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ABSTRACT: Modified Smith-Ewart equations were used to quantitatively investigate compartmentalization
effects in nitroxide-mediated radical polymerization in dispersed systems. Calculations were carried out for the
specific system 2,2,6,6-tetramethylpiperidinyl-1-oxy (TEMPO)/styrene af C2akith thermal initiation included

in the model, and accounting for compartmentalization of both propagating radicals and nitroxide. For particles
with diameter ¢) less than approximately 60 nm, a reduction in particle size led to lower rate of polymerization,
higher degree of livingness, and a higher number of activatitgactivation cycles experienced per chain to
grow to a given degree of polymerization. These effects have their origin in the pseudo first-order deactivation
rate coefficient increasing in proportion dio® with decreasing particle size. There were no significant effects of
compartmentalization for particles witd > 110 nm. The results show that it is important to consider
compartmentalization effects also on the deactivation reaction, and not only bimolecular termination.

Introduction tetramethylpiperidinyl-1-oxy- (TEMPO-) based NMP of styrene

Radical polymerization has experienced a renaissance overS). the experimental results are quite similar in bulk and
the past decade as a result of the emergence of controlled/livingMiniemulsior?*~2° suggesting that compartmentalization effects
radical polymerization (CLRP), which enables synthesis of are not significant under the conditions employed. The literature
polymers of predetermined molecular weight of narrow distribu- contains various proposed rationales with respect to compart-
tion and various complex architectufésResearch in CLRP ~ Mentalization in dispersed NMP systems. It has been argued
has now expanded to application of these processes in thethat the controlling effect of TEMPO overwhelms the propagat-
industria”y important aqueous heterogeneous Sys{ie?ngque_ Ing radical Segregation effe&,z4 that the rate of termination
ous heterogeneous systems are more complex than the corremay decrease if particles are sufficiently snfland that the
sponding homogeneous systems due to phase transfer &ventstate of polymerizationRy) will be low in a compartmentalized
partitioning of reactants between the aqueous and organicSystem because the frequency of activation is much lower than
phases%12 and compartmentalizaticht3-16 that of deactivatio?

The three most well-known CLRP techniques are nitroxide-  Butte et al®* modeled miniemulsion NMP using modified
mediated polymerization (NMPY;!® atom transfer radical — Smith-Ewart equatiori whereby compartmentalization of both
polymerizatior’? and reversible additioafragmentation chain  propagating radicals and nitroxide were considered, including
transfer polymerizatio® Control in NMP is achieved via  thermal initiation in the model. In the case of SITEMPO at 125
reversible capping of propagating radicals with a suitable °C  smaller particles resulted in less bimolecular termination,
nitroxide? The term “compartmentalization” encompasses ef- |ower polydispersity NI./M,), and lowerR,. These findings were
fects arising from radicals located in different particles being rationalized by arguing that compartmentalization reduces the
unable to undergo reaction with one another (in the absence ofjeve| of termination involving propagating radicals, but smaller
phase transfer events), and the reaction rate between two radicalparticles leads to higher rates of termination of thermally
located in the same particle increasing with decreasing particle generated radicals. Thermal initiation by S yields radicals in
diameter. Compartmentalization is the origin of many charac- pajrs32 and the rate of thermal initiatiorR(y) is reduced due
teristic features of conventional (i.e., not CLRP) emulsion to geminate termination if the particles are sufficiently sret:3
polymerization, such as the usual formation of higher molecular | jmited simulations were also carried out with a 10-fold increase
weight polymer at higher rates than in the corresponding bulk in the rate of activation, also resulting in lowBs and less
polymerizations. The kinetics of CLRP are very different from  termination for smaller particles.
conventional radical polymerization processes, and it is not
trivial to predict what the effects of compartmentalization, if
any, are on a specific CLRP process in a dispersed system.

A general, rigorous understanding of compartmentalization
effects in NMP has yet to emerge. In the case of 2,2,6,6-

Charleux* reported simulations of miniemulsion NMP of S
using SG1 K-tert-butyl-N-(1-diethylphosphono-2,2-dimethyl-
propyl) nitroxide) at 9C°C (thermal initiation assumed negli-
gible) based on the SmittEwart equationg! Compartmental-
ization was considered with respect to the propagating radicals,
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Table 1. Parameter Values for 2,2,6,6-Tetramethylpiperidinyl-1-oxy- used‘041 All simulations were carried out with [§}F 8.71 M
(TEMPO-) Mediated Radical Polymerization of Styrene at 125°C (refers to particle phase in dispersed system).
rate parameter value Dispersed System.To account for compartmentalization
k (activation) 1.60x 1035136 effects on both [B and [T*], the Smith-Ewart equationd
kda (deactivation) 7.60¢ 10" M~1g12136 extended to two dimensions derived by Butte et3alvere
ko (propagation) 23% 1M ts 137 employed, assuming that the number of particles remains
k: (terminationy 1.72x 1P M~1s7138

constant with conversion and that the particles constitute the
sole locus of polymerization. The modified SmitBwart

a20n the basis of termination rate Zk([P']z b On the basis of radical equationég describing the number fraction of par“d%]
generation rate= kn[S[ (particles containingP andjT*) read as follows:

kit (thermal initiation} 1.70x 10710 M 257139

sity (due to fewer activationdeactivation cycles). i

There are significant gaps in the understanding of compart- dﬁ = Ny kPTK NiTL— N_j} +
mentalization effects in NMP in dispersed systems, and conflict- dt AP =1
ing views and theories have been presented in recent years. In 3 j J. ko i J.
particular, as discussed above, the very different results obtained 0.5¢ [S] NAUp{ Ni, =N} + W{(l +2)( + Nj,, —
by Charleu%* and Butte et al3 stand out. The different results K, ATP
are apparently caused by the following: (i) the inclusion or not V(i — | _da ; 1 yayN
of thermal initiation (Butte et &S included thermal initiation; M0~ N3 + NAUp{ D0+ DN = OONT )
Charleu®* did not) and/or (i) inclusion of compartmentalization
of nitroxide in the model (Butte et &P included nitroxide The “2” appearing in the termination term in eq 4 is absent
compartmentalization; Charle¥fdid not). Several years have in eq 5, because one termination event (which consumes two
passed since these publications appeared, but the matter has neadicals, thus “2” in eq 4) leads to the disappearance of one
been resolved. In view of the fact that CLRP in dispersed media particle and the generation of another (e — N;°). For
is receiving increasing attention recently due to the importance the same reason, there is a factor “0.5” in the term for thermal
of successfully applying CLRP in these industrially important initiation in eq 5 but not in eq 4 (the value ki used is defined
systems 8 we revisited the subject of compartmentalization asRin = ki[M] ). The average numbers of {,) and T (fr)
effects on NMP. In the present investigation, extensive simula- per particle are¥; N/ = 1):
tions and detailed analyses are carried out based on the modified

Smith—Ewart equations used by Butte et Blthus accounting n,= ZZiNij (6)
for compartmentalization effects on both propagating radicals ]

and nitroxide. The influence of thermal initiation is clarified A= N )
by performing a range of simulations with and without thermal T Z ]ZJ i

initiation. The present paper shows that there are significant

particles (diameter 110 nm for S/TEMPO at 125C) mainly  follows zero-one kinetiésor not. The overall concentrations

due to particle size effects on the pseudo first-order rate of pr and T per unit volume organic phase are given by
coefficient for deactivation. It is demonstrated that it is crucial

to consider compartmentalization effects on both propagating P7=(N.y.)?t iNg 8
radicals and nitroxide. [PT= (Navy) ZJZ i (8)

Model Development [T] = (NAUp)_lz szij 9)
Homogeneous SystenHomogeneous (bulk/solution) NMP bl

i 2
was modeled using eqs-4. The concentration of the noncompartmentalized species S is

d[M] obtained from eqs 1 and 8. Compartmentalization of both P
Braiai k,[P][M] 1) and T is considered when computing [PT]:
d[PT] R diPT] ki "
=i = kdPT ~ kPT] @ ——=——S SN -KPT]  (10)
dt (Nazp) "™ T
d[T’] —
gt~ KIPT] = kdPIT] 3) The system of equations was solved by numerical integration

using the Backward Euler integration algoritfmvith a step
d[P] S " size of 1 s. Great care was taken to ensure minimization of any
Tt k[P T] + ki [M] ? = kdPITT - 2k[PT° (4) numerical errors in the simulations. The total number of particles
in the simulated system was ensured to remain constant with
where M denotes monomer, PT denotes alkoxyamineis T time in all cases.
nitroxide, P is a propagating radicak, is the propagation rate Phase Transfer.In conventional S emulsion polymerization,
coefficient, kq is the dissociation rate coefficient of PRy, is chain transfer to monomer followed by exit and reentry are
the deactivation rate coefficienk; is the termination rate  significant kinetic events if the polymer particles are sufficiently
coefficient, andk; is the rate coefficient for thermal initiation ~ small? The number of chain transfer events per chain is much
(values listed in Table 1). Chain-length dependence of rate lower in CLRP, because the degree of polymerization is lower
coefficient$® was not included in the model. The simulations in CLRP than in a conventional system. However, considered
were not taken beyond 10% monomer conversion, and conver-over the total number of chains, it cannot be excluded that chain
sion-independent values &, k. and kya could therefore be transfer to monomer exerts some influencengrn additionaICDV
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Figure 1. Simulated conversion vs time (eqs 1, 5, 8 and 10) for
different particle diameters (in nm as indicated) for 2,2,6,6-tetrameth-
ylpiperidinyl-1-oxy- (TEMPO-) mediated radical polymerization of
styrene at 128C (thermal initiation included; [PF]= 0.02 M; PT=
polystyrene-TEMPO macroinitiator). The thick line denotes bulk
conditions (egs *4). All rate coefficients are listed in Table 1.
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Figure 2. Simulated (egs 1, 5, 8 and 10) propagating radical con-
centrations ([B; 10% styrene conversion) for 2,2,6,6-tetramethylpip-
eridinyl-1-oxy- (TEMPO-) mediated radical polymerization of styrene
([PT]o = 0.02 M; PT= polystyrene-TEMPO macroinitiator) with @)

and without ©) thermal initiation at 125°C for different particle
diametersd). The horizontal lines show fPin the corresponding bulk
systems (eqs-14) at 10% conversion. All rate coefficients are listed
in Table 1.

complication is nitroxide partitioning between particles and
aqueous phasé:*344The significance of this process depends
on the particular nitroxide. In the case of SITEMPO at 185
partitioning to the aqueous phase is relatively insignificant;
[TEMPO]lof[TEMPOl.q = 98.84° Phase transfer events are not
included in the present model (although inclusion is trivial and
will be investigated in a forthcoming publication) in order to
clearly expose the effects of compartmentalization.

Results and Discussion

Rate of Polymerization.Simulated conversiontime curves
for TEMPO-mediated miniemulsion radical polymerization of
S at 125°C using a poly(S)-TEMPO (PT) macroinitiator ([RT]
= 0.02 M) for different particle diametersly are displayed in
Figure 1. The rate of polymerizatioRy) decreases dramatically
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Figure 3. Simulated (egs 1, 5, 8 and 10) propagating radical
concentrations ([ff, polymerization time= 1 min) for 2,2,6,6-
tetramethylpiperidinyl-1-oxy- (TEMPO-) mediated radical polymeri-
zation of styrene at 128C ([PT] = 0.02 M; PT = polystyrene-
TEMPO macroinitiator) for different particle diameterd) {vith (@)
and without ©) thermal initiation. The horizontal lines show*Tn

the corresponding bulk systems (eqs4). All rate coefficients are
listed in Table 1.

initiation, and the lowR, is thus not related to the efficiency of
thermal initiation ford < 35 nm. In fact, [® is not affected at
all by thermal initiation ford < 35 nm (Figure 2). In the
presence of thermal initiation, {Fincreases with increasing
and approaches the corresponding bulk valug at65 nm. In
the absence of thermal initiation, there is a maximum fi P
approximately 45 nm.

There is a slight increase iR, relative to bulk at low
conversion €4%) in the presence of thermal initiation for=
70 nm (Figure 1). To probe this further, log[Rs log d at very
low conversion (in the stationary state, not the pre-stationary
state region) was examined with and without thermal initiation
(Figure 3). Ford < 60 nm, [P] is independent of thermal
initiation. Both with and without thermal initiation, fPpasses
through a maximum at approximately 70 nm, after which the
bulk values are approached.

The values offi, and iy are displayed as functions of
conversion (in the presence of thermal initiation) for different
values ofd in Figure 4. Bothn, andny decrease with decreasing
particle size. It is apparent that the polymerization process is
strongly influenced by particle size for sufficiently small
particles. In the present system under the present conditions,
there are no significant effects of compartmentalization for
particles withd > 110 nm. All these observations will be
rationalized below in terms of compartmentalization effects on
the deactivation (P+ T*) and bimolecular termination {(P-

P*) reactions.

Compartmentalization Effects on Deactivation and Ter-

mination. There are two separate and opposite effects of

with decreasing particle size. These results are very similar to compartmentalization on bimolecular reactions: (i) Segregation

those reported by Butte et &.for the same system, who
proposed that the loviR, was caused by increased rates of
geminate termination of thermal radicals generated in pairs.
Results of simulations with and without thermal initiation are
plotted as log[R vs logd (for reasons explained below) at 10%
conversion in Figure 2R, is proportional to [F]). R, decreases
dramatically with decreasind also in the absence of thermal

of radicals, i.e., two radicals located in separate particles being
unable to react with one another, leads to a reduction in
bimolecular reaction rate. (ii) The reaction rate between two
radicals located in the same particle increases with decreasing
particle size (hereafter referred to as “confined space effect”),
expressed in terms of the pseudo first-order rate coefficient

KINavp (k is the rate coefficient in M!s™3). ExperimentaICDV
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Figure 4. Simulated average number of propagating radidajssnd
nitroxide molecules i) per particle vs conversion for 2,2,6,6-
tetramethylpiperidinyl-1-oxy- (TEMPO-) mediated radical polymeri-
zation of styrene at 128C ([PT]o = 0.02 M; PT = polystyrene-
TEMPO macroinitiator) with thermal initiation for different particle
diameters d). All rate coefficients are listed in Table 1.

o

10

evidence of the confined space effect is the increase with
conversion usually observed in conventional radical emulsion
polymerization of methyl methacrylate during interval Il, caused
by a continuous decrease kiNavp as particles grovg:®

To quantitatively assess the effects of compartmentalization
on deactivation and termination separately, the deactivation rate;

(RS, “c” denotes compartmentalization) and termination rate
(R®) predicted by the modified SmithEwart model were

compared with the corresponding “homogeneous” deactivation

rate R;a; “h” denotes homogeneous) and termination r&é) (

computed from the overall radical concentrations in the particle
phase R}, andR" are thus the rates one would observe if the
overall [P] and [T*] were the same as in the compartmentalized

system (i.e. egs 8 and 9) and if the particles were “instanta-
neously combined” into a continuous bulk phase. The equations.

are
Kya .
a = N/ (11)
(NAUp)2 tl

2k, j

RE= i(i — N, (12)
(NAUp)zlz]z

Ria= ko JPT] (13)
R = 2[P]° (14)

where [P] and [T*] are obtained from eqs 8 and 9. Note that
the “2” in eq 12 (which is not present in the termination term
in eq 5) is now necessary because we are here countiagd®
not particles.
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Figure 5. Ratios of simulated “compartmentalized” (egs 11, 12) and
“homogeneous” (eqs 13 and 14) deactivati® ©) and termination
(a, 2) rates for 2,2,6,6-tetramethylpiperidinyl-1-oxy- (TEMPO-) medi-
ated radical polymerization of styrene in the presence®(aa) and
absence (bD, a) of thermal initiation at 125C ([PT]o = 0.02 M; PT
= polystyrene-TEMPO macroinitiator) at 10% styrene conversion for
different particle diameter® superscripts: e compartmentalized; h
= homogeneous. The dotted lines indicBte= R". All rate coefficients
are listed in Table 1.

The quantitiesR /R, (referred to as the relative deactiva-
tion rate) andR¢/R" (referred to as the relative termination rate)
were examined as functions dffor the conditions correspond-
ing to the data in Figure 5 (10% conversion) and Figure 6
(polymerization time= 1 min.). The data in Figure 5a reveal
that in the presence of thermal initiation, the relative deactivation
and termination rates are affected in similar manners by
compartmentalization. Far < 60 nm, the relative deactivation
and termination rates increase strongly with decreagifignese
increases both originate in the confined space effect; smaller
particle size leads to increases in the respective pseudo first-
order rate coefficientskydNavp and k/Navp. The relative
deactivation rate increases with decreasidso in the absence
of thermal initiation (Figure 5b). However, the relative termina-
tion rate exhibits an entirely different behavior in the absence
of thermal initiation;RS/RM = 0.24 for 10< d < 30 nm, and
gradually approaches unity asincreases.

The effects of particle size oR/R], and RY/R" at the
initial stage (polymerization time 1 min.; Figure 6) are similar
to at 10% conversion (Figure 5). In the presence of thermal
initiation, both R/R], and RYR" increase with decreasingy
(for the same reason as described above). In the absence of
thermal initiation,R¢/R" = 0.24 ford < 55 nm.

The origin of the maxima in [f (Figures 2 and 3) can now
be explained. For largel, both the deactivation and the
termination rate are the same as in the corresponding noncom-
partmentalized system, i.€R/R}, = RIR" = 1. As d
decreasesR /R, increaseqi.e. the confined space effect on
deactivation causes JRo decrease relative to the noncompart-
mentalized case) ar@°/R" decreases (i.e. segregation causes
[P] to increase relative to the noncompartmentalized case).
These two opposing effects result in a maximum iff.[Phis
is clearly illustrated in the inset in Figure 6a; the maximum in
[P] atd = 70 nm (Figure 3) coincides with the minimum in
RY/RN, the effect of which on [} is stronger than that of th&DV
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Figure 6. Ratios of simulated “compartmentalized” (egs 11 and 12)
and “homogeneous” (egs 13 and 14) deactiva®¥) and termination
(a, 2) rates for 2,2,6,6-tetramethylpiperidinyl-1-oxy- (TEMPO-) medi-
ated radical polymerization of styrene in the presence®(aa) and
absence (b, A) of thermal initiation at 125C ([PT], = 0.02 M; PT

= polystyrene-TEMPO macroinitiator) at polymerization time of 1
min R superscripts: & compartmentalized; i homogeneous. The
dotted lines indicateB® = R". All rate coefficients are listed in Table
1.

increase in deactivation rate relative to the noncompartmental-
ized system.

The termination rate as a function df is very strongly
affected by thermal initiation (Figures 5 and 6). In the absence
of thermal initiation, segregation of propagating radicals is the
dominant effect of compartmentalization on termination, result-
ing in a reduction in termination rate relative to bulk. In the
presence of thermal initiation, there is a significant contribution
toward the overall termination rate by geminate termination of
thermal radicals generated in pairs (geminate termination is rapid
in small particle¥*2433due to the confined space effect, i.e.
the high value ok/Nav,, and the model does not distinguish
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Retardation by Enhanced Deactivationt has been outlined
above that the lowR, for very small particles d < ap-
proximately 35 nm) is due to the confined space effect on
deactivation, i.e. on the terikid/Navp (s71) in eq 5. For such
small particles, the vast majority of activation events (ap-
proximately 98% foid = 30 nm at 10% conv.) occur in particles
containing neither Tnor P; At ~ 0.02 andn, ~ 4 x 1079 for
d = 30 nm at 10% conversion. Thus, on the basis of the
assumptions thati)( No® + Ni2 = Ny, and (i) the rate of
bimolecular termination is negligible, the following equations
can be derived for a fixed organic volume:

Ny + N;' = Ny, (15)
whereNi is the total number of particles. The rate of change
of N;! with time is given by

1

dN, .
T = NAUpkd[PT]NO -

0

N (16)

The term in eq 16 for deactivation can be derived from the
deactivation term foN; in eq 5, withi = j = 1. Application of
the quasi steady-state assumptidii’ddt = O yields

~ (Nav’kPTING  (Naz) kP TIN
B Kaa - Kaa

N,*
(No’~ Ny (17)

On the basis of assumptions i and ii, the oveRyl(not per

particle) is given by

_ KIMI(N,'/NG) kMK PTIN, 2,
Nay, Kia

R, = kM][P]
(18)

At a given conversion ([M] and [PT] constant), a simplified
form of eq 18 is

_— _ ad®
[P] = CUp = C? (19)
log [FP] = constant+ 3logd (20)

whereC is a constant equal tk{PT]Na)/kga It follows that
when assumptions i and ii hold, a plot of lo¢j[®s log d should

between thermal radicals and propagating radicals generated bygive a straight line with slope 3. This is indeed what is obtained

dissociation of PT), and the net effect for sufficiently small
particles ¢l < approximately 60 nm) is an increase in termination
rate relative to bulk. The reason that][is not affected by
thermal initiation for sufficiently small particles (Figures 2 and
3) is that under such conditions geminate termination of thermal
radicals is so fast that the contribution toward] jB negligible.

The deactivation rate would in principle also be expected to
be influenced by segregation of Bnd T as well as by the
confined space effect. However, it is apparent that the confined
space effect is by far dominant (Figures 5 and 6; otherwise the
slope would not be 3 in Figures 2 and-8iscussed in the next
section), which is a result of generation ofddd T in the same
particle (in complete analogy with the termination rate increasing
with decreasingl in the presence of thermal initiation). Another

(Figures 2 and 3); perfect linearity and a slope of 3.00 is
observed fod < 35 nm. Asd increases beyond 35 nm, log]P
gradually begins to deviate from the straight line. This is because
if the particle size is not sufficiently small, a significant fraction
of activation events occur in particles that already contain T
and/or P, and moreover, thermal initiation or another activation
event may occur (both rates of which increase per particle with
increasing particle size) prior to coupling of the originabiRd

Te. In other words, if the particles are “too large”, assumptions
i and ii do not hold.

It is also important to realize that the overall frequency of
activation is independent of particle size, unlike in a conven-
tional nonliving emulsion polymerization, where exit/entry
events (corresponding to deactivation and activation, respec-

reason for the lack of a segregation effect on deactivation would tively) are strongly affected by particle size. The overall

be if ny is sufficiently high (in the same way as there is no frequency of activation events is proportional to the total volume
segregation effect on propagation because there is a very highof the organic phase (i.e., the total number of PT), and is not a
number of S per particle), but this situation is not applicable function of particle size. Thus, under conditions when eqs 18
here because of the lomt (Figure 4). and 19 are valid, even if the particle volume is increased @Bq/
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thus the number of particles reduced, keeping the total organic
volume constant)N;! remains the same.

An alternative way to visualize the scenario described by eqs
18 and 19 is thaR, is proportional to the number of monomer
units added per activatierdeactivation cycle, which is in turn
proportional to the inverse of the pseudo first-order rate
coefficient for deactivationNavp)/kia (S71) in a particle that
contains 1Pand 1T (i.e., this is no longer true if the particles
are “too large”). This accounts for the proportionality between
[P] and vp, and thus the slope of 3.00 in Figures 2 and 3.

In the presence of thermal initiatioR, decreases due to
enhanced rates of deactivation and geminate termination of
thermal radicals (both due to the confined space effect) with
decreasing particle size in the regidr 110 to 35 nm (Figure
2). Whend decreases below approximately 35 nm, the rate of
thermal initiation is negligible (only a negligible fraction of
thermal radicals initiate polymerization as opposed to undergo
geminate termination), and the reductionRpas the particles
size is decreased further is due to the rate of deactivation
increasing with decreasing particle size (the confined space
effect).

One might ask, how can it be concluded that the increased
termination rate relative to bulk (Figures 5a and 6a) is not a
factor in causing lowR, for small particles? In the absence of
thermal initiation, the termination rate is lower than in bulk for
d < 110 nm (Figure 6), and, is independent of thermal
initiation for d < 35 nm (Figure 2). Therefore, it can be
concluded that the increased termination rate relative to bulk
in the presence of thermal initiation is due to the contribution
toward the overall termination rate by termination of thermal

radicals generated in pairs. Consequently, the increased termina-

tion rate relative to bulk in Figure 5a and 6a is not the cause of
the lowR, for small particles, consistent with the above analysis
based on egs 18 and 19.

The completely different simulation results and conclusions
reached by Butte et &f.and Charleu¥ can now be explained.
The differences arise because Charleux did not include com-
partmentalization of the nitroxide in the model, and therefore
the increase irkgdNavp With decreasing particle size is not
captured by the model. Butte et¥largued that the lowR, for
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Figure 7. Simulated (eqgs 1, 5,-810) values of propagating radical
concentrations ([ff) (®) and nitroxide concentrations ({J (M) for
2,2,6,6-tetramethylpiperidinyl-1-oxy- (TEMPO-) mediated radical po-
lymerization of styrene with thermal initiation at 126 in a dispersed
system withd = 20 nm at polymerization time of 20 min. All rate
coefficients are listed in Table 1.

Bulk

?__/’.T—

log ([P<][T-}[PT]) (M)

Increasing d (nm)
10, 20, 30, 40, 50, 60, 70

10
Conversion (%)

Figure 8. Simulated (egs 1, 5,-810) values of ([A[T*])/[PT] for
2,2,6,6-tetramethylpiperidinyl-1-oxy- (TEMPO-) mediated radical po-
lymerization of styrene at 128 ([PT], = 0.02 M; PT= polystyrene-
TEMPO macroinitiator) for different particle diametedy ith thermal
initiation. P = propagating radical; = TEMPO. All rate coefficients
are listed in Table 1.

small particles was caused by increased rates of geminate

termination of thermal radicals (the confined space effect). As

there are no T and the accumulation of*Thas no significant

shown above, this explanation is incompléete, because aneffect on the deactivation kinetics. The slope of the Iogy8
increased rate of deactivation (due to the confined space effec'[)|Og d plot in the lowd range remains 3 regardless of [BT]

is also a major cause of retardation, especially for very small
particles ¢ < approximately 60 nm; Figure 5a and 6a).

Effect of Macroinitiator Concentration. In homogeneous
NMP at the stationary state, JAs independent of [PT] and
[T*] increases linearly with [PF]([P] = (Ri.n/2k)%° and [T]
= K[PTJ/[P])221 The dependence of {Fon [PT] in a dispersed
system withd = 20 nm (i.e., in thed region where [} and
[T] are independent of thermal initiation) is displayed in Figure
7; [P] increases linearly with [PT] consistent with the rationale
proposed above for the plot of log]Pss log d being linear
with a slope of 3.00 fod < 35 nm. The value of [T increases
exponentially with [PT{. This is because [T has two “com-
ponents”: (i) T due to dissociation of PT before rapid
deactivation occurs involving the same species (“geminate”
deactivation) and (ii) T accumulated due to termination.
Because of the small particle size and low][€ompared to
bulk, iy is very low @it = 1.6 x 1073 at 1200 s (0.7%
conversion) for [PTJ = 0.05 M andd = 20 nm, with thermal
initiation). Consequently, the vast majority of activation events
(>99.8% in the specific example above) occur in particles where

(unless [PT{ is unreasonably high).

Equilibrium Constant ( K). A question of interest is whether
the equilibrium constarK (= ([P*][T *])/[PT]) for homogeneous
conditions applies to NMP in compartmentalized systems, as
assumed in the modeling by Charlei4xFrom the results
presented above, it is already obvious that this is not the case.
The quantity ([®[T*])/[PT], calculated from simulated values
of [P, [T], and [PT], deviates by orders of magnitude from
the homogeneous literature value Kf= 2.1 x 1071 M for
S/ITEMPO at 125C (Figure 8)?* Ford = 40 nm, the effect of
compartmentalization is a reduction in {[F*])/[PT] by ap-
proximately 1 order of magnitude due to the confined space
effect on deactivation. It is of interest to note that the maximum
in [P*] at 70 nm (Figures 2 and 3) has no effect on the value of
([P[T*D/[PT], which is the same as in bulk. The maximum is
caused by a reduction ik due to segregation whereas the
deactivation rate is only marginally affected, akddoes not
influence ([P][T°])/[PT], which is determined by the relative
rates of activation and deactivation (in bulk,= kq/kys). cDV
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Figure 9. Simulated (egs 1, 5, 8 and 10) values of fraction of
alkoxyamine (rel. to initial amount) as a function of conversion for
2,2,6,6-tetramethylpiperidinyl-1-oxy- (TEMPO-) mediated radical po-
lymerization of styrene at 128 ([PT]o = 0.02 M; PT= polystyrene-
TEMPO macroinitiator) for different particle diameted; ith thermal
initiation. Thick line: Bulk conditions (eqs-14). All rate coefficients
are listed in Table 1.

Livingness. The fractional alkoxyamine concentration is
plotted vs conversion in Figure 9 for SITEMPO at I’Z5with
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Figure 10. Simulated number of propagation events per activation
deactivation cycle for an individual chaiN) vs conversion for 2,2,6,6-
tetramethylpiperidinyl-1-oxy- (TEMPO-) mediated radical polymeri-
zation of styrene at 128C ([PT], = 0.02 M; PT = polystyrene-
TEMPO macroinitiator) for different particle diameterd (ndicated

in figure in nm) with thermal initiation. All rate coefficients are listed
in Table 1.

(Figure 3; polymerization time= 1 min) but not at 10%

thermal initiation for different particle sizes, revealing that the conversion (Figure 2)N decreases with increasing conversion
degree of livingness increases with decreasing particle size. Inas T accumulates due to termination. The decrease is much
the presence of thermal initiation, the overall termination rate less pronounced for small particles because of a lower extent
increases (relative to bulk) with decreasing particle size (Figures of termination, and thus the accumulation ofilith increasing

5a and 6a). However, as mentioned earlier, this is due to theconversion is weaker. As a consequenetemains almost
contribution by geminate termination of thermal radicals, which constant ford = 20 nm.

does not result in loss of PT. In the absence of thermal initiation

In bulk, more than 15 S units are added in each activation

(Figures 5b and 6b), the termination rate decreases with deactivation cycle when the conversion is less than 1%, i.e.

decreasing particle size due to segregation*p&fd this is the
origin of the livingness increasing with decreasihg
Polydispersity M/M;). In ideal CLRP (absence of termina-
tion, transfer and other side reactions),/M, is dictated by
the number of activationdeactivation cycles that occur as
polymer chains grow to their final molecular weighil,/Mp

polymer of molecular weight in excess of 1500 is formed in
one single activationdeactivation cycle (Figure 10). This may
suggest that it is impossible to prepare polymer of My e.qg,
2000, and lowM,/M, using S/ITEMPO at 125C in bulk.
However, only approximately one-third of the total number of
PT will undergo an activationdeactivation cycle in the first

decreases with increasing number of cycles for a given molec- 1% conversion (approximately 3 min based on the bulk model

ular weight. The number of propagation events per activation
deactivation cycle for an individual chailNY was calculated
from the ratio of propagation rate to deactivation rate:

-1 . i
kp[M][P] ) K[MI(NAzp) ZJZINiJ i

(Nazp) gy Y NS (Nazp) ke Y iiN/
(] [
kM1'y S iy
[

(Navp) gy > iiN/
T

(21)

where (Navp) ™t ziZjiNij = [P]. Ford < 50 nm,N decreases

and rate parameters employed in the current study, witly [T
= 0), and the majority of chains will thus start growing with
less than 15 units added in the first activatiateactivation
cycle. Moreover, in practice it is difficult to purify an alkoxyamine
from its nitroxide$” and thus [T] is rarely completely zero and
N is lower than that predicted based or]pT= 0.

Comparison with Experiment. TEMPO-mediated radical
polymerization of S mainly proceeds in the stationary state (i.e.,
the time taken to reach the stationary state is very short relative
to the polymerization time, unlike in NMP systems with higher
K?), and as suchR, is independent of the alkoxyamine
concentration and equal to the rate of thermal polymerization
of S221 and differences in alkoxyamine concentration is thus
not a concern when comparing experiments. In most reported
cases, SITEMPO miniemulsion polymerizations using macro-
initiator (PT)2223 benzoyl peroxide (BPO)/TEMP&;% or

with decreasing particle size due to the increase in deactivationpotassium persulfate (KPS)/TEMPG”2° result inR, values
rate (Figure 10). A higher deactivation rate leads to fewer very similar to in bulk’t However, Pan et &' observed that in

monomer units incorporated per activatiateactivation cycle,
and thus a higher number of activatiodeactivation cycles is

TEMPO-mediated S polymerization in miniemulsion at 225
relying entirely on thermal initiation (no initiator added), the

required to reach a given molecular weight. In the computation initial R, was approximately 50% higher in bulk than in the
of N, termination is not excluded (because termination affects miniemulsion (no information given on particle size), and they

[P] in eq 21), and it follows that the maximum in‘|Rat 70
nm (Figure 3) influenced. This is the reasoi for d = 60

attributed this to geminate termination of thermally generated
radicals in miniemulsion. Cunningham et?alspeculated that

and 70 nm are higher than in bulk at low conversion. The values compartmentalization effects may be responsible for hiffger
of N approach the bulk value at approximately 4% conversion, in S/IKPS/TEMPO miniemulsion polymerizations at 15 for

consistent with the maximum in {Rappearing at low conversion

dn, = 96 nm compared to 216 nm at different [KPS] (three tindﬁﬁv
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higher for d, = 96 nm) but the same [KPS]J/[TEMPO]. nm) than in the corresponding bulk system. In this region, the
Cunningham and co-workefs*also reported that there was a  segregation effect on propagating radicals (leading to a lower
strong apparent dependenceRgfin S/PT miniemulsion onthe  rate of bimolecular termination) is stronger than the confined
amount of the surfactant sodium dodecylbenzenesulfonatespace effect on the deactivation rate (leading to a higher
(SDBS). Despite the different SDBS concentrations, the particle deactivation rate), the net effect being an increasiyin
size distributions were “nearly identical” with a “mean diameter” The results illustrate that it is pivotal to consider compart-
of 150 nm, and it was speculated that SDBS or SDBS impurities mentalization of both propagating radicals and nitroxide in
consume nitroxide, thus resulting in an increaseRjrf® The dispersed polymerization systems. The completely different
latter example illustrates that when comparRgn miniemul- conclusions previously put forward by Butte et'&land
sion and bulk, it is not possible to ascribe any differences entirely Charleu®* have their origin in Charleux not including com-
to compartmentalization effects because there are other inherenpartmentalization of nitroxide in the model, whereas Butte et
differences between homogeneous and dispersed systems sucdl. did. In the styrene/TEMPO system at 125, significant
as nitroxide partitioning®1? exit/entry of monomeric radicals  compartmentalization effects occur for particles with diameters
derived from chain transfer to monontfethe Laplace pressure  less than approximately 110 nm, and the present results thus
inside the particle?? and also less understood effects of the have implications for emulsion polymerization, miniemulsion
interface between particle and aqueous plia%eOn the basis polymerization, and obviously microemulsion polymerization
of the partitioning coefficient of TEMPO between S and water processes. Furthermore, preliminary investigations indicate that
([TEMPO]¢/[TEMPO]yq = 98.8%) and assuming phase transfer the effects described are of a general nature and are also
equilibrium2 TEMPO partitioning should not have a significant operative in atom transfer radical polymerization in dispersed
effect onR,.1 However, Cunningham et al. reported that addi- systems. Work is currently underway to investigate other NMP
tion of water to the miniemulsion led to somewhat higkgr systems, as well as ATRP systems, using the framework
and attributed this to TEMPO partitionirt§. developed in the present study.

The present modeling and simulations indicate that strong
effects of compartmentalization in the SITEMPO system (using  Acknowledgment. This work was partially supported by the
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