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ABSTRACT: The effects of partitioning of Cu(l) and Cu(ll) species to the agueous medium on the polymerization
rate R,), molecular weight and molecular weight distribution in the miniemulsion atom transfer radical
polymerization system of styrene/CuBr/4dinonyl-2,2-bipyridyl at 90°C were investigated. According to both
simulation (invoking the partitioning data farbutyl methacrylateNlacromolecule200Q 33, 7310-7320)) and
experiment showed that ttig and polydipersity ¥.,/My) were higher in miniemulsion than in the corresponding
solution polymerization as a result of a decrease in deactivator concentration (Cu(ll) species) in the organic
phase. Simulations indicated quantitatively that the increabk,iivl, was caused by (i) a decrease of activation
deactivation cycles and (ii) an increase of bimolecular termination.

Introduction as dNbpy are employed, significant partitioning of both Cu(l)

Controlled/living radical polymerization (CLRP) enables and Cu(ll) species may occtt.Qiu et al. measured the
synthesis of polymers with predefined molecular weights (Mw), Partitioning of Cu(l) and Cu(ll) species (ligand: dNbpy)
narrow molecular weight distributions (MWD), and various Separately between-butyl methacrylate (BMA) and water
complex architectures? The most commonly employed CLRP ~ USing UV—vis spectroscop¥; revealing that as much as 20
techniques are nitroxide-mediated radical polymerization (NMP), 30% of Cu(l) and 86-99% of Cu(ll) species were located in
atom transfer radical polymerization (ATR#9,reversible ~ the aqueous medium at 9C. However, in the reverse ATRP
addition-fragmentation chain transférand recently also or- &b initio emulsion polymerization @fBMA, sufficient amounts
ganotellurium-mediated radical polymerizatibin order for of Cu(l) and Cu(ll) species nonetheless remained in the
CLRP to realize its potential from an industrial perspective, it Monomer phase for the polymerization to proceed in a controlled/
is essential that CLRP techniques compatible with polymeri- IVing manner:* Thus, it is apparent that partitioning of Cu(l)
zation in aqueous dispersed systems are developed, and recer@d Cu(ll) species between the aqueous and organic phases is
years have seen significant progress in this &réa.For an important factor in ATRR In aqueous hetgrogeneous systems,
example, we have recently reported the successful preparatiorPUt the effects (_)f_ such partitioning on the kinetics have to date
of poly(isobutyl methacrylate)polystyrene (FBMA-b-PS) not been quantified.
block copolymer particles in an aqueous medium by two-step ~ Partitioning of nitroxide (deactivator) in aqueous heteroge-
ATRP 89 neous NMP systems has also been repcited.Our previous

Heterogeneous radical polymerizations (emulsion, miniemul- theoretical investigatioAhave shown that nitroxide partitioning
sion, microemulsion etc.) are considerably more complex than between the monomer and aqueous phases in miniemulsion
their homogeneous counterparts mainly due to partitioning of NMP results in higher polymerization ratBy and bimolecular
reactants (e.g., monomer, initiator) between the monomer andtermination rate in the pre-stationary state, but once the
aqueous phases and compartmentalizatiom the case of stationary state is reached, neitti@rnor the termination rate
CLRP, partitioning of deactivator to the aqueous medium is of are affected by nitroxide partitioning. The time to reach the
particular concer!2526 This is exemplified in ATRP when  stationary state was very short in the case of S/2,2,6,6-
the ligand is not sufficiently hydrophobic and/or the binding tetramethylpiperidiné¥-oxyl (TEMPO)/125°C (<20 min, even
affinity toward the metal center is not strong enough, resulting Using a relatively hydrophilic nitroxide like 4-hydroxy-2,2,6,6-
in loss of control due to a significant fraction of the deactivator tetramethylpiperidiné¥-oxyl (OH-TEMPO)) compared to the
being located in the aqueous medium as opposed to thetime scale of the polymerization, and thus partitioning does not
particlest!16.20 Hydrophobic ligands (e.g., 4:4linonyl-2,2- influence the polymerization kinetics except for in the very
bipyridyl (dNbpy)) are therefore generally used to minimize exit initial stage. It will be shown in the present paper that the same
of metal complexes to the aqueous phase, and under suctPrinciples apply to ATRP in dispersed systems.
conditions miniemulsion/emulsion ATRP proceeds satisfac-  In the present paper, the effects of partitioning of Cu(l) and
torily.8.911.1621 However, even when hydrophobic ligands such Cu(ll) species between the organic and aqueous phases in the

miniemulsion ATRP of styrene with CuBr/dNbpy at 90 have

t Part 288 of the series “Studies on Suspension and Emulsion”. been investigated in detail. The corresponding solution poly-
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Scheme 1 Table 1. Input Parameters Used in Simulation for Atom Transfer
Activation/deactivation Radical Polymerizations in Solution and Miniemulsion
PBr +  CuBiflicand LW input parameter value ref
BT uBr/ligand,, &— P. + CuBr/ligand
‘ deact ! I temp (C) 90
[styrene} (M) 4.36
Thermal initiation [PBr]o (M) 22x107?
ki [CuBr]o (M) 4.4 %102
3M > 2Py Kact (M 15 1) 0.19 4
. M-1s T 1.1x 10 42
Propagation k t‘;e(ar\c/tl(*l s ) CcLDa 31-35
Pe o+ M —=> P k (M~1s7Y) CLD? 36-38
ki (M~2571) 5.79x 10712 43
Termination . kem (M~1s71) 0.22 44
. . t FCuBr= kz/k]_ 3.2,00 21
P + P, > P Tcur, = Kalks 0.14, 1.0 21
Chain transfer to monomer aChain-length dependent (see text for details)
k(rM
P + M E— P + P, . .
" " ! Chain-length dependent propagafibwas modeled according
Partitioning ¥, to the approach of Russell and He#ts?
CuBr/ligand,,, Pa— CuBr,,
k, i —In2
— L H
, k;)—kp[l—l—clexp{ i (|—1)}]
CuBry/ligand,,,, pa— CuBr,, 12 A . _
k. —
‘ etk Uk
C.= =7 (6)
T . . e k'p+1
Partitioning of deactivator (Cu(ll) species) to the aqueous phase kP

results in higheR,, but lower degree of control and livingness.
Thus, it is important to quantitatively understand the effects of wherei denotes the degree of polymerization aijdis the
Cu(ll) partitioning on the polymerization process in order to long-chain propagation rate coefficient. The parameter
potentially develop systems where a suitable level of partitioning represents the increase in chain-length over Wh{ph— k;°
occurs, giving a higheR, than in bulk/solution (a disadvantage  decreases by a factor of 2, and was taken to be the same as
of CLRP systems based on the persistent radical effect is thegbtained experimentally for methyl methacryldig;= 1.123234
relatively low Ry), but still reasonable control and livingness.  on the basis oké = 8200 M1 s ! at 75°C and the activation
Theory energy ofk?,® ki = 1.32 x 10* M~ s~ andk; = 900 M

) _ _ s 1at 90°C 3> The chain-length dependencekpivas accounted

Solution ATRP (Homogeneous SystemATRP in solution for according to the composite mod&E7

was modeled based on the generally accepted mech&hism
(Scheme 1, without partitioning): kltl ~ {ktl'l |05 (i < 100) -

dMJ/dt = —k [PIIM] — k, y[PTTIM] — 3k, [M]° (1) k' x 100°%% x i7%® (i > 100)

d[PYdt = K, PBIICUBI — Koo PTICUBK,] + ki ([M]° — where K' is the termination rate coefficient between two
2k[PT? (2) propagating radicals of chain-lengthandk™! = 1.3 x 1(°
M~1s7138|n the segmental diffusion region (i.e., “long chains”),
d[CuBr]/dt = —k,.[PBr][CuBI] + Kye,[PT[CuBr;] (3) the average experimentil (L) for a mean chain lengthis
proportional to 7916 for styrene¥” For i = 500,
d[CuBr,)/dt = k, [PBr][CuBr] — Kye,PIICUBr,] (4) eq 7 yieldsk = 1 x 108 M~1s72, which is in good agreement
N with the experimentally (pulse laser polymerization) obtained
d[PBr]/dt = —k,.{PBI][CUBI] + kyeo[P][CUBI,]  (5) &= 1.36 x 108 M1 51 at 90°C3° The cross-termination
rate coefficients were obtained based on the geometric mean
where PBr, B and M are alkyl halide, the propagating radical, model:
and styrene monomer, respectively, dag Kieact Kith, Ki Ko,
andkg v are rate coefficients for activation, deactivation, thermal ij _ rLiigidy0.5
o " . . k! = (k'k") (8)
initiation, bimolecular termination, propagation, and chain
transfer to monomer, respectively. The “2” in the mechanism ) .
for thermal initiation (Scheme 1) is included kny,. The small Conversion dependences (i.e., dependence on the overall
radicals derived from chain transfer to monomer and thermal Polymer weight fraction) ofk, and k (or any other rate
initiation as well as the ethyl 2-bromoisobutyrate {(Bpradical coefficients in the model) were not included in the model. The
were assumed to have equal reactivities, and were accountedveight fraction of polymer was kept below approximately 25%
for by the lumped parameterRi.e., EBB is represented by  in all polymerizations (miniemulsion and solution) by the use
PiBr in the model; see below for treatment of chain-length ©0f 50/50 styrene/toluene (organic phase) and conversions lower
dependent propagation and termination). The above equa-than 50%° thereby rendering any such conversion effects
tions are simplifications of the actual equations that the soft- negligible. The findings reported in the present paper are
ware PREDICY solves, which are based on each individual expected to apply also to the corresponding miniemulsion system
chain length (as apparent from eqs—68 below). All ini- in the absence of toluene at low conversion (i.e., for the same
tial concentrations and rate coefficients are listed in Table 1. polymer weight fraction in the organic phase).
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8 500 nm, it is very unlikely that compartmentalization is exerting
@ any significant influence on the kinetics.
s6 Partitioning was modeled as depicted in Scheme 1, resulting
= Decreasing I, in the following expressions for the partitioning coefficierty: (
4
'.—g [CUBr]org k2
£ 2 CuBr— T~md Lk (9)
[CuBrly, k,
Z . [CUBrZ]org _ k4 (10)
N (b) Decreasing Ty, CuBr, [CuBrZ] aq k3
=
= where the subscripts “org” and “aq” denote organic and aqueous
X 4t phases, respectively. The exit of Cu(l) to the aqueous phase
= results in an increase in the ratio of ligand/CuBr in the monomer
g 2 droplets. However, it has been shown experimentally that
= increasing this ratio beyond 2 does not affect the rate of
0 activation for the alkyl halide/CuBr/bipyridyl system (the initial
12 ligand/CuBr ratio in the present system was'2).
1ok (c) The partitioning ratios of Cu(l) and Cu(ll) species between
. Decreasing I, the organic and aqueous phases in the present systefBNbk
B 08T at 90°C were measured by Qiu et al. using BVis spectros-
5;‘ 0.6 copy?! and these partitioning coefficients were used to model
& oal the present styrene system. As stated above, phase equilibrium
at all times was assumed, and therefore the absolute values of
02 ki, ko, ks, andk, were selected arbitrarily such thBgsr and
0 ’ - I'cusr, Were in agreement with the experimental partitioning data
0 1000 2000 3000

by Qiu et al. (See Table 1.) The values employed were

_ _ _ Time (h) o _ 2400,k, = 7600,ks = 8800, ancks = 1200. The time to reach
Figure 1. Simulated propagating radical concentration in organic phase phase equilibrium is less thanx2 10-3 s using these values.

([Porg) (@), [CuBplorg (b), and fraction of “living” polymer ([PBr]/ - . "
[PBr‘io) (c) as functioorgl;s of polymerization time for atom transfer radical Miniemulsion ATRP was thus modeled by the addition of

polymerization of styrene at 90C for 3000 h in miniemulsion new terms to egs 3 and 4 to account for Cu(l) and Cu(ll)
([styrene} = 4.36 M, [PBr} = 0.022 M, [CuBr} = 0.044 M, [4,4- partitioning:

dinonyl-2,2-bipyridyl]o = 0.088 M) with thermal initiation based on

constant [styrene] and rate of thermal initiati®.(). Rate coefficients _ o

are listed in Table 1. Partitioning coefficientSc(gr = [CUBI]ory/ d[P)/dt = k,[PBI[CUBIog — Kieadl PTICUBI,] g +

[CuBrlaqgandT'cusr, = [CUBK]org[CUBK]ag): T'cusr = 3.2 andl'cusr, = . 3_ 12
0.14 orql (mirﬁieBrznulsion szystem), a?lttusr = %CuB,z = o (s&ﬁﬁon k‘~th[M] 2[PT" (11)
system). d[CUB],,fdt = —k,JPBI][CUBI],, +

Miniemulsion ATRP (Heterogeneous System)The mini- KgeaclPTICUBI,] g 1+ Ko[CUBI],q — Ky [CUBT], 4 (12)
emulsion system was modeled based on the following assump- |
tions: d[CUBrZ]org/dt = kacl[PBr][CUBr]org - kdeac[P ][CUBrz]org +

(i) The only phase transfer events are those involving Cu(l) k[CUBry.q — kg[CUBTry] g (13)
and Cu(ll) species. _ d[CuBI,fdt = k,[CUBI],, — K[CuBl,,  (14)

Chain transfer to monomer followed by exit and reentry are
significant kinetic events if the polymer particles are sufficiently d[CuBry],{dt = K[CUBK,] = K[CUBr,],,  (15)
small in conventional emulsion polymerization of styréhe.
Considering the large particle diameters in this stutiy (500 All modeling and simulations were implemented using the
nm), it was tentatively assumed that exit of radicals derived commercially available software package PREDICI (version
from chain transfer to monomer could be neglected. 5.51, Computing in Technology GmbH, Germa#dy).

(i) The system is at phase equilibrium throughout the  GPC traces suffer from band broadening (“axial dispersion”),
polymerization. i.e. the MWD derived from a GPC trace is somewhat broader

than the “true” MWD of the polymer (even a perfectly
monodisperse polymer would exhibit a distribution in the GPC
MWD). This effect is particularly pronounced in the case of
gnarrow MWDs. Before comparison of experimental and simu-
lated MWDs, the simulated MWDs were therefore “corrected”
for instrumental broadenirg>° using the approach of Buback
et al®® (eq 10 in ref 48, usingyb = 0.1)).

According to recent theoretical wofR phase equilibrium is
reached very rapidly<10~* s) under typical miniemulsion NMP
conditions (referring to nitroxide partitioning). The partitioning
data employed in the model were obtained in the absence o
surfactant (see below; it is possible that the surfactant
influences both the partitioning and the rate at which phase
transfer equilibrium is reached.

(iii) Compartmentalization effects are negligible. Experimental Section
It has been established that in order for compartmentalization  \aterials. Styrene was purified by distillation under reduced

effects to be significant in the case of styrene, a particle diameterpressure in a nitrogen atmosphere. Deionized water with a specific
of less than approximately 140 nm is requiféd®Considering  resistance of 5 10° Q-cm was distilled prior to use. BB (>98%,
that the particle diameter in the present study was approximately Tokyo Kasei Kogyo Co. Ltd., Tokyo, Japan), dNdpy (97%, Aldrich
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Chem Co. Ltd.), CuBr (99%) and CuB(99%), toluene (99.5%), seconds. In CLRP, the time taken to reach the stationary state
hexadecane (98%), and ascorbic gmd (99.5%,.Nacalal Tesque Inc.(ts) ranges between a few minutes and several hours, depending
Kyoto, Japan) were used as received. Poly(vinyl alcohol) (PVA) on the specific systefhThe value oftssin the present direct

was supplied by Nippon Synthetic Chemical Ind. Co. Ltd. (Gohse- ATRp system at 90C was estimated based on eq 16, which
nol GH-17: degree of polymerization, 1700; degree of saponifica- applies to the case of [CuBs = 0 with thermal initiatiod

tion, 88%).

Miniemulsion ATRP. Implementation of direct ATRP in 20 N1/2
miniemulsion is complicated by the fact that some extent of _ (kK5 (16)
oxidation of CuBr during ultrasonication is inevitable. Comparison ss 3R th3/2

between miniemulsion and solution polymerizations is an integral

part of the present work, and this would be rendered difficult by . ) .

unknown levels of oxidation of CuBr in miniemulsion. Therefore, WhereK = kac{CuBr]o/kdeact lo is [EBiB]o, andR is the rate
miniemulsion ATRP was carried out using activators generated by of thermal initiation. On the basis of the rate parameters in Table
electron transfét52 (AGET), during which copper species is 1, one obtaingss= 1717 h. In other words, the polymerization
initially present only in its higher oxidative state (CuBrThe proceeds exclusively in the pre-stationary state.

typical procedure is as described below.iBB10 mg, 4.8x 10> Simulations were initially carried out for a hypothetical
mol), CuBp (21.4 mg, 9.6x 10°° mol), dNdpy (78.5 mg, 1.& scenario with constant [S]< 4.36 M), R (= 4.80 x 10710

10~4 mol), toluene (1 g), and styrene (1 g, 96102 mol) were M s79), ky (= 900 Mt s73) andk; (= 1.36 x 106 M1 s
mixed and heated in a sealed glass tube under nitrogen atmosphersased on eqs-915 to investigate the influence of partitioning

at 70°C until the mixture became homogeneous. This mixture was . - .
poured into a 1.25 wt % PVA aqueous solution (8 g), and on both the stationary and the pre-stationary state regimes.
Simulations were carried out fdfcyg, = 3.2 andeo andI'cygr,

subsequently ultrasonicated with a Ultrasonic Homogenizer (Nissei,
US-600T) for 5 min in a icewater bath. After ultrasonication, the = 0-14, 1, ande, where I'cusr = 3.2 andI'cs;, = 0.14
miniemulsion was transferred to a glass ampule, degassed usingforrespond to the experimental partitioning data by Qiu étal.,
several Nivacuum cycles, and subsequently an aqueous solutionand 'cys, = 1 and o represent an intermediate value and
of ascorbic acid (ascorbic acid: 8.45 mg, 4810°°> mol) was solution conditionsI(cysr = ['cusr, = ®), respectively.

added und_er a Natmosphere. The mixture_ was sealed off and Parts a and b of Figure 1 show simulated {gand [CuBg]org
shaken horizontally at a rate of 100 cycles/min at room temperatureys time for different values dfcyg;,. In the pre-stationary state,
for 1 h tocomplete the reduction of CuBto CuBr. The ascorbic [Porg increases with decreasinBcus;,, wWhereas [Rorg is

acid converts Cu(ll) in the aqueous medium to Cu(l), which i,qenendent offcus, in the stationary state. The values of

subsequently migrates into the organic phase in accordance with . - . .
Tcusr22 As Cu(ll) in the aqueous medium disappears due to reaction [CuBr2org decrea_se with decreasiiig.s; in bOth.th? stationary
and the pre-stationary state. At phase equilibrium, the terms

with ascorbic acid, Cu(ll) in the organic phase migrates to the
aqueous medium to maintain phase equilibridfa,g,), ideally ke[CuBTrlag — ki[CUBI]org and ke[CUBr2]aq — ks[CUB]org are
eventually resulting in complete depletion of Cu(ll) species in both zero (egs 12 and 13) and the system of differential equations
phases (during this process, the color of the emulsion changed fromreduces to that in solution, and consequent[fis indepen-
green (Cu(ll)) to dark brown (Cu(l)). The glass ampules were dent of the partitioning, consistent with our previous findings
subsequently immersed in a water bath at’@0(taken to be the  for the styrene/TEMPO (NMP) miniemulsion system at 125
start of the polymerizations, = 0). Characterization (13.75 h  °C 26 |n the pre-stationary state, some fraction of CuEscapes
miniemulsion polymerization): Conversiors _58%._ Number- to the aqueous medium (i.e., there is net transfer of GuBr
a_virgge molecular weighkle) = 30 240; PolydispersityMu/Mn) the aqueous phase before phase equilibrium has been reached),
I . . and the resulting reduction in [CuBsy and accompanying
Solution ATRP. EBIB was added to a homogeneous solution ¢4,,cfjon in deactivation rate leads to an increase fajPThe

of CuBr (13.7 mg, 9.6x 10> mol), dNbpy, toluene, and styrene o . ;
under niErogen zgtmosphere, sea)led oﬁE)Bgnd immersed inya Watereffect of CuBr partitioning is essentially the opposite of that of

bath at 90°C (direct ATRP). Characterization (14.5 h solution CUBr2 partitioning, but due to the significantly higher water
polymerization): Conversior 45%; M, = 9470;My/M, = 1.11. solubility of CuBp, the latter effect dominates. Simulations with

Measurements.Conversions were measured by gas chromatog- 1 cusr = 3.2 andl'cug;, = o revealed that the effect of CuBr
raphy (GC-18A, Shimadzu Co., Kyoto, Japan) using injection and Partitioning on its own (resulting in 24% decrease in [CuR)]
column temperatures of 220 and 120, respectively (capillary IS @ reduction in [Ho by less than 5% (data not shown).
column ULBON HR-20M, Shinwa Chem. Industries, Ltd.). Number- Figure 1c shows the effect @iy, 0N chain-end functional-
average particle diameters were obtained by dynamic light scatteringity, evaluated in terms of [PBr]/[PBg] where [PBr] is mono-
(FPAR-1000RK, Otsuka Electronics Co. Ltd., Tokyo, Japan) using meric and polymeric alkyl halide, and subscript 0 denotes the
the Marquadt analysis routine. Molecular weights were measured jnjtia| concentration. [PBr]/[PBg decreases with decreasing

by gel permeation chromatography (GPC) using two styrene/ - ; ; ; oAt
y : cuBr, IN the pre-stationary state because of increased termination
divinylbenzene gel columns (TOSOH Corporation, TSKgel GM- ratuesrz caused by higher]B, (Figure 1a). However, g is

Hur-H, 7.8 mm i.d x 30 cm, separation rate per column: . . .
approximately 50 to 4x 1CF g/mol (exclusion limit)) using independent of cygy, IN t.he stationary state, and consequently
tetrahydrofuran as eluent at 4C at a flow rate of 1.0 mL/min  the rate of loss of PBr is also unaffected Byysy,.

employing refractive index (TOSOH RI-8020/21). The columns N the styrene/TEMPO miniemulsion system at 225 both

were calibrated with six standard PS samples (1x0B0-5.48 x [Plorg and [TEMPO}4 are independent of'rempo in the
1%, My/M,, = 1.10-1.15). Theoretical molecular weight®{ ) stationary state, whereas in the present ATRP miniemulsion
were calculated according td, 1 = a[M]oMwm/[I] o, Wherea is system [CuBy]org deacreases with decreasifigig, also in the

monomer conversion, [M]and [, are the initial concentrations  stationary state. The reason for this difference is that in the
of monomer and initiator, respectively, ail, is the molecular styrene/TEMPO system at 128, the alkoxyamine (dormant
weight of monomer. chains) concentration remains essentially constant over the
simulation time, whereas in the present ATRP system, [PBr]
decreases significantly with time and decreadiggs:, (Figure
Simulations. In conventional radical polymerization, the 1c). In the stationary state (both NMP and ATRPY]{R (and
stationary-state with respect tos[Rq is normally reached within  thus alsoRy) is independent of the concentration of dormant

Results and Discussion
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Figure 2. Simulated (solid lines) and experimentil, @) conversion

vs time for atom transfer radical polymerization of styrene a@0
for 20 h in solution W) and miniemulsion @) ([styreney = 4.36 M,
[PBr]o = 0.022 M, [CuBr} = 0.044 M, [4,4-dinonyl-2,2-bipyridyl]o

= 0.088 M). Rate coefficients for simulations are listed in Table 1.
Partitioning coefficient Lcusr [CuBr]od/[CuBrlaq and I'cusr, =
[CuBr]ud[CuBr]ag: T'cuer = 3.2 andl'cuer, = 0.14 in miniemulsion.

5

[P<] x 108 (M)

Miniemulsion

Solution

0 i L 1
10 15

Time (h)

Figure 3. Simulated propagating radical concentrations in the organic
phase ([Mog) as functions of polymerization time for atom transfer
radical polymerization of styrene at 9€ for 20 h in solution and
miniemulsion ([styreng]= 4.36 M, [PBrp = 0.022 M, [CuBr} = 0.044

M, [4,4'-dinonyl-2,2-bipyridyl]o = 0.088 M). Rate coefficients are listed

in Table 1. Partitioning coefficienTtuer = [CuBr]org[CuBIagandlcusy,

= [CUBryorf[CUBraag: 'cusr= 3.2 andl'cygr, = 0.14 in miniemulsion.

20

chains ([Plorg = (R.1/2k)Yd), whereas the deactivator concentra-
tion decreases with decreasing concentration of dormant chains.

The present ATRP occurs exclusively in the pre-stationary
state, and consequently, the experimentally obtaiRggdould
be significantly affected by Cu(l) and Cu(ll) partitioning.
Comparison with Experiment. Figure 2 shows experimen-
tally obtained conversion vs time data for the ATRP system
styrene/CuBr/dNbpy at 9TC in solution and miniemulsion, as
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Figure 4. Simulated [, O) and experimental|, ®) number-average
molecular weight M) for atom transfer radical polymerization of
styrene at 9CC in solution (a) O, W) and miniemulsion (b) @, ®)
([styrene} = 4.36 M, [PBrh = 0.022 M, [CuBr} = 0.044 M, [4,4-
dinonyl-2,2-bipyridyl]o = 0.088 M). Broken lines are the theoretical
molecular weightn ). Rate coefficients for simulations are listed in
Table 1. Partitioning coefficienTicus: = [CUBI]ory/[CUBI]aqandlcusr,

= [CuBryod[CuBraag: T'cusr= 3.2 andl'cysr, = 0.14 in miniemulsion.

explanation above). The simulated values ofl{g in mini-
emulsion and solution at 20% conversion are ¥. 7078 M
and 7.4x 1079 M, respectively.

In the solution polymerization, both the simulated and the
experimentaM, increased linearly with conversion (Figure 4a)
in excellent agreement with the theoretical valubk, ). In
miniemulsion (Figure 4b), the experimentdM, increased
linearly with conversion, but the values were approximately
twice as high ad, . This suggests low initiation efficiency
(= Mn/M,), i.e., approximately half of the BB do not end
up as polymer end groups but are lost in side reactions. There
are previously reported cases M, > My in direct ATRP
(the situation is somewhat different in reverse ATRP) in
miniemulsion/suspensidi§:2>53This has been suggested to be
caused by bimolecular termination between short radicals (also
involving primary EBB radicals) in the organic phase in the
initial stage when [CuBiorgis low due to partitioning®>*The
simulatedM, were much lower than the experimenkél, and
only slightly higher thanM,u If bimolecular termination
between short radicals were the only reason for the discrepancy
betweerM, andM, i, one would expect the simulations to also
result in equally low initiation efficiency (because the mecha-
nism responsible for low initiation efficiency is included in the
model). The initiation efficiency Nln+/M;) in the simulated
miniemulsion polymerization was approximately 0.9, markedly
higher than the experimental resull{;yM, = 0.4), throwing

well as the results of simulations of the same system based onconsiderable doubt on this explanation. In other words, the

egs }15 using the Cu(l) and Cu(ll) partitioning data of Qiu et
al2! (Tcusr = 3.2, Tcupr, = 0.14). The experimental data show

miniemulsion simulations show that the initiation efficiency is
reduced due to termination between short radicals; however,

that the miniemulsion polymerization was faster than the the effect is relatively small. The effect of partitioning of EEB
solution polymerization. Considering that the model employed to the aqueous phase is expected to be negligible within this

in the simulations did not contain any adjustable parameters
(all rate parameters were taken from the literature as listed in

context. Thus, at present, a satisfactory explanation of the low
initiation efficiency in miniemulsion remains elusive.

Table 1), the agreement between model and experiment in both A reduction in initiation efficiency is equivalent to a reduction

solution and miniemulsion is indeed quite remarkable. The
simulated [F]org are shown in Figure 3, revealing how]§y is
higher in miniemulsion than solution over the polymerization

in [PBr], which in turn leads to loweR,. Simulations under

solution conditions with [EB], reduced by a factor of 2

resulted in the conversiort & h decreasing from 20 to 17%,

times investigated (by approximately a factor of 2), i.e., the and R, at 20% conversion decreasing by 18%. Thus, Rye
polymerization proceeds in the pre-stationary state (see detailedncreases due to Cu(ll) partitioning would in fact be counter-
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Figure 5. Simulated ¢, O) (a) and experimental @, W) (b)
polydispersity M./M,) for atom transfer radical polymerization of
styrene at 90C in solution {0, W) and miniemulsion®, ®) ([styrene}
=4.36 M, [PBrhp = 0.022 M, [CuBr} = 0.044 M, [4,4-dinonyl-2,2-
bipyridyl]o = 0.088 M). Rate coefficients for simulations are listed in
Table 1. Partitioning coefficienTicuer = [CuUBrord[CUBI]agandl'cus:,

= [CUBryorf[CUBIag): 'cusr= 3.2 andl'cysr, = 0.14 in miniemulsion.
The lines are guides to the eye only.

Solution

Miniemulsion

15 20
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Time (h)

Figure 6. Simulated [CuB# . (@) and fraction of dead polymer ([PP]/
[PBr]o) (b) for atom transfer radical polymerization of styrene at
90 °C in solution and miniemuslion ([styreref 4.36 M, [PBrp =
0.022 M, [CuBrp) = 0.044 M, [4,4-dinonyl-2,2-bipyridyl]o =
0.088 M). Rate coefficients are listed in Table 1. Partitioning coefficient
(Tcusr [CuBrlof[CuBrlaq and T'cusr, = [CuBr]org[CUBIo]ag):
T'cusr = 3.2 andl'cysr, = 0.14 in miniemulsion.

acted to some extent by the effect of a lower [PBr] in
miniemulsion.

Figure 5 shows the simulated and experimeig/M, in
solution and miniemulsion. According to both simulation and
experiment, thé,,/M, values were higher in miniemulsion than
in solution. The higheM,/M, values in miniemulsion have two
separate origins: (i) The number of activaticaeactivation
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08
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Figure 7. Simulated molecular weight distributions (MWDs) of
“living” polymer (PBr) (a) and “dead” polymer (PP) (b) for atom
transfer radical polymerization of styrene at@in solution (broken
lines) and miniemulsion (solid lines) ([styrepe} 4.36 M, [PBrp =
0.022 M, [CuBr} = 0.044 M, [4,4-dinonyl-2,2-bipyridyl]o
0.088 M) at approximately 20% conversion. Rate coefficients are listed
in Table 1. The MWDs (no broadening applied) correspond to properly
normalized weight distributions; i.e., direct comparison of all four
MWDs is possible.

(propagation competes with deactivation). The valu®gies
is given by

t

Ncycles= L/(; kam[CUBr]mg dt (17)
On the basis of the simulations for miniemulsidre(gr = 3.2,
I'cusr, = 0.14) and solution a¥l, ~ 4500 (approximately 20%
conversion),Ngycles = 48 in miniemulsion { = 8200 s, 19%
conversionM, = 4473) and 172 in solutiort € 21 600 s, 20%
conversion,M, = 4448). The considerably loweKcyces in
miniemulsion translates to an average number of styrene units
added per activationdeactivation cycle of 0.9, to be compared
with 0.25 in solution. (i) [Plorg is higher in miniemulsion
(Figures 2 and 3) due to CuBpartitioning, which results in
increased rates of termination and thus higiigfM,. According
to the simulations, the percentage of dead chains (by number)
at 20 h is 18% in miniemulsion and 8% in solution
(Figure 6b). Figure 7 shows separately the simulated MWDs
of PBr (“living” polymer) and PP (“dead” polymer) in solution
and miniemulsion at approximately 20% conversion. The
corresponding weight distributions were normalized by adjusting
the areas of the weight={w(log M)/M) vs M plots to be
proportional to the polymer mass in the respective system, prior
to transformation to the displayed GP@(log M)) distribu-
tions 3> The simulations reveal quantitatively that both points i
and ii are responsible for the highbt,/M, in miniemulsion
than in solution. The narrower MWD of PBr in solution
(Figure 7a) is caused HYeycies (SOlution) > Neycles (Miniemul-
sion), and the greater amount of the dead polymer by termination
in miniemulsion is clearly visible in Figure 7b.

The significance of chain transfer to monomer in terms of
the concentration of chains terminated by this mechanism

cycles (Neyeied EXperienced by any given chain to reach a certain ([Chaink.u) can be calculated according to ec’18

molecular weight is lower in miniemulsion than solution, due
to lower [CuBrkyg and [CuBB]org in miniemulsion. The poly-
dispersity decreases with increasMgcesfor a given molecular
weight? As shown in Figure 6a, [CuBJorg in miniemulsion is

[Chainlr,M = (X[M] OCtr,M (18)

whereCym = ki m/Kp, [M] o is the initial monomer concentration
anda is the fractional conversion. At 60% conversion (close

2—3 times lower than in solution, and therefore a greater number to the highest conversion in the present wokigly = 0.22 M1

of monomer units are incorporated into the chain per activation

s ! gives (withk, = 900 M s74)% [chain},m = 6.4 x 104

deactivation cycle due to a reduction in the deactivation rate M. The total concentration of chains is approximately 0.043 M
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Figure 8. Simulated (broken lines, corrected for GPC broadening as
detailed in text) and experimental (solid lines) molecular weight
distributions (normalized to peak height) for atom transfer radical
polymerization of styrene at 9TC in solution (a) and miniemulsion
(b) ([styrene} = 4.36 M, [PBrp = 0.022 M, [CuBrp = 0.044 M, [4,4-
dinonyl-2,2-bipyridyl]o = 0.088 M). Rate coefficients are listed in
Table 1. Partitioning coefficientIcusr = [CuBrlory/[CuBIr]aq and
l"cL.Brz = [CUBrz]org/[CUBrz]ag): FCuBr = 3.2 and FCuBrg = 0.14 in
miniemulsion.

(based on the initial EB concentration), i.e. approximately

Macromolecules, Vol. 40, No. 9, 2007

to be insignificant. Simulations also revealed that the higher
Mw/M, in miniemulsion than solution is a result of (i) a decrease
in the number of activationdeactivation cycles experienced
per chain during growth to a given chain length, and (ii) an
increase of bimolecular termination. Both points i and ii are
direct results of Cu(ll) partitioning to the aqueous medium.

In the miniemulsion systenM,, > M, by close to a factor
of 2 (initiation efficiency~ 0.4). This feature was present, but
was much less pronounced (initiation efficierrey0.9), in the
miniemulsion simulations. This casts some doubt on the
previously proposed explanati>>3of excessive termination
reactions at low conversion occurring due to lack of Cu(ll) at
the locus of polymerization (due to partitioning).
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