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ABSTRACT: Well-defined block copolymers polyputyl acrylate)b-poly(methyl methacrylateo-styrene) and
polystyreneb-poly(methyl methacrylatee-styrene) were synthesized using activators regenerated by electron
transfer (ARGET) and initiators for continuous activator regeneration (ICAR) for atom transfer radical
polymerization (ATRP). In order to overcome the poor initiation efficiency of polystyrene anchgmlyyl acrylate)
macroinitiators during chain extension with methacrylates, a small amount of styrene was used as a comonomer
in the second block. To determine the percentage of styrene necessary for efficient chain extension, studies with
low molecular weight alkyl halide initiators that model the polgutyl acrylate) and polystyrene macroinitiators,
respectively, were performed. Extension from the macroinitiators was then conducted using the appropriate methyl
methacrylate/styrene comonomer mixture to obtain well-defined block copolymers, for example, starting from
poly(n-butyl acrylate) macroinitiatorM, = 18 000, M,,//M, = 1.12), a polyg-butyl acrylate)b-poly(methyl
methacrylatezo-styrene) 1, = 39 100,M/M,, = 1.23) was obtained. Without styrene, a block copolymer with

a bimodal molecular weight distribution was formed: pahpityl acrylate)b-poly(methyl methacrylate)M, =

36 400,M,/M, = 1.70). Computational simulations also indicated that the improved initiation efficiency was
due to higher concentration of Cspecies caused by low&itre Of polystyrene chain ends.

Introduction Consequently, there is poor initiation efficiency in the ATRP

Block copolymers are an interesting class of materials that of methacrylate monomer from acrylate or styrene-based (mac-
poly 9 roinitiators Karre™a'k; < Karre™M°Melky). At the beginning

ossess different and often desirable properties compared to o :
Fhose of each individual homopolymgr spegments thpey are of such a block copolymerization, a small fraction of polyacry-

. 2 . late or polystyrene macroinitiator terminal halogens are acti-
comprised of-2 Block copolymers are used commercially, for

X X vated, methacrylate monomer is added, then the chain is
example, as thermoplastic elastomers, adhesives, or surfactant

) . ANy eactivated again to be capped with a halogen. The resulting
ngl-deflned plock copolymers are sypthesmed through Vanous yormant chain is much more likely to reactivate compared to
living polymerization method$Living ionic and coordination

polymerizations are highly moisture sensitive, and strict condi- the remaining unactivated polyacrylate or polystyrene macro-

. . : . initiator. This | n inefficient extension of the macro-
tions are required to conduct such reactions. Controlled radical , tiato s leads to an inefficient extension of the macro

polymerizations, on the other hand, have proved to be versatilelnitiator’ and a product with a bimodal distribution of molecular

in the synthesis of a variety of block copolymers and other more W?Al\ghtrso;:j)s::lr:;:é develobed to overcome boor initiation
complex architectures. These methods include nitroxide-medi- eff'c'gnc in a standard ATRFE) The method. kno pn as “haloaen
ated polymerization (NMPeversible addition fragmentation ex::rllan 3(/3! utilizes a bromiéle terminate’d ini\t/;/ator usedgin
chain transfer polymerization (RAF?)and atom transfer radical g€,

. . . X 7181 it
polymerization (ATRP¥.° ATRP is an especially robust system conjunction with a CuCl-based catalyst compleX’ In|t_|at|on_
that can be used to form a wide range of polymers and of the R-Br bond occurs, followed by propagation with

copolymers under a wide range of reaction conditina? methacrylate, and then deactivation with'"Cratalyst to form
.. R—=Py—Cl dormant chainsKarrp values for an R-Cl species

To form a block copolymer by ATRP, a macroinitiator chain - 5re smaller than those for anfBr species So for this system,
capped with a halogen {PX) is activated by Cl-X/ligand, KarreM@rl > Karrg™™melke, Initiators contain a more reactive
and extended with monomer (M) (Scheme 1). A very important g_g\ hond while dormant, reacted chains mostly contain the
condition to obtain a well-defined block copolymer is that the |a55_jabile R-CI bond. Therefore. a more equivalent amount
apparent rate constant of initiation should be greater than thatqt jnitiation will occur relative to propagation, resulting in
of propagatlmi;tljrthe SYSte”;O'nSOL‘:”y equilibratéd** In other improved initiation efficiency. Halogen exchange has been
words,Karrp™@k > Katrp ks, wherek andk, are the  gy;ccessfully applied to a number of systems where the addition
rate constants for reinitiation (crossprppagatlon) and propagation, the second monomer would form a more active chain end
respectively, antarrp = Kac/Kdeact This ensures that allP X than that present on the added (macro)initiatdf. 25

chtart]lns begin grg.w;[hbwghm afnarrlow tllme frgmr:et ’ qnd %fr.Odl(Jth Recently, methods to conduct ATRP with very low catalyst
\'/I'th1 a narr(%w IStribu |otn of molecu z;r Wetlr?' S 'Sd(?t_ aned. tconcentrations have been developed. These methods, known as
ere are, however, certain cases wnere this condition IS Noty yators regenerated by electron transfer (ARGET) and initia-

hmpitd For example,llobser\:]eld Valuﬁfl@iﬁp forf tertiary ?jlkyl Ik Itors for continuous activator regeneration (ICAR) have allowed
alges are generally much larger than those for secondary alky polymerization to occur with as low as only a few parts per

s o
halides,® and such a system may not reach equilibrium. o of copper?6-32 |n ATRP, termination reactions may

occur not only via biradical coupling/disproportionation that lead
* Corresponding author. E-mail: km3b@andrew.cmu.edu. to the accumulation of Cludeactivator species, but also via
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Scheme 1. Mechanism for Atom Transfer Radical Polymerization (ATRP)
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Scheme 2. Mechanism for Activators Regenerated by Electron Transfer for Atom Transfer Radical Polymerization (ARGET ATRP)
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outer sphere electron transfer between growing radicals and In this paper, the synthesis of block copolymers by ARGET
copper specie¥ 3% To overcome the latter problem, ARGET and ICAR ATRP where the first block is polyfutyl acrylate)
ATRP employs a very small amount of copper that is continu- or polystyrene and the second block is formed from a methyl
ously regenerated to the Cactivator state by an excess of an methacrylate/styrene comonomer mixture is reported. Model
appropriate reducing agent (Scheme 2). ICAR similarly regener- reactions from small molecule initiators were performed to
ates Ctj but through the use of an organic radical initiator, such determine the optimal amount of styrene needed for the reaction,
as AIBN. It has been shown that ARGET and ICAR are and computer simulations were performed to support these
successful polymerization methods to obtain well-defined results and better understand the active process.

polymers and block copolyme?$ARGET has also been shown

to improve the synthesis of high molecular weight polymers Experimental Section

via ATRP?%30The benefit of low copper concentration makes  chemicals.Methyl methacrylate (MMA) (Acros, 99%), styrene
ARGET and ICAR very attractive processes for many applica- (st (Aldrich, 99%), andh-butyl acrylate (BA) (Acros 99-%) were
tions, however it leads to some challenges. Because there ispassed through a column filled with basic alumina to remove
such a low amount of copper catalyst compared to the inhibitor. Tris(2-pyridylmethyl)amine (TPMA) was synthesized
concentration of initiating sites, halogen exchange cannot be following the previously reported procedu#eAnisole (Aldrich,
effective. Therefore, a new technique should be developed in 99%), azobis(isobutyronitrile) (AIBN) (Aldrich, 98%), copper(ll)
order to ensure efficient cross-propagation in the extension of Promide (Acros, 99%), copper(ll) chloride (Acros, 99%), ethyl

. 2-bromoisobutyrate (EBriB) (Acros, 98%), methyl 2-bromopropi-
methacrylates from polyacrylate and polystyrene macroinitiators. onate (MBrP) (Aldrich, 98%). 1-phenylethyl bromide (PEBY)

Charleux et al. recently reported a process for the synthesis(aldrich, 97%), and tin(ll) 2-ethylhexanoate (Sn(EHJAldrich,
of methacrylate-rich polymers and block copolymers via 95%), were used as received.
NMP 3637 The NMP of methacrylates is difficult due to the Synthesis of Poly(MMA-<o-St) and PolyMMA Using ARGET
formation of an unstable bond between the terminal methacrylateATRP from MBrP and PEBr as Model Studies. General
unit and the mediating nitroxide radical. But, adding a small procedure for ARGET ATRP (50 ppm of Cu catalyst, targeted
percentage of styrene provided enough control over the systemumber-average degree of polymerization (D2 200): MMA
to keep it “living”, due to its formation of a much more stable (2:0 ML, 18.7 mmol) and St (0.24 mL, 2.08 mmol) were purged
bond with nitroxides. It was thought that the use of styrene or With nitrogen gas and transferred via purged syringes to a dry, 10

' - . mL nitrogen-purged Schlenk flask. A solution of Cy@.14 mg,

n-butyl acrylate as a comonomer could also be applied to certain

. L - 1.04 umol) and TPMA (1.8 mg, 6.24mol) in purged anisole (1
ARGET and ICAR systems with poor initiation efficiency. The ) \vas added. The resulting mixture was stirred for 10 min, and

concept was that by adding a fraction of styrenendsutyl then a purged solution of MBrP (12, 0.104 mmol) in anisole (1
acrylate to the chain extension of a polyacrylate or polystyrene mL) was added. Sn(EH)3.4xL, 0.0104 mmol) in purged anisole
macroinitiator with a substituted methacrylate, a vast improve- (0.5 mL) was then added to begin polymerization. An initial sample
ment in control could be achieved. A styrenendoutyl acrylate ~ was taken via purged syringe, and the sealed flask was placed in
end group is less reactive than a methacry|ate end group,an oil bath at 9C°C. Samples were taken at timed intervals and
therefore incorporation of such a comonomer would lead to @nalyzed by gas chromatography (GC) and gel-permeation chro-
dormant chains with an activity near equivalent to that of the ?Oﬁi‘ﬁgﬁggﬁo(fxgs) ;&gggﬁ%;'&gﬁgfﬁs fgstkh:nziegggggi.ngt;ﬁe
macroinitiator. Growth of the _p(_)l_ymer cha|_ns \_/vould be com- catalyst to air. This procedure was repeated for 0% St and 20% St;
parable t‘? L_mextende(_j _macromltlator, eliminating the problem 0% St, 10% St, and 20% St reactions were performed using PEBr
of poor initiation efficiency. However, another important g initiator.

parameter is the relative rate of incorporation of the comonomer.  gynthesis of PolyBA and PolySt Macroinitiators.Purged BA
Apparently,n-butyl acrylate incorporates too slowly to actas a (15 mL, 105 mmol) was transferred via a purged syringe to a dry,
successful mediator. Styrene, on the other hand, is much more10 mL nitrogen-purged Schlenk flask. A solution of Cut.1
efficient. mg, 0.00512 mmol) and TPMA (5.7 mg, 0.0197 mmol) in degassed
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anisole (1 mL) was added. The resulting mixture was stirred for ® O 100% MMA

10 min, and then a purged solution of EBriB (86, 0.657 mmol) B O 90% MMA with 10% BA
in anisole (1 mL) was added. Sn(EHR1 «L, 0.0657 mmol) in o © 50% MMA with 50% BA
purged anisole (1 mL) was added to begin polymerization. An initial 6 10° ‘ . . . 3
sample was taken via purged syringe, and the sealed flask was
placed in an oil bath at 68C. Samples were taken at timed intervals .
and analyzed by GC and GPC to follow the progress of the reaction. S10 L
The polymerization was stopped by opening the flask and exposing <—| .
the catalyst to air. The mixture was diluted with 20 mL of THF 410 b a

and passed through a neutral alumina column. Solvent and monomer
were evaporated to yield pure polyBA macroinitiator. A similar < 310° L o 1o
procedure was used to synthesize polySt macroinitiator. -

Synthesis of PolyBAb-Poly(MMA- co-St) and PolyStb-Poly- 210° L &
(MMA- co-St). PolyBA—Br (1 g, 0.0556 mmol) and anisole (1 mL) e s| .
were added to a Schlenk flask, and purged with nitrogen. Next, . H
MMA (1.1 mL, 10.0 mmol) and St (0.13 mL, 1.11 mmol) purged T e © |_)
with nitrogen were added to the flask, followed by Cu(.075
mg, 0.556umol) and TPMA (0.97 mg, 3.3@mol) in purged anisole 0 : ' ' ' 1
(0.5 mL). Sn(EH) (1.8 uL, 5.56umol) in purged anisole (0.5 mL) 0 0z 04 06 038 L
was added to begin polymerization. An initial sample was taken overall conversion
via purged syringe, and the sealed flask was placed in an oil bathFigure 1. Molecular weight (M) and polydispersity (PDI) as a function
at 90°C. Samples were taken at timed intervals and analyzed by of conversion in ARGET ATRP of methyl methacrylate with @, (
GC and GPC to follow the progress of the reaction. The polym- ©O), 10 @, 00), and 50 #, <) mol % butyl acrylate using 50 ppm of
erization was stopped by opening the flask and exposing the Cata|yS1.CO'|3per in ”t‘_e prefsimiof _chBRE |n|t|?t03r. Exng'mj&f}éz;‘ﬁgog‘f for
to air, and polyBAb-poly(MMA-co-St) was obtained. A similar E‘aé@?ﬁ,ﬁﬁgn‘&w v 1"5’3'0/20/1%‘%1/8 86/0 1 [MMA= 4.2 erI
procedure was used to synthesize poliely(MMA-co-St). For T =90°C, in anisole (0.5 volume équivélenfs vs monomer-). ’
synthesis of PolyBAs-Poly(MMA-co-St) by initiators for continu-
ous activator regeneration (ICAR) ATRP, 5ol of AIBN was Synthesis of Poly(MMA-co-BA) using ARGET ATRP
added in place of Sn(Eki)0.556umol of TPMA was used, and  ¢om MBrP as a Model Study. The concept of using a less
the oil bath was thermostated at 0. active comonomer to improve efficiency of cross-propagation

Characterization. Monomer COnVerSiOnS were determined from in ARGET ATRP systems was f|rst tested Wl‘ﬂ‘butyl acry|ate
the concentration of the unreacted monomer in the samples(ga). Starting from methyl 2-bromopropionate (MBrP) (a
periodically removed from the reactions using a Shimadzu GC- gecondary alkyl halide with a structure resembling a polyacrylate
14A gas chromatograph, equipped with a capillary column (DB- o5y end), various ratios of methyl methacrylate (MMA) and
Wax, 30 mx 0.54 mmx 0.5um, J&W Scientific). Anisole was BA were polymerized under ARGET conditions. In the polym-

.Ll{f]eedpisly?g el?ts?:r]r?rl)lset ? r\]l\(,j;r: :r? ; ;chrlélgtgyngLrgo(r;%rlr;?rr] g? g\t/;sdu;?; éerization with 100% MMA, it was found that initiation efficiency

Services (PSS) columns (guard,51Qc%, and 18 A), with THF was very poor, as expected (Figure 1). The mo_IecuIar weight
eluent at 35C, flow rate= 1.00 mL/min, and differential refractive ~ @S determined by GPC was several times higher than the
index (RI) detector (Waters, 2410)). Toluene was used as the predicted value (determined by multiplying conversion with the
internal standard to correct the fluctuation of the THF flow rate. target molecular weight). This means not all of the chains were
The apparent molecular weights and polydispersity were determinedinitiated at the beginning of the reaction and that polymerization
with a calibration based on linear polystyrene and poly(methyl progresses by preferentially reactivating molecules with terminal
methacrylate) standards using WinGPC 6.0 software from PSS. methacrylate monomer units. In the polymerization of MMA
Simulations. The PREDICI program (version 6.3.1) was used with 10 mol % BA, no significant improvement in control was
for all kinetic modeling; it employs an adaptive Rothe method as S€en, as the molecular weight was still much higher than
a numerical strategy for time discretization. The concentrations of predicted (Figure 1). At 50% monomer conversion, initiation

Iad

all species can be followed with time. efficiency (calculated from the ratio of theoretical molecular
weight to molecular weight as determined by GPC) was less
Results and Discussion than 25%. Using a much higher concentration of BA (50 mol

% BA vs MMA), molecular weights shifted closer to the
theoretical values and initiation efficiency approached 75%,
however the results were still not desirable as such a large ratio

In a typical ARGET or ICAR ATRP, the concentration of
copper catalyst is close to 50 ppm. This amount of copper is
about 100 times lower than that of the added initiator. Accord- ¢ BA \was needed. Thus, BA was found not to be the

ingly, only 1% of chains could be involved in halogen exchange appropriate choice for efficient cross propagation.

and this procedure cannot be successful for these systems. It~z steady state in the free radical copolymerization of
was anticipated the addition of a less active comonomer would acrylates with methacrylates, [M][AKv = [AlIM*] Kua
provide the needed control in the initial stages of polymerization. yhere [M] and [M*] are methacrylate and methacrylate radical
Several reactions were performed using bothutyl acrylate  concentrations, respectively, and [A] and [A*] are acrylate and
and styrene as the comonomer for ARGET ATRP. It was found acrylate radical concentrations, respectively). The rate constants
that styrene gave better results and was subsequently used as & cross-propagation, calculated from the known reactivity ratios
comonomer for the successful extension of pelyqtyl acrylate) and homopropagation rate constants, differ greatly between these
and polystyrene macroinitiators with methyl methacrylate. A two monomers Kaw ~ 200 kua).3%-4! Therefore, even at the
poly(n-butyl acrylate) macroinitiator was also extended using equimolar concentration of both comonomers, only 0.5% of
ICAR ATRP with methyl methacrylate and the same ratio of growing chains have acrylate radical structure and 99.5% of
styrene comonomer. Predici simulations were also performed chains have methacrylate structure. At 10 mol % of BA, the
to better understand the experimental findings. former value decreases to 0.05%. Consequently, the chance that
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Table 1. Experimental Conditions and Properties of PMMA and

O 0,
P(MMA- co-St) Prepared by ARGET ATRP, Using MBrP and PEBr ° 100% MMA

B [ 90% MMA with 10% St

as Initiator @ 610° . ! : . 3
monomer convn
ratio mol% time (%) Mnme® Mncpc 510% |
entry initiator MMA/St St (min) MMA/St (g/mol) (g/mol) Mw/M, ° .
° 4 2.
MBrP 200~ 0 1080 72+ 14 400 62000 1.34 410°

MBrP  180/20 10 900 79/94 16100 26300 1.38
MBrP  160/40 20 960 59/78 12500 28300 1.36
PEBr 200+ 0 1000 78+ 16 000 47800 1.31 < 310%
PEBr  180/20 10 980 91/99 18500 27800 1.48
PEBr  160/40 20 1025 83/95 17300 28000 1.43

a Experimental conditions: monomer/initiator/CudIPMA/Sn(EH) =
200/1/0.01/0.06/0.1; [monomerE 4.67 M; T = 90 °C, in anisole (0.5
volume equivalent vs monomePMn, theo = ([monomer}/[initiator]o) x 110*
conversionx Mmonomer

U WN R

210*

A* will be deactivated to form dormant species is very small 0 0.2 0.4 06 0.8 1
compared to M* being deactivated, even if the deactivation rate overall conversion

con_sta?zt could be~10 times higher for acrylate-derived Figure 2. Molecular weight (M) and polydispersity (PDI) as a function
radical** Therefore, the presence of acrylate cannot help to slow of conversion in ARGET ATRP of methyl methacrylate®, ©), and

propagation of the second block and control over the reaction 10 mol % styreneM, O) using 50 ppm of copper in the presence of
is poor. Styrene (St), on the other hand, could be a better PEBr initiator. Experimental conditions for polymerization of MMA

; _ ; ith 10 mol % of St: MMA/St/PEBr/CuGITPMA/Sn(EH) = 180/
candidate. The rate constants of cross propigoﬂlon are nearl%\l0/1/0.01/o.06/0.1; IMMA]= 4.2 M: T = 90 °C. in anisole (0.5 volume
equal between methacrylates andigis( ~ ksuv).*°#! Because

. . . : equivalents vs monomer).
of this, St is much more likely to be on a dormant chain end

than BA in comparison with MMA, and the reaction will °—S‘|

proceed as desired. An added benefit to the use of St, is that - MMAI

the glass transition temperaturg) is closer to that of MMA 6 , : : .
than compared to BA (MMATy = 120°C; BA, Tq = —54°C;

St, Ty = 100 °C).#2 St should therefore be a better candidate, 5 | * |

especially for the synthesis of thermoplastic elastomers.
Synthesis of Poly(MMA-co-St) Using ARGET ATRP from
MBrP and PEBr as Model Studies. Several ARGET copo-
lymerizations were performed with various ratios of St to MMA
using both MBrP and 1-phenylethyl bromide (PEBr) in order

In([M] /IM])

to model the appropriate amount of St required for efficient ° L]
extension of polyg-butyl acrylate) (PBA) and polystyrene (PSt) 2 r 1
macroinitiators with MMA. Polymerizations with 0, 10, and 20 ¢ -

mol % St were performed for each MBrP and PEBr, and these 1/ o m g
are summarized in Table 1. It was anticipated that the presence ol

of a greater concentration of St during the preparation of the N ! s 1 !
copolymer, the better the control over the initiation step. 0 200 400 600 800 1000
Initiation from both MBrP and PEBr is slower than propagation time [min]

of MMA. If St monomer is present, it should be statistically Figyre 3. Semilogarithmic kinetic plot of the ARGET ATRP of methyl
added to a growing chain and will be present at the terminus of methacrylate with 10 mol % styrene using 50 ppm of copper in the

a growing copolymer chain. Once there, it again forms a similar presence of PEBr initiator. Experimental conditions: MMA/St/PEBr/
secondary alkyl-halide bond to that present in the remaining SUCKTPMA/Sn(EH), = 180/20/1/0.01/0.06/0.1; [MMA]= 4.2 M;
o . T =90 °C, in anisole (0.5 volume equivalents vs monomer).
initiator. Propagation then becomes comparable to the rate of

?nitiation, and hence initiation is improved. Indeed, this result there is a smaller fraction of styrene in the copolymerization, it
is observed. is used up faster, as seen in Figure 3. This is a potential problem

When no St is present in the reaction medium, the molecular as the presence of styrene provides control throughout the
weight, as determined by GPC, is-8 times higher than  polymerization. In the case of 10 mol % St, MMA reached high
predicted, indicating poor initiation efficiency. When as little  conversion before all the styrene disappeared. However, the
as 10 mol % St was added as a comonomer, the actual moleculapolydispersity increased toward the end, indicating a slight loss
weight was only about 1.5 times higher than theory. This of control. Since this problem does not occur until the end of
indicates that the presence of St greatly improves control overthe polymerization, it will not affect initiation efficiency. If
the polymerization from each MBrP and PEBr. Figure 2 depicts control is desired toward higher conversions, a gradual, continu-
the growth of molecular weight with respect to conversion for ous feed of styrene monomer throughout the reaction could
both the ARGET of pure MMA and of 90 mol % MMA with  improve the system. These results indicate that for styrene, more
10 mol % St. The presence of St gives molecular weights much chain ends can be converted to less active halogen-capped
closer to the theoretical values. Initiation efficiency does not dormant species than for acrylate, used as comonomer.
change with conversion and is about 80%. The polydispersities  Synthesis of Polyg-butyl acrylate)-b-poly(methyl meth-
of the copolymers obtained in each reaction are comparable.acrylate-co-styrene) and Polystyrenes-poly(methyl meth-

The reactivity ratios between St and MMA are both smaller acrylate-co-styrene). The PSt and PBA macroinitiators were
than unity, showing a tendency for alternation. Therefore, when synthesized under typical ARGET conditions (R&{,= 19 500,
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a) ——1t=0.0 h, Mn = 18000, PDI = 1.12 b) |——t= 0.0h, Mn=18000, PDI=1.12
— —t=6.0 h, Mn = 36400, PDI = 1.70, p = 44% — —t=18.0h, Mn = 39100, PDI = 1.23, p = 83%

\ PBA-b-PMIMA
\
\
\
\
~
10° 10° 10° 10°
Molecular Weight Molecular Weight

Figure 4. GPC traces of PBABr macroinitiator before and after chain extension with (a) MMA and (b) MMA/St copolymer. Experimental
conditions for chain extension with MMA and 10 mol % St: MMA/St/PBRBr/CuCL/TPMA/Sn(EH} = 180/20/1/0.01/0.06/0.1; [MMA]= 2.5
M; T =90 °C, in anisole (0.75 volume equivalents vs monomer).

a) ——t= 0.0 h, Mn = 19500, PDI = 1.09 b) ——t= 0.0 h, Mn = 19500, PDI =1.09
— = t=14.0 h, Mn = 38200, PDI = 1.48, p = 98% — —t=17.3 h, Mn =38100, PDI = 1.30, p = 86%
-~ r
VR 0\
/ \ 1)

7 \\ PSt /

\  PSt-b-PMMA s
macroinitiator

N

‘\ PSt-b-P(MMA-co-St)

PSt /

macroinitiator

\ \
\ \
10° 10° 10° ] 10°
Molecular Weight Molecular Weight

Figure 5. GPC traces of PSt-Br macroinitiator before and after chain extension with (a) MMA and (b) MMA/St copolymer. Experimental conditions
for chain extension with MMA and 10 mol % St: MMA/St/PSt-Br/CuQIPMA/Sn(EH)} = 180/20/1/0.01/0.06/0.1; [MMA]= 2.5 M; T = 90°C,
in anisole (0.75 volume equivalents vs monomer).

Mw/Mp = 1.09; PBA,M,, = 18 000,M,,/M,, = 1.12)27 Each of ICAR experiments are similar to those from the ARGET
the macroinitiators was extended with both pure MMA and with experiments. As seen in the GPC traces, there was poor initiation
the mixture of 90 mol % MMA/10 mol % St. It is clearly seen efficiency without styrene, Figure 6a, while with 10 mol %
in Figures 4 and 5 that with no St present, there is a bimodal styrene, the PBA macroinitiator could be extended in a
distribution of molecular weights. This is a clear indication of controlled manner, Figure 6b. These results should also be
poor initiation efficiency of the macroinitiators. With St present, similar starting from PSt as macroinitiator.

a clean shift of the GPC trace occurs. The polydispersity of  Predici Simulations.In order to gain deeper insight into the
each the PSt and PBA extensions increase slightly through thecopolymerization process, Predici software was used to kineti-
reaction, which could be again attributed to the faster consump-cally model the chain extension from the PBA macroinitiator
tion of styrene throughout polymerization. The extension of PBA with pure MMA and with a mixture of MMA/St (10 mol %)
macroinitiator is more difficult without styrene than that of PSt using ICAR ATRP conditions. ICAR was used in the simulation,
macroinitiator, as evidenced by stronger bimodality and higher because the redox process in ARGET ATRP is more complex

overall polydispersity. and some rate constants for the redox process are not yet
Synthesis of Polyf-butyl acrylate)-b-poly(methyl meth- available.
acrylate-co-styrene) Using ICAR ATRP. A PBA—Br mac- The GPC data of the synthesized macroinitiator PBK €

roinitiator was extended with pure MMA and with a mixture 18 000, My/M, = 1.12) was directly incorporated into the
of MMA/St (10 mol %) using ICAR ATRP. ICAR is a similar ~ simulation model. The kinetic parameters used for the simulation
process to ARGET ATRP in that it can form well-defined are available in literature, and are listed in Table 2. The
polymers using ppm level of Cu. The difference between the simulation results shown in Figure 7 closely resemble those
two systems is that ARGET uses a reducing agent, while ICAR observed in Figures 4 and 6. Much better control was observed
uses organic radical initiators, such as AIBN, to regenerate Cu when 10 mol % St was added into the reaction.

species. Both of these systems have been described in detail in To obtain additional information about each polymerization
previous reportd? and both can be applied for synthesis of block process, kinetics generated from the Predici data were examined
copolymers, although in ICAR, as in RAFT, some homopolymer in detail. The rate constants used in the simulations are shown
should be always formed due to the generation of new chainsin Table 2. Figures 8 and 9 show concentrations and rates
by AIBN. In the case of performed experiments, the amount of (determined as the product of the rate constant times the
homopolymer was negligible. The results obtained from the concentration of reactants) on a logarithmic scale vs conversion
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a) b)
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Figure 6. GPC traces of PBABr macroinitiator before and after chain extension with (a) MMA and (b) MMA/St copolymer using ICAR ATRP
conditions: MMA/St/PBA-Br/CuCL/TPMA/AIBN = 180/20/1/0.01/0.01/0.1; [MMA]= 3.6 M; T = 60 °C, in anisole (0.2 volume equivalents
VS monomer).

Table 2. Parameters and Reaction Conditions Employed in Predici Simulations of ICAR ATRP MMA/St Copolymer Chain Extended from
PBA—Br Macroinitiator &

step rate constant value (Ms™1)
decomposition =1+ ad 1x105(s)
initiation X—Cu'+I1—Cu +1IX kqz*2 1x1C°
PX+ Cu <P+ X—CuU' Kactd™® 30
kdeact(}ﬁ'45 6 x 10
P+ M1 —P1(1) k14346 1.2x 10°
P+ M2 — P2(1) kip?3:46 1.8x 10P
I + M1 — IP1(1) k14346 9.5x 10°
I+ M2 — IP2(1) Kip43:46 2.2x 108
propagation P1(s} M1 — P1(st1) kp1* 820
IP1(s)+ M1 — IP1(st1)
P2(s)+ M1 — P1(st1) Koalr 214347 430/0.52
IP2(s)+ M1 — IP1(st1)
P2(s)+ M2 — P2(st1) Koz 430
IP2(s)+ M2 — IP2(st1)
P1(s)+ M2 — P2(st1) Koa/r 14347 820/0.46
IP1(s)+ M2 — IP2(s+1)
activation P1X(si CU— P1(s)+ X—Cu! Kact*® 400
IP1X(s)+ Cu — IP1(s)+ X—Cu'
P2X(s)+ CU — P2(s)+ X—CU' Kaci® 20
IP2X(s)+ CU — IP2(s)+ X—Cu
deactivation P1(sy X—Cu'— PX1(s)+ CU Kdeact184® 4 x 10
IP1(s)+ X—Cu' — IPX1(s)+ Cu
P2(s)+ X—Cu' — PX2(s)+ Cu Kaeactd®45 4% 10°
IP2(s)+ X—Cu' — IPX2(s)+ Cu
termination I+ 1—1—I kig*6:48 25x 10¢°
P* + P*— D-ATRP A9 1x1C
(P*=P, P1,P2,IP1, 1P2)
P*(s)+ P*(r)— D-ATRP(s)+ DATRP(r) kg 1x 107

(P*=P, P1, P2, IP1, IP2)

aDP = 200, 50 ppm of Cu, 60C; PX = PolyBA-Br, M1 = MMA, M2 = St. [M]o/[PBA—X]o/[X —Cu']o/[I 2]o = 200/1/0.01/0.1, [M1] + [M2]o = 4.11
M. The sources of the values of rate constants°@Pare as followsky: the decomposition rate constant for free radical initiator (AIBN) af66* ky:
the deactivation rate constant for free radical with GuU' species, estimated frokaeactfor ATRP (10—10 M1 571).42 kqcio Kacts, Kactz  the activation rate
constants for PBABr, PMMA—Br, and PSt-Br with CU/Me6TREN, respectively, measured at5and extrapolated to 6T .*° Kyeacts Kdeacts Kdeactz the
deactivation rate constants for PB&r, PMMA—Br, and PStBr with CUBr/MesTREN, respectively, calculated froka./Katrp at 35°C and extrapolated
to 60°C.1645k ,o: the termination rate constant for small molecular radi¢&t8ki, k2, ki1, andkiz: the rate constant for addition of radicals from PBA
radical to MMA (k1) and St ki), respectively; and AIBN radical to MMAK|;) and St ki), respectively. Values are calculated at°€from the frequency
factor and activation energy taken from the literatt#&ky1, k2 : the propagation rate constant for MMA and St, respectively. Valudg afe taken from
the literature®’ ke, ki the termination rate constant for polymeric radicals, the combination rate consgarar(d disproportion rate constamhtsf. Values
are estimated from the literatute.

of MMA for the chain extension of PBABr using MMA or overall concentration of propagating radicals (P*(all)) remains
MMA/St (10 mol %) via ICAR ATRP. Concentrations of the steady, and is close to the same value in each Figure, indicating
macroinitiator and other dormant species are also shown on athe same overall polymerization rate for both systems. The
linear scale in Figure 10. By close examination of each plot, disappearance of PBABr occurs slowly with no St present
interesting information was obtained that proved to be useful (Figure 8), with only 50% of it gone after 45% conversion of
in the understanding of these processes. MMA is reached. PBA-Br disappears much faster when St was
The change in concentration of the reactants in the extensionused (Figure 9), with 50% gone after only 7% conversion of
of PBA—Br with MMA, Figure 8, and with MMA/St (10 mol MMA, and almost all of it disappeared after 30% MMA
%), Figure 9, are shown in each graph as solid red lines. The conversion. This can also be clearly seen in Figure 10.
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Figure 7. Predici simulation results of PBABr macroinitiator before and after chain extension with (a) MMA and (b) MMA/St copolymer.
Experimental conditions for chain extension with MMA and 10 mol % St: MMA/St/PBWCuCL/TPMA/AIBN = 180/20/1/0.01/0.06/0.1. The

kinetic parameters are listed in Table 2.
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The concentration of PMMARBT is low when St was used,
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Figure 10. Predici simulation of evolution of macroinitiator and
dormant species for ICAR ATRP of (a) MMA and (b) MMA/St (10
mol %) chain extended from the PBABr macroinitiator.

is about 0.5% Cipresent. The Cuconcentration increases about
10 times to be close to 5% with St. As will be discussed below,
this increase has a prominent effect on polymerization control.
Rates of polymerizationR;), activation of dormant chains
(Rac), deactivation of growing chain®Rfeac), termination Ry),
decomposition of AIBN Ryc), and cross-propagation for the
MMA/St system (eitheiRy—symma OF Ro-mmasst) are shown as
the dashed blue lines in Figures 8 and 9. After the initial stages
of each simulation, the rate of polymerization for MMA
(Ro-mma) is on average no more than 30 times the rates for
activation Rac—mma) and deactivation Ryeacemma) for an
MMA-terminated chain. This means about 30 monomer units
are added at each activation step, corresponding to a well
controlled system. Th&c—mma and Rgeac-mma do not reach
equilibrium until about 20% conversion of MMA is reached,
when St was not used. These two values reach equilibrium much
sooner with St present, occurring at less than 2% MMA

because nearly all of the dormant chains are St terminated (PSt-conversion. The activatiorRctsy) and deactivationRyeactsi)
Br). When St was not used, the concentration of PMMBX is
higher, however it does not constitute the majority of dormant MMA. Rates of activationRuctpsa) and deactivationRyeact pea)

chains (P-Br (all)). This is because there is still a significant

for St, however, are not at equilibrium until 20% conversion of

of the PBA macroinitiator are not equilibrated in either case,

amount of PBA-Br remaining. In both systems, the concentra- but the difference between the two is far less when St is used
tion of CU' is essentially the same, and remains constant as comonomer. Rates of crosspropagation from PMMA to PSt
throughout polymerization. But, there is a significant difference (R,-mmasst) and from PSt to PMMA Ry-summa) reach equi-

in the Cu concentration between each system. Without St, there librium at 20% conversion of MMA, and are essentially the
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same throughout the reaction. LaRy. is essentially the same
asR; in both simulations, as in a typical ICAR homopolymer-
ization2®

To summarize these observations, the rate of generation of
new radicals (decomposition of AIBN) is similar to the rate of
termination. This means there is a steady concentration of
radicals, confirmed also by the constant value of [P*] observed
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M. Prog. Polym. Sci.2007, 32, 30—92. (g) Braunecker, W. A.;
Matyjaszewski, KProg. Polym. Sci2007, 32, 93—146. (h) Yokozawa,
T.; Yokoyama, AProg. Polym. Sci2007, 32, 147—172 (i) Baskaran,
D.; Mueller, A. H. E. Progr. Polym. Sci.2007, 32, 173-219. (j)
Goethals, E. J.; Du Prez, Prog. Polym. Sci2007, 32, 220-246

(k) Penczek, S.; Cypryk, M.; Duda, A.; Kubisa, P.; Slomkowski, S.
Progr. Polym. Sci2007, 32, 247—282.

Hawker, C. J.; Bosman, A. W.; Harth, Ehem. Re. 2001, 101, 3661
3688.

4)

on the graphs. These values are the same in both Figures 8 and(5) Chiefari, J.; Chong, Y. K.; Ercole, F.; Krstina, J.; Jeffery, J.; Le, T. P.

9, so there is the same polymerization rate for each system.
The presence of St does not slow down the polymerization.
Another important observation was the increased levels 6f Cu
in the simulation with St. In ICAR homopolymerization, the
ratio [CU'J/[Cu'] is determined by the ATRP equilibrium defined
by the catalytic system. In ICAR copolymerization with the
same catalyst, [CW/[Cu] ratio is determined by the ATRP
equilibrium constants of comonomers provided that the system
is under full equilibration. In the simulation with St, crosspropa-
gation is fast and is rapidly equilibrated. The rates of activation
and deactivation are also equilibrated, although they are initially
higher for PSt than for PMMA. This predominantly affects' Cu

T.; Mayadunne, R. T. A,; Meijs, G. F.; Moad, C. L.; Moad, G.;
Rizzardo, E.; Thang, S. HMacromoleculesl998 31, 5559-5562.

(6) Wang, J.-S.; Matyjaszewski, K. Am. Chem. Sod995 117, 5614
5615.

(7) Kato, M.; Kamigaito, M.; Sawamoto, M.; Higashimura, Macro-
moleculesl995 28, 1721-1723.

(8) Kamigaito, M.; Ando, T.; Sawamoto, MNChem. Re. 2001, 101, 3689-
3745.

(9) Matyjaszewski, K.; Xia, JChem. Re. 2001, 101, 2921-2990.

(10) Braunecker, W. A.; Matyjaszewski, ®Rrog. Polym. Sci2007, 32,
93-146.

(11) Braunecker, W. A.; Matyjaszewski, K. Mol. Catal. A, Chem2006
254, 155-164.

(12) Coessens, V.; Pintauer, T.; MatyjaszewskiPKog. Polym. Sci2001,
26, 337-377.

(13) Davis, K. A.; Matyjaszewski, KAdv. Polym. Sci2002 159, 1—-166.

concentration. Since there is the same concentration of radicals(14) wang, J.-S.; Matyjaszewski, Klacromoleculesl995 28, 7572-

and dormant chains in each system, the smjggp for PSt
provides a larger Cwconcentration in the simulation with St.
As there is 10 times more Cin this case, the rate of activation
of PBA macroinitiator increases 10 times. Therefore, there is a
10-fold improvement in initiation efficiency when St is used as

a comonomer. Thus, it seems that the main reason for enhanced

crosspropagation efficiency is higher concentration of, Cu

caused by the presence of St dormant species that has a lower

KaTrp.

Conclusions

The successful synthesis of block copolymers via ARGET
or ICAR ATRP where polyacrylate or polystyrene macroini-
tiators are used as the first block, with a methacrylate-rich
second block has been reported. As halogen exchange coul
not be used for the ARGET system, styrene was used as
comonomer in the extension polymerization to provide efficient
initiation. Model studies with small molecule acrylate and
styrene-based initiators as were used to determine that only 1
mol % of styrene was needed to provide sufficient control. As
evidenced by GPC, the extensions from polp(ityl acrylate)
and polystyrene macroinitiators were successful. Predici simula-
tions also confirmed that the presence of styrene significantly
improved initiation efficiency, predominantly due to higher
concentration of Cuand consequently faster activation of BA
dormant species. This method extends the application of ARGET
and ICAR ATRP for block copolymer synthesis.
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