnitude to the total number of stars in the system, then a
significant degree of coupling will occur, since it is guaranteed
that a certain degree of termination events will occur between
stars and not only linear chains. This is now demonstrated with
an example calculation.

1. As already stated, the number of initiator molecules gives
an upper bound to the number of terminated products, i.e.

wherecx denotes the concentration of substancex.
2. If each star has 6 arms, then there are 6 RAFT (dithioester)

groups per star.

Table 1. Kinetic Parameters Used for All Simulations Unless
Specified Otherwise (All Values Are for 353 K)

parameter value notes

ki/L mol-1 s-1 as forkp a
kai/L mol-1 s-1 as forkp b
f 0.64 c
kâ/L mol-1 s-1 5 × 105 d
k-â/s-1 styrene, retarded 0.1 e
k-â/s-1 styrene, nonretarded 1× 105 f
〈kt〉/L mol-1 s-1 1 × 108 g
kp/L mol-1 s-1 630 h
kd/s-1 1.97× 10-4 i
Fstyrene/g L-1 0.870 j
Fvinyl acetate/g L-1 0.880 k
σ/log (g mol-1) 0.06 l

c Initiator efficiency of AIBN in styrene, see ref 33.d,e,f These are the
generally accepted values for this RAFT equilibrium when slow fragmenta-
tion is assumed to be the mechanism of retardation. See for example refs
34 and 21.g Various authors have studied the value of〈kt〉 and here an
approximate average is chosen; see ref 35 for more information.h See ref
36. i See ref 33.j Density of styrene at 80°C; see ref 37.k Density of vinyl
acetate at 60°C; see ref 38.l Standard deviation of Gaussian GPC
broadening function.

cterm’ed prod’se cI,0 - cI (1)
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3. Commonly, one might use a RAFT agent concentration
that is 10 times the initiator concentration,34,49 i.e.

due to point 2.
4. If all radicals are removed from the system by a termination

mechanismand there is the condition of high initiator conver-
sion, then

and since a single initiator molecule leads to two initiator halves,
the concentration of couples is given by

wheref ) 0.64 is a typical initiator efficiency.33

5. An expression for the fraction of stars which have coupled
to something, if all termination had occurred between stars, is

It can be seen that in this example scenario a single star molecule
has a probability of being connected to another one of 0.8. Some
stars will of course have no coupling, but others will have more
than one.

It is possible to obtain a more general expression for the star
coupling fraction and evaluate this using simulated data. The
expression obtained is eq 4.

In eq 4,a is the number of arms,ccoupled speciesis the concentration
of coupled species, andcRAFT,0 is the initial RAFT group
concentration. This expression has been evaluated for simulated
rate-retarded and non-rate-retarded star polymerizations, for 4-
and 6-arm stars. Its value is plotted as a function of monomer
conversion in Figure 2. The simulation leading to Figure 2 was
parametrized for an AIBN initiated styrene star polymerization
at T ) 353 K with cAIBN ) 2 × 10-3 mol L-1, cRAFT ) 1 ×
10-2 mol L-1, andk-â ) 1 × 105 or 1 × 10-1 L mol-1 s-1

depending on whether the system was non-rate retarded or rate
retarded, respectively.

Concentrating first on the differences between 6- and 4-arm
stars, it can be seen in Figure 2 that there is an increase in the
degree of coupling as the number of arms increases (but the
RAFT group concentration is held constant). This is because
the same number of couples is shared among a smaller number
of stars. Second, there is also a significant difference in the
resulting degrees of coupling for rate-retarded vs non-rate-
retarded star polymerizations. Under the assumption that rate
retardation is caused by slow fragmentation (i.e.,â-scission of
a -S-C•(Z)-S- species) rather than cross-termination,22-26,51

this phenomenon will lead to a reduction in the number of
termination events during the polymerization. This implies that

at any given conversion a non-rate-retarded system will have
experienced more termination events than an equivalent rate
retarded system due to radical storage. This leads to a significant
difference in the degree of coupling between these two systems,
and in Figure 2, at 20% conversion, the non-rate-retarded
systems have approximately 2-3 times the degree of coupling
as the same arm number rate-retarded systems. If cross-
terminationwas the cause of retardation, eq 4 would require
redefinition, and there would be very little if any difference
between the curves for rate-retarded and non-retarded-systems
in Figure 2. As will be demonstrated and discussed in a later
section, the use of a rate-retarding RAFT agent leads to a
decrease in the number of star-star couples as compared to a
non-rate-retarding RAFT agent, and this is in agreement with
(a) the simulation results of Figure 2 and (b) the notion that
cross-termination which occurs throughout the polymerization
is somewhat unlikely to have significant importance for the
kinetics of these systems.

Lower Molecular Weight Starlike Polymer. Star material
formed by polymerization using RAFT agent (I) in Scheme 3
features a low molecular weight shoulder on the peak due to
ideal star material (see Figure 3). While this feature of star
polymerization kinetics is not of central importance, it is
important to consider mechanisms for the shoulder’s origin.
There are a number of possible mechanistic origins of such a
peak, some of which have been suggested in the past11,21 and
others which have been the subject of the current study (and
several fall into both categories). The mechanistic origins
responsible might (in a broad sense) include (but may not be
limited to) (a) an incompletely functionalized RAFT agent
sample, (b) biradical termination reactions between star and
linear polymer radicals, (c) intramolecular termination reactions
between radical bearing star arms, (d) the effect of the small
fraction of termination reactions which occur via dispropor-
tionation rather than termination (∼10%),52 or (e) some other
termination event which stops arm growth early in the polym-
erization.

Point (a) can be ruled out using standard organic compound
characterization methods. The1H NMR spectra obtained have
peak integrals indicative of a high-purity product. For this to
be a cause of the low MW shoulder observed, there would need
to be a significant fraction of unfunctionalized RAFT groups

cRAFT,0) 10cI,0

) 6cstars (2)

cI,0 - cI ≈ cI,0 (3)

ccouples) 2fcI

couple fraction) ccouples/cstars

)
2fcI

10cI/6

) 12f
10

≈ 0.8

couple fraction)
2accoupled species

cRAFT,0
(4)

Figure 2. Couple fraction as a function of monomer conversion for
four systems (from top to bottom): non-rate-retarded 6-arm, non-rate-
retarded 4-arm, rate-retarded 6-arm, and rate-retarded 4-arm. The
simulated system was an AIBN-initiated styrene star polymerization
at T ) 353 K with cAIBN ) 2 × 10-3 mol L-1, cRAFT groups) 1 × 10-2

mol L-1, andk-â ) 1 × 105 or 1 × 10-1 L mol-1 s-1 depending on
whether the system was non-rate retarded or rate retarded, respectively.
All other simulation parameters as in Table 1.
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in the RAFT agent sample. Additionally, the two hydrogens
present between the central aromatic ring and the sulfur in agent
I , Scheme 3, i.e., C6(CH2-X), have a chemical shift in1H NMR
highly dependent on the identity ofX. Since only a single peak
is observed in the1H NMR spectrum of agentI , Scheme 3, it
is extremely unlikely that a significant number of arms are
unfunctionalized. (In the case ofX ) S-C(dS)Z a singlet atδ
) 4.66 ppm is observed, whereas forX ) Br a singlet atδ )
4.7 ppm is observed.)

It has been found in the current and previous21 study that
material formed by the process described in point (b) creates
star material whose MWD is essentially indistinguishable in
molecular weight from that of so-called normal star material.
This finding comes from the observation that low molecular
weight shoulders never appear in the simulated MWDs even
though the linear polymer-star polymer terminations are always
implemented in the simulations.

Intramolecular termination reactions, point (c), seem very
unlikely since our modeling studies have shown that the
probability of a star molecule bearing two radicals simulta-
neously is small. To see this, consider a 2-arm star. The
concentration of radical arms is of the order 10-8 mol L-1. If
the concentration of RAFT groups, i.e., arms in the system, is
1 × 10-2 mol L-1, then the probability,P(•S•), of a star bearing
two radicals simultaneously is given byP(•S•) ) cstarP(A•)2,
where P(A•) ) 10-8 mol L-1/10-2 mol L-1 ) 10-6 is the
probability that a single arm bears a radical andcstar is the
concentration of stars. Hence,P(•S•) ) 10-12. While the
concentration of intramolecularly terminated products depends
on the unimolecular and diffusion-controlled rate coefficient for
this intrachain reaction, it seems unlikely that the rate could
ever overcome the low concentration of the required starting
product. (Much work has been done on the subject of intrachain
termination reactions;53-56 however, a full discussion of this is
beyond the scope of the current study.)

In consideration of (d), simulations (the results of which are
not depicted) have been performed to assess whether the
shortened arms on stars due to disproportionation could possibly
create a significantly different molecular weight product, and
it has been found that this mechanism only leads to very subtle
low molecular weight shoulders on the main peak.

It needs to be mentioned that points (c) and (d) lead to
products that are formed continuously during the course of the
polymerization and that, in general, this will not create a product
of significantly lower molecular weight than normal stars.
Consequently, it is suggested that the most plausible explanation
is a process which occurs early during the polymerization (and
only at this time) which prevents these arms from growth for
the rest of the polymerization. This idea is discussed in greater
detail later, and we tender a hypothesis on the type of process
which might be responsible.

3.2. Effect of Propagation Rate.The CAMD group11 has
previously produced styrene star polymer containing material
using an R-group approach synthetic attempt. They employed
the RAFT agent depicted in Scheme 3.I to mediate thermally
initiated styrene at 100 and 120°C as well as AIBN-initiated
styrene at 80°C. The crucial features of the resulting molecular
weight distributions were, proceeding from low to high molec-
ular weight, (1) a peak due to free chains, (2) a low molecular
weight shoulder on the main peak, (3) a main peak due to the
ideal star material, and (4) a high molecular weight shoulder
on this main peak.

Through experimental and simulatory work that is the subject
of the current study, it has been found that, by polymerizing

the same system under conditions of reduced temperature, more
structured distributions are obtained. That is, at lower temper-
atures, the peaks due to material other than strictly star-shaped
polymer become more prominent. We will demonstrate below
that this phenomenon is related to the comparative rates of
initiator decomposition and monomer propagation.

Vinyl acetate (VA) has a faster rate of propagation compared
to styrene (at 60°C, kp/L mol-1 s-1 ) 946058 vs 34036), and
this has important repercussions for the comparative kinetics
of these two systems. In previous work, the CAMD group19

have polymerized VA in the presence of a 4-arm, xanthate-
based R-group approach RAFT agent and reported largely
monomodal and nonstructured MWDssin contrast to what is
observed for styrene under similar conditions. It is shown via
simulation in this section that this can be explained by the
significantly differing propagation rate coefficients of these two
monomers.

Figures 3 and 4 depict experimental and simulated MWDs
for a 6-arm styrene star polymerization at 80°C and a 4-arm
vinyl acetate star polymerization at 60°C, respectively. Table
2 contains the conditions as well as rate coefficients used for
the experiments and simulation. Unless it was sought to examine
the effect of disproportionation vs combination, termination
reactions in both simulations were modeled as occurring
exclusively via combination. While it is known that for styrene
combination is favored by≈90%, the termination kinetics of
VA are less clearly understood. However, in the VA system,
since termination reactions occur to a far lesser extent, it was
found that the mode of termination makes almost no difference
to the MWDs. The main objective of the VA simulations was
to show that monomodal distributions are produced; this occurs
regardless of the termination mode chosen for the simulation.
It has been found that the monomer reaction order in this system
is close to unity,38 indicating a low occurrence of midchain
radicals. It is also known that the transfer constant for transfer
to monomer is merely 2× 10-4 at 60 °C.57 Thus, in the VA

Figure 3. Selected simulated (top) and experimental (bottom) data
from a RAFT, R-group approach 6-arm styrene star polymerization
(bulk) at 353 K, initiated with AIBN. The experimental sample and
simulation data are presented for polymerization to 24% conversion:
cRAFT groups) 1 × 10-2 mol L-1 andcAIBN ) 1.95× 10-3 mol L-1. As
indicated in the above figure, a low molecular weight shoulder on the
peak due to ideal star material appears in the simulated GPC trace.
This appears because the termination mechanism described later was
implemented when generating this simulated data. See section 3.3 for
further discussion. The linear chains peak arises from polymer chains
which have grown from (monofunctional) initiator fragments rather
than (hexafunctional) RAFT agent molecules. The figure demonstrates
how the simulations reproduce the structuring of the MWDs, a feature
which arises due to the styrene system having a relatively low rate of
propagation but a relatively high rate of initiator decomposition.
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model and, for that matter, the styrene model, no transfer to
monomer or polymer was implemented, since the level at which
it occurs is unlikely to significantly affect the MWDs.34

There are some differences between the experimental and
simulated data in both systems, and it is important to discuss
these. For the styrene system, the experimental MWD appears
less structured than the simulated one. It may be that a greater
degree of GPC column broadening is operative for the star
material, and the differences are entirely due to separation
effects. It is also possible that there are additional kinetic
processes present which were not represented in the model and
that these give less distinct peaks in the MWD. An example of
such a process might be altered addition andâ-scission rate
coefficients for intra- and intermolecular RAFT reactions. The
vinyl acetate polymerizations resulted in molecular weight
distributions which are at times broader than the simulated ones.
It was pointed out by those authors19 that there might have been
some loss of control at higher conversions. They also observed
an inhibition period which was not attributed to inhibition by
the RAFT agent, but rather minute quantities of impurity in the
polymerization,59,60 which, due to the high reactivity of the
propagating p(VA) radical, were able to react with and prevent
propagation of the p(VA) radicals, quenching the polymeriza-
tion.

Interplay between kd and kp. Since reactions such as those
leading to star-star coupling do not affect the relative proportion

of branched and linear polymer material produced, it is possible
to derive a mass fraction of branched (as opposed to linear)
polymer as a function of bothkp and kd. This is plotted as a
surface in Figure 5. From this figure it can be seen that in general
an increasing propagation rate coefficient leads to an increase
in the selectivity toward starlike material, since the total reaction
time is shorter and less linear chain forming initiator has
decomposed. Several experimental systems have been placed
on the surface. These are vinyl acetate (VA)/AIBN at 60°C,
styrene/AIBN at 60°C, styrene/AIBN at 80°C, and styrene/
autoinitiation at 100°C. Only four examples have been placed
on the surface in Figure 5swhile there are other examples in
the literature of RAFT R-group approach star polymerizations,
these are lacking sufficient similarities to be placed on the
surface depicted due to, for example, significantly architectural
differences61 or experimental conditions.48

Thus, it may be considered desirable to increase the propaga-
tion rate coefficient as much as possible, provided the system
does not reach the desired conversion before (a) all the RAFT
groups have been activated or (b) stars have disparate arm
lengths.

3.3. Reactions during the Preequilibrium.It seems possible
that the close proximity of reaction centers might alter the
kinetics which are operative in star as compared to linear RAFT
polymerizations. In particular, intramolecular RAFT equilibria
at very short chain lengths would be expected to be affected
the greatest. To probe this, high-level ab-initio calculations have
been performed.

It is expected that a slower preequilibrium, i.e., one in which
the initial RAFT agents are activated slowly, results in broader
molecular weight distributions, since the main population of
chains contains species whose activations take place over a
longer time period. It seems possible therefore that there are
additional processes taking place in systems with a multifunc-
tional RAFT-agent mediated polymerization which affect the
way the system moves through the preequilibrium stage. More
specifically, it seems possible that intramolecular RAFT equi-
libria, such as the one depicted in Scheme 4, might be active.
If the seven-membered ring structure (Scheme 4.IV) were to
be formed in sufficiently high concentration, then it might be
possible for a cross-termination reaction such as that in Scheme
4.V to take place and create the observed low molecular weight
shoulder on the main star peak in experimental MWDs.

To gather evidence as to whether such a reaction is possible,
high-level ab-initio calculations have been performed to calcu-
late the equilibrium constant for the reaction depicted in Scheme
5.

The constant of the equilibrium in Scheme 4 has been found
to be approximately 3× 106 at 333 K and 1× 106 at 353 K (to
make sure that the reaction is capable of occurring, that is, the
activation energy is not too high, an approximate addition rate
coefficient,kclose, has been calculated using an ONIOM system
in which the G3(MP2)-RAD layer (Figure 6) was omitted. This
gave a value ofkclose≈ 1 × 107 s-1 at 353 K, implying that the
ring closure reaction is certainly feasible.) While an equilibrium
constant of≈106 may seem inconsequential given that several
studies report the magnitude of the equilibrium constant of a
bimolecular RAFT equilibrium to be at least this,24,27,62the fact
that it is a unimolecular process means that the fused ring
structure enjoys a far higher population than the adduct of a
bimolecular process with the same equilibrium constant and Sd
C group concentration. To see this, consider that the rates for

Figure 4. Selected simulated (top) and experimental (bottom) data
from a RAFT, R-group approach 4-arm vinyl acetate star polymerization
(bulk) at 333 K, initiated by AIBN.cAIBN ) 2.2 × 10-3 mol L-1 and
cRAFT groups) 4.4× 10-2 mol L-1. The experimental data come from a
study by Bernard et al.19 The figure demonstrates how the simulations
reproduce the monomodal MWDs seen in the experiments, a feature
which arises due to the VA system having a relatively high rate of
propagation but a relatively low rate of initiator decomposition.

Table 2. Parameters and Conditions Applicable to the VA and
Styrene Experiments and Simulations Which Are the Subject of

Figures 3 and 4

monomer

styrene notes vinyl acetate (VA) notes

kp/L mol-1 s-1 630 a 9460 b
kd/s-1 1.97× 10-4 c 1.46× 10-5 c
T/K 353 333
cAIBN/mol L-1 1.95× 10-3 2.2× 10-3

cRAFT/mol L-1 1 × 10-2 d 4.4× 10-2 d
arms 6 4

a See ref 36.b See ref 58.c See ref 33.d Refers to the concentration of
RAFT groups, not the concentration of RAFT agent.
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intermolecular and intramolecular addition are respectively given
by

and

Thus, the probability,pintra, of intramolecular rather than
intermolecular addition is, in the early stages of the polymer-
ization, close to

It is put forward here that the low MW shoulder on the peak
due to ideal stars may be due to termination reactions taking
place early in the polymerization, whereby creating a population
of stars possessing a small number of arms that are oligomeric.
For there to be such a low MW shoulder, the termination
reactionsmusttake place early in the polymerizationsif they
occurred continuously throughout the polymerization, there
would be not such a pronounced shoulder, but rather a less
distinct broadening of the MWD. To probe how such a
termination reaction as the one depicted in Scheme 4.V might
influence an experimental MWD, such a reaction was imple-
mented in a PREDICI simulation. It should be noted at this
point that the equilibrium calculated above is unimolecular and
that in the modeling scheme employed here intramolecular
processes of a star are approximated as bimolecular processes
between arms. Additionally, it seems likely that not only the
closed ring compound of Scheme 4 forms but also that where
a small number of monomer units might have been incorporated
into the ring system as a result of propagation events.

A simulation has thus been parametrized using two sets of
rate coefficients for the additional reactions depicted in Scheme
4: the two sets of rate coefficients correspond to (a) intramo-
lecular RAFT equilibria with cross-termination of the seven-
membered ring-radical species and (b) intramolecular RAFT
equilibria without cross-termination of the seven-membered ring-
radical species. The results from this are presented in Figure 7.
Upon observation of this figure, it can be seen that the MWD
corresponding to the system with cross-termination displays a
reduction in the amount of material on the high MW side of
the peak due to ideal stars. This is because more radicals were
consumed in termination reactions early in the polymerization
and less were available for the formation of star-star couples.
Additionally, the peak due to ideal star molecules in the cross-
termination system has shifted to a lower molecular weight than
in the non-cross-termination system because, once again, radicals
have been consumed early in the polymerization and were not
available for arm extension.

Figure 5. Mass fraction of star polymer () mass star/(mass star+ mass linear) as a function of the propagation rate coefficient,kp, and the
decomposition rate coefficient for the initiator,kd, after polymerization to 30% conversion. Specific regions have been marked out as corresponding
to actual experimental conditions: (1) AIBN initiated polymerization of vinyl acetate at 60°C; (2) autoinitiated styrene at 100°C; (3) AIBN-
initiated polymerization of styrene at 60°C; (4) AIBN-initiated polymerization of styrene at 80°C. This shows a clear relationship between the rate
of initiation and the rate of propagation, leading to the differences in the amount of linear chain present in various polymerizations. The simulated
data were generated usingcRAFT groups) 1 × 10-2 mol L-1 andcAIBN ) 2 × 10-3 mol L-1 as fixed values.

Table 3. Parameters Used When Cross-Termination of the
Seven-Membered Ring Radical Was Implemented in the PREDICI

Simulation

parameter value notes

K/L mol-1 1 × 108 a
kclose/L mol-1 s-1 1 × 107 b
kopen/ s-1 1 × 10-1 c
〈kt,cross〉/L mol-1 s-1 1 × 106 d

a Equilibrium constant,K ) kadd/kfrag, used for intramolecular RAFT
equilibrium. b Addition rate coefficient used for intramolecular RAFT
equilibrium. c Fragmentation coefficient used for intramolecular RAFT
equilibrium. d Termination rate coefficient used in implementation of cross-
termination of seven-membered ring radical and also macroRAFT
radicalssthis was chosen to be arbitrarily lower than the termination rate
coefficient of two propagating radicals (kt ≈ 108 L mol-1 s-1) since if it
were of this latter order, essentially no polymerization would occur.26

Rinter ) kâcRAFT groupscradicals

Rintra ) kclosecradicals

pintra )
Rintra

Rintra + Rinter

)
kclose

kclose+ kâcRAFT groups

) 1 × 107

1 × 107 + 1 × 106× 10-2

≈ 0.999
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Recall that the model used in this study models all reactions
of stars as bimolecular reactions of arms, including intrastar,
unimolecular reactions. Therefore, the value of the (bimolecular)
equilibrium constant used in the model needs to be higher than
the actual, physical, equilibrium constant. It was found that the
bimolecular equilibrium constant for the intramolecular RAFT
equilibrium needed to be 108 L mol-1 in order to create a
significant low MW shoulder.

While a low molecular weight shoulder creating mechanism
resembling the described termination process is tendered as a
hypothesis, there are several issues which must be discussed.
By allowing cross-termination between a seven-membered ring
radical and a propagating radical, one must ask whether cross-
termination between intermolecularly formed-S-C•(Z)-S-
species (macro-RAFT radicals) and propagating radicals is also
possible. When these cross-terminations together with the ring-
radical cross-terminations are implemented in a PREDICI
simulation (with all other parameters left unchanged), it is found
that ring-radical cross-terminated and macro-RAFT radical
cross-terminated products are formed with comparable concen-
trations. If both these cross-termination reaction channels were
available in rate-retarded polymerizations, the consequences
would be that (a) very large amounts of cross-terminated
polymer material would be generated26 and (b) the rate of the
polymerization would be very low (if not completely inhibited)
as all propagating and stable intermediate radicals would
effectively be terminated. It is clear therefore that the proposed
mechanism cannot be completely correct, and there may be other
considerations such as that (a) the seven-membered ring radical
is less hindered than the macro-RAFT radicals, and therefore
terminates more easily, and (b) the termination process only
occurs at very low conversions, where short chain lengths would
minimize hindrance even further. It must be noted that the low
molecular weight shoulder on the MWD can only be formed
via a potential cross-termination mechanism in conjunction with
a large equilibrium constant for the seven-membered ring
intermediate radical.

This section of the current study does however indicate two
things. First, that intramolecular RAFT equilibria by themselves
have only a subtle effect on the overall kinetics and, second,
that some sort of special termination early in the polymerization
(and only at this time) might be responsible for low MW
shoulders on the peak due to normal star polymer material. It
would be illustrative to perform mass spectrometry on the
polymer produced in these polymerizations; however, styrene
does not have a sufficiently high ionization potential to allow
for this. Mass spectrometry might however be used to probe
more closely this aspect of the kinetics of, for example, methyl
(meth)acrylate star polymerizations. Such experiments are
currently underway in our laboratories.

3.4. Effect of Initiator Quantity Variation. Understanding
of the results in this section relies on the arguments and example
presented in section 3.1. Figure 8 contains a simulated MWD
for 4-arm styrene star polymerizations at 80°C with three
different initiator (AIBN) concentrations,cAIBN ) 4 × 10-4, 2
× 10-3, and 1× 10-2 mol L-1 and a RAFT agent concentration
of cRAFT groups) 1 × 10-2 mol L-1. It can be seen from this
that the concentration of initiator has a significant effect on the
MWDs. Specifically, it can be seen that as the amount of
initiator increases, the relative amount of linear material
increases as compared to the amount of star material. This is
because with more initiator, proportionally more linear species
have the opportunity to bear a radical during the course of the
polymerization, and converted monomer is shared out with the
linear growth sites. Additionally, as the concentration of initiator
increases, there is a very large broadening of the MWDs. This
is caused by coupling reactions leading to the formation of
multiply joined star polymers. Recalling from section 3.1, we
can expect the number of terminated products to be similar to
and no more than the number of initiator molecules decomposed.
In all but the simulation for the highest initiator concentration,
the amount of time which has elapsed is many times the half-
life of AIBN at 80 °C (t1/2 ≈ 7 × 103 s), and for that high
initiator case, the elapsed time is approximately equal to one
half-life. This means that, especially for the case of the highest
initiator concentration, the number of coupled species is
approaching that of the number of stars in the system, which
here is given bycstars ) cRAFT/a ) 0.01/4) 0.0025 mol L-1,
wherea is the number of arms.

It is also noteworthy that the positions of all peaks (especially
those due to linear material) shift to decreasing molecular weight

Scheme 4. Intramolecular RAFT Equilibria Occurring in the Preequilibrium of Small-Core, Multiarm, R-Group Approach RAFT
Polymerization

Scheme 5. Small Model of the Larger 4- or 6-Arm RAFT Agent
Depicted in Scheme 3, As Used in the Quantum Chemical
Calculations of the Equilibrium Constant K ) kclose/kopen
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with increasingcAIBN,0 even though the conversion is ap-
proximately the same. This is an expected deviation from the
standard expression for theDPn of an ideal RAFT polymeri-
zation:

where X is the monomer conversion. This deviation occurs
because eq 5 fails to take into account conversion on the part
of polymeric material whose origin is initiator fragments. Such
an effect is particularly prominent with star polymerizations
because the initiator-fragment-bound material has a molecular
weight significantly different to that of the R-group-bound
material since the several of the latter are joined together as a
star.

3.5. Effect of Using Rate-Retarded vs Non-Rate-Retarded
RAFT Agents. Recall that in the current study, due to a
significant body of evidence,22-26 the cause of rate retardation
has been modeled as slow fragmentation of an intermediate
RAFT radical, i.e., slowâ-scission of the form X-S-C•(Z)-
S- f X-S-C(Z)(dS) + Z•. This slow fragmentation causes
a reduction in the concentration of propagating radicals (leading

to rate retardation) and a reduction in the number of termination
events (under the assumption that cross termination is absent).

In Figure 2, the couple fraction was plotted as a function of
conversion for rate-retarded and non-rate-retarded RAFT agents.
It was noted that the value of the couple fraction was
significantly higher for the simulations of non-rate-retarded
systems. Such a significant difference in the degree to which
stars couple with one another must be observable in the MWDs
of experimental systems. Two 4-arm RAFT agents (II andIII
in Scheme 3) have been used to study the role of retardation in
the synthesis of 4-arm styrene stars; Figure 9 depicts selected
MWDs from these experiments. It has been found in the systems
studied that the non-rate-retarded RAFT agents lead to MWDs
showing a considerably greater degree of structure and broaden-
ing than the rate-retarded but otherwise equivalent system. This
can be understood by noting that the broadness and continuation
of the MWDs up to extremely high molecular weight (≈106 g
mol-1) is most likely caused by stars which have coupled to
one another by termination events between their arms. This
coupling occurs to a far greater extent in the non-rate-retarded
system because the radical concentration is far higher than for
the rate-retarded system.

As well as the higher degree of coupling observed in the
nonretarded system, there may be other factors leading to the
distinct differences in the MWDs. Since non-rate-retarded
systems experience a greater rate of conversion of monomer
into polymer, at a certain conversion, less initiator will have
decomposed than at the same conversion of a rate-retarded

Figure 6. Application of the ONIOM method to approximation of high levels of theory for the current system.

Figure 7. Effect of an intramolecular RAFT equilibrium and cross-
termination reaction (see Scheme 4) resulting from a high concentration
of intermediate RAFT radicals during the preequilibrium: (s) intramo-
lecular RAFT equilibrium and cross-termination of seven-membered
ring radical, showing low molecular weight shoulder on peak due to
ideal star molecules; (- - -) intramolecular RAFT equilibrium andno
cross-termination of seven-membered ring radical. Simulations were
parametrized for AIBN initiated 4-arm styrene polymerization at 80
°C. Simulated data are presented for a time oft ) 1 × 105 s. The
parameters used in the additional reactions leading to the curve (s)
are given in Table 3. In both simulations,cRAFT groups) 1 × 10-2 mol
L-1 andcAIBN ) 2 × 10-3 mol L-1.

DPn )
Xcmonomer

cRAFT
(5)

Figure 8. Effect of variation of initial initiator concentration on MWDs.
Simulations were parametrized for AIBN initiated 4-arm styrene
polymerization at 80°C. MWDs depict simulations performed to close
to 30% conversion. In all simulationscRAFT groups) 1 × 10-2 mol L-1.
It can be seen that an increase in the amount of initiator leads to an
increase in the broadness and the size of the peak due to linear chains
formed from initiator fragments.
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system, meaning that the concentration of linear chains is less
for the non-rate-retarded system. Consequently, the averageDPn

of nonterminated arms will be larger in the non-rate-retarded
system than in the rate-retarded system as a result of monomer
to polymer conversion taking place more on star rather than at
linear-chain growth sites.

It is worth noting that because there are more linear chains
present in the rate-retarded system, differences in the termination
kinetics of star polymer radicals vs linear polymer, particularly
linear oligomeric radicals, might cause qualitative changes in
Figure 2. Chain-length-dependent termination might also be
particularly important for the current section of this study, and
consequently, we have not sought to simulate full MWDs but
have nevertheless understood experimental MWDs in terms of
the underlying kinetic model.

From the observations made in this section of the study, it is
suggested that while in certain fast propagating systems (e.g.,
vinyl acetate) the use of a nonretarding RAFT agent might
minimize the presence of linear chain impurities, in slower
propagating systems, i.e., ones in which several half-lives of
initiator decomposition have passed during the course of the
polymerization, retardation appears to prevent the formation of
couples via reduction of the propagating radical concentration.
It should be noted that if retardation occurred predominantly
via cross-termination throughout the polymerization rather than
slow fragmentation, the rate-retarded systems would be expected
to display a greater degree coupling than the non-rate-retarded
system; however, this has not been observed in the current
experiments.

It must be noted that this section of the study does not rule
out the use of non-rate-retarded RAFT agents if other parameters
are chosen judicously. Indeed, Rizzardo et al. describe R-group
approach systems based on (non-rate retarding) trithiocarbonate
RAFT agents which yielded quite narrow MWDs.63 The crucial
difference between those systems and the ones that have been
the subject of the current section is that they were performed at
high temperature under autoinitiation of styrene, which together
result in a low rate of radical delivery but a high propagation
rate coefficient. A low rate of radical delivery combined with

a high rate of conversion results in a low potential for coupled
product formation as well as minimal linear chain formation.

4. Conclusions

The kinetic model described in ref 21 has been used to
develop an improved understanding of the kinetics of RAFT,
R-group approach synthesized star polymers. It has been found
that the type of molecular weight distributions (MWDs) obtained
is strongly dependent on the extent of termination reactions in
a polymerization since these, along with linear chain forming
reactions, are the main avenue for creation of nonstar material
leading to structured MWDs. Leading on from this improved
understanding, we are able to suggest a set of guidelines for
future star polymer syntheses via a RAFT, R-group approach.

Minimal Linear Chain Contaminants. To minimize the
quantity of linear polymer in the system, it is important to have
a high rate of monomer propagation but a small delivery of
radicals to the system. The minimization of linear material,
however, must be weighed up against the competing requirement
that all RAFT groups are activated and that there is not a large
disparity of arm lengths on the resulting stars.

Minimization of Star -Star Coupling via Control of
Initiation. Crucial to the prevention of star-star coupling and
resulting MWD broadening is the minimization of radical
termination events between star molecules. The number of
biradical termination events may be no more than the number
of initiator decompositions, and as such, minimization of the
latter quantity will lead to less broad MWDs. As for the first
point, one must still meet the requirement of a fully activated
star RAFT agent and sufficiently equal arm lengths.

Minimization of Star -Star Coupling via Intermediate
RAFT Radical Stabilization. Another phenomenon capable of
preventing termination events is the formation of persistent
radicals. Polymer chain extension and termination events have
respectively a first-order (∝ cP•) and second-order (∝ cP•

2)
kinetics (cP• is concentration of polymer chain/arm radical). This
means that e.g. a 2-fold reduction ofcP• will lead to a 2-fold
reduction in the rate of polymerization, but a 4-fold reduction
in the concentration of coupled products at the conclusion of
the polymerization. Therefore, as has been noted in the current
study, some systems exhibit less structured MWDs when a rate-
retarded RAFT agent is employed.

Minimization of Star -Star Coupling via RAFT Agent
Arm Reduction. Our simulations have shown that in otherwise
equivalent systems the likelihood of a star being in a star-star
couple increases as the number of arms increases. This is due
to there being a fixed probability that any one arm is forming
a star-star couple and that an increase in the number of arms
increases the probability that astar is in a star-star couple.

The above points manifest compromises between various
aspects of star polymer design via a RAFT, R-group approach.
As an example, the importance of a high rate of polymerization
must be judged against the requirement of a low degree of star-
star coupling. Also, the use of a nonretarding RAFT agent might
be entirely justifiable if only a small quantity of initiator will
be decomposed, as in the case of vinyl acetate.19
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Appendix. Theory for Star-Star Couples

Previously, a simulation methodology was described in which
it was assumed that stars underwent termination reactions to
form at most a 2-couple. An improvement of the theory has
since been developed and implemented, allowing for the
simulation of full MWDs in which stars form arbitrary order
couples. This is explained in the current section.

First note that a 2-couple is the structure formed when 2 star
molecules couple, a 3-couple the structure when 3 star molecules
couple, and so on. For calculation of full MWDs one requires
the value of (a) the concentrationn-couple for eachn ) 1, 2,
... and (b) the number of star molecules consumed in the
formation of thosen-couples. Therefore, the concentration of
ann-couple is denotedcn. The number of arms in ann-couple
which are chemically responsible for the links is (n - 1). It
can be said therefore that the total number of linkages in an
n-couple is (n - 1)cn, and it is true that

wherectermedis the concentration of all terminated species that
represent a coupled arm. Dividing byctermed, one arrives at

and it can be written

where Pn is the probability that a randomly chosen coupled
species (denoted A-coupled in the kinetic model) is in an
n-couple. Then

One can now calculate the concentration,cn, of n-couples as
long as we know values forPn. As already stated, coupling is
an anomalous process, and it is not desired to simulate it exactly;
therefore, we pick a series of monotonically decreasingPns, up
to some maximumn ) N, such that∑n)2

N Pn ) 1. For example

To calculate the concentration of noncoupled stars (i.e.,
1-couples), it is also necessary to know the concentration of
star centers,Sn, in eachn-couple. This is given by

which is found by substituting in the above expression forcn.
The values ofcn are used to convert a probability distribution
of n-couples to a concentration distribution. Concentration
distributions are then further converted to GPC distributions in
the normal way, i.e., by multiplication of the concentrationc(i)
of each chain-lengthi by i2. Probability distributions ofn-couples
were generated via the method developed previously, which was
the subject of ref 21. The couple probabilities used in all
simulations described in the current paper are those given in
eq 6.

Supporting Information Available: Section S1 containing the
B3LYP/6-31G(d) optimized geometries used in all energy and
entropy calculations as well as section S2 containing the kinetic
model implemented in PREDICI used in the current study. This
material is available free of charge via the Internet at http://
pubs.acs.org.

Note Added after ASAP Publication. This article was
published ASAP on August 19, 2006. Several modifications
have been made to Scheme 2. The correct version was published
on August 23, 2006.
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