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Contents “pure” linear, branched, or cross-linked (gels, rubbers, etc.)
polymers but also polymer blends and composites, in which

1. Introduction , 2210 polymers are combined with other materials such as metals,
2. E tally Friendly ATRP 2272 ; ;
- Environmentally Friendly _ metal compounds (oxides, halcogenides, etc.), clays, ceram-
2.1. Toward Lowering the Concentration of 2272 ics, biomolecules, and many others. The properties and

Residual Catalyst in Polymeric Materials

Prepared by ATRP application of these materials depend upon molecular weight

and molecular weight distribution (MWD) as well as

2.L.1. Catalyst Removal _ 2212 molecular structure (composition, topology, and functional-

2.1.2. Development of Highly Active ATRP 2275 ity). Consequently, synthetic methods allowing control over
Catalystg . some or all of these parameters are very desirable. Living

2.1.3. Decreasing the Amount of Copper in the 2282 polymerization 3 are used for this purpose. The first living

Fpetaedsfc?rﬁg ngr?t\/;ronmentally Benign polymerization techniques discovered in the 1950s and 1960s

. . . , were ionic processés! The early studies on living ionic
22 I\AALEE in Environmentally Friendly Reaction 2283 polymerizations, summarized by Szwéngvealed that, for
processes in which termination and transfer are eliminated

2.2.1. Water 2283 S 10 .
599 Carbon Dioxide 9987 a|"1d initiation is fast, pplymer; of narr.ow.molecularwelght
L distribution (approaching Poisson distributi§ncould be
2.2.3. {(/)c?lgtil%tlgmds and Other Solvents of Low 2288 synthesized. A drawback of the ionic techniques is their
294 Bulk Polvmerizations 2288 pronounced sensit_iv_ity to m_oisture, carbon dioxic_ie, and
e v , numerous other acidic or basic compounds. Some improve-
3. “Green” Polymeric Materials by ATRP 2288 ment was achieved in systems in which propagating ionic
3.1, Self-Plasticized Polymers 2288 centers were equilibrated with various types of dormant
3.2. Degradable Polymers 2289 species, much less sensitive to impurifies? lonic poly-
3.2.1. Introducing Degradable Functionalities by 2289 merizations can only be applied to a limited range of
Radical Ring-Opening Polymerization monomers, and due to significant differences in the reactivity
3.2.2. (Bio)degradable Polymers with Disulfide 2289 ratios of the monomers, copolymerization reactions are often
Groups challenging. That limits the range of materials accessible

3.2.3. COUp”ng of POlymer Chains PreparEd by 2290 through ||V|ng jonic p0|ymerizationg5_

ATRP as a Means To Introduce Multiple . o .
Degradable Functionalities in a Polymer In contrast, radical polymerizations are applicable to a

Backbone large number of monomers with a carberarbon double

3.2.4. Polymer Brushes with Degradable 2291 bond and are tolerant toward many solvents, functional

Backbones groups, and impurities often encountered in industrial

3.3. Miscellaneous “Green’ Materials Prepared by 2292 systems. To achieve a living-like radical polymerization,
ATRP chain termination reactions should be suppressed, and a true
3.3.1. Materials for Water Purification 2292 living process in the presence of radicals is not feasible, due

3.3.2. Solventless Coatings 2292 to the very fast (essentially diffusion-controlled) bimolecular

3.3.3. Nonionic Polymeric Surfactants 2293 radical termination. However, it is possible to design

controlled radical polymerization (resembling living process)

4. Conclusions 2293 . ; g . . e ;
5. Abbreviations 2903 if propagating radicals are m_dynamlc equilibrium Wlth a
larger amount of dormant species. The latter cannot terminate
6. Acknowledgments 2294 but can be intermittently reactivated to active radicals which,
7. References 2294 after few monomer additions, are transformed back to the
dormant staté® '8 In the first living radical polymerizations,
1. Introduction reversible radical (spin) traps, such as the trityl (triphenyl-

methyl) radicalk®?°were used that formed relatively labile
bonds with the propagating radical. The formed compounds
could be further photochemically or thermally reactivated,
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Virtually every branch of science, technology, and art uses
a plethora of polymeric materials. These include not only
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of various methods of controlled/living radical polymeriza- Academy of Engineering (2006).
tion (CRP¥* 2?5 that allowed for the preparation of a multitude
of previously unattainable well-defined polymeric materials. tion,*® as well as desired compositithand molecular
The most widely used CRP methods are atom transfer radicalarchitecturé®4®Importantly, the polymers prepared by ATRP
polymerization (ATRP¥¢2° stable free radical polymeriza- are highly chain end-functionalized and can therefore
tion [SFRP, the most popular of which is nitroxide-mediated participate in various post-polymerization modificatiefrend
polymerization (NMPY°34 but also including polymeriza-  serve as macroinitiators in the synthesis of block copoly-
tions mediated by Co/porphyrin compleXes$7], and de- mers®! A variety of organic/inorganic nanocomposfte®
generative transfer polymerizatfSfwith reversible additior and other complex nanostructured matetfaigsive also been
fragmentation chain transfer (RAFT) polymerizafitr® as synthesized by this technique.
the most successful example but including polymerizations ATRP is based on the reversible reaction of a low-
in the presence of tellurium or antimony compoufids/etal oxidation-state metal complex, Rit, (Mt? represents the
complexes can mediate controlled polymerization via two metal ion in oxidation state, and L is a ligand; throughout
mechanism#® (i) the reversible formation of a metatarbon this text, the charges of ionic species are omitted for
bond upon reaction with the propagating radical (SFRP) or simplicity), with an alkyl halide (RX). This reaction yields
(ii) the reversible transfer of an atom or a group from the radicals and the corresponding high-oxidation-state metal
polymer chain end to the metal center (ATRP). Only in the complex with a coordinated halide ligand, XWVH_ .,
latter process, the subject of this review, does the complexMechanistically, ATRP is closely related to the radical
play the role of a catalyst. addition of alkyl halides or other similar molecules across

ATRP has emerged as one of the most powerful synthetican unsaturated carbeitarbon bond, termedtom transfer
techniques in polymer science. Similarly to the other CRP radical additior?®> (ATRA, Scheme 1), a form of which is
methods, it allows the synthesis of polymers with predeter- the synthetically appealing atom transfer radical cycliz&ton.
mined molecular weight, narrow molecular weight distribu- ATRP can be viewed as a special case of ATRA, which
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Scheme 1. Mechanism of Metal Complex-Mediated ATRA and ATRP
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involves the reactivation of the alkyl halide adduct of the or (bio)degradable polymeric materials are highly desirable
unsaturated compound (monomer) and the further reactionsince they provide a means to minimize environmental
of the formed radical with the monomer (propagati®tifhe pollution. This paper focuses on the various efforts that are
“livingness” of this polymerization process can be ascertained currently being made to develop environmentally friendly
from a linear first-order kinetic plot, accompanied by a linear ATRP processes. Of major significance is the ability to
increase in polymer molecular weights with conversion, with remove the catalyst after completion of the procedure. The
the value of the number-average degree of polymerization development of highly active catalysts that can be used at
(DP,) determined by the ratio of reacted monomer to initially low concentration and/or at low reaction temperature is even
introduced initiator (i.e., DP= A[MJ/[RX] o). more important, for it virtually eliminates the need for
The ATRP equilibrium can be approached from both sides, catalyst removal. The aforementioned catalyst-related issues
i.e., starting either with a combination of a lower oxidation are discussed first. The ability to successfully carry out ATRP
state metal complex and an alkyl halide or with a combina- reactions in “green” solvents such as water, supercritical
tion of a higher oxidation state complex and a radical source carbon dioxide, or ionic liquids is another very important
such as AIBN. The latter process is ternmederse ATRP matter, and the studies in this field are also summarized.
and has the advantage of using an air-stable catalyst, whichFinally, ATRP allows for the synthesis of an abundance of
makes for easier handlirf§.%° However, block copolymers  specialty materials that have some “environmental impact”.
cannot be prepared using reverse ATRP, and since allThese materials include self-plasticized polymers, (bio)-
halogen chain ends originate from the catalyst (initially in degradable polymers, solventless coatings, nonionic surfac-
the form of a XM&"! complex), it has to be used in an tants, etc. and are discussed in the last part of this review.
amount equal to that of polymer chains. An improvement Some of the environmental aspects of ATRP have been
of this initiation technique, known a@multaneous reerse described in earlier pape?%.7©
and normally initiated SR&NI) ATRP £ uses a combination
of a radical ?nitiator and an alkyl halide in conjunction with o Environmentally Friendly ATRP
a higher oxidation state metal halide complex, and allows

sufficiently active. If the alkyl halide initiator is a halogen- Residual Catalyst in Polymeric Materials
terminated polymer, block copolymers can be synthesized; Prepared by ATRP

however, they contain a certain amount of homopolymer
originating from the radical initiator. SR&NI ATRP can be  2.1.1. Catalyst Removal
employed successfully in water-borne systems, and polymers
with complex structures such as linear and star-shaped block 2.1.1.1. Separation of Soluble Catalysts from the Reac-
copolymers can be synthesiZ&&3Further discussion onthe  tion Mixture. The efficient separation of reaction products
ways to reduce the amount of catalyst needed to mediatefrom unreacted reagents, catalysts, side reaction products,
ATRP is presented in the following sections. or other compounds present in the reaction mixture is of
ATRP has already been employed in industrgind it can major importance in organic syr_lthesis. Many strategies have
be expected that in the near future it will surface as one of been developed to achieve this, and the goal is to use as
the processes of choice for large-scale production of specialtySimple an experimental setup as possiblén polymer
po|ymers such as thermop|astic elastomers, coatings, SursyntheSIS, removal of Impur_ltles orlglnatlng_from the reaction
factants, and materials with medical and pharmaceutical Medium can also be very important, particularly when the
applications, among others. polymer_s are to bg used for electronics or b|omed!cal
The development of “green” methods is an ongoing effort applications. ATRP is a metal com_plex-medlated reaction,
in chemistry, materials science, and industry. The term and catalyst removal is of primary importance.
“green” implies the use of environmentally friendly (nontoxic Various metal complexes have been successfully employed
and reusable) reagents and solvents in the processes, or thi® mediate ATRP, including T¢ Mo,”® 76 Re/’~7® Ru 27.80-86
development of active catalysts, and technologies consumingFe 8725 Rh#0.96-98 (for a review on the use of Rh-containing
less energy>-¢ In addition, in polymer synthesis, recyclable catalysts, see ref 99), Ri;100-107 pd108 Co 109 Os}!10 and
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Figure 1. Ligands that can be reversibly (upon thermal treatment) attached td“4iticaross-linked polyS##? surfaces and used to form
ATRP catalysts.
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Figure 2. Ligands forming Cu-based ATRP catalysts with temperature-dependent solubility.

Cu 2611120 More details are provided in review papers and metal catalyst and therefore extract it from the product has
monographgd32829.12¥124 Dyal metallic ATRP catalysts, been successfully used; an example is the repeated precipita-
wherein the complexes of two metals are simultaneously usedtion in a mixture of methanol and a saturated aqueoug NH

to control the polymerization, have also been reported, Cl solution!3®

including the combinations of 3€l, with Fe'Cl; and Fluorous solvents are often well miscible with common
N-substituted diethylenetriamine (DETAJ or of SA'Cl,, organic solvents at elevated temperatures and phase separate
Mn"Cl,, Ni"Cl,, and CdCl, with F€'"'Cl; and PRP 1?6 Such upon cooling. The use of catalysts that are soluble in fluorous
systems are of fundamental interest since the presence obolvents has proved very useful in synthetic chemistry, for
more than one metal complex in the reaction mixture may it allows the simple separation and often reusing of the
be beneficial, and the catalysis of more than one processcatalyst after the reaction is completed. In other words, with
may be accomplished simultaneously. More mechanistic fluorous solvents, the advantages of homogeneous reactions
studies are however required before such a goal is achieved(at high temperature) are combined with the ease of product
The compounds of the majority of the aforementioned metals separation under biphasic conditions (lower temperattfréj®

are rather toxic and tend to accumulate in the body, where It was demonstratééf that CUCl/fluoroalkylated polyamines
they can interact with enzymes or other biologically impor- (derivatives of DETA and tris(2-aminoethyl)amine) (TREN)
tant molecules, or participate in various redox reactiéhs. could be used in an ATRA cyclization in mixed, fluorohy-

In general, the compounds of Fe are considered least toxic,drocarbon-containing, solvents. At high temperature, the
Cu compounds possess a mild toxicity, and many of the reaction mixtures were homogeneous, and upon cooling, the
complexes of Ni and the platinum group metals are severely fluorinated solvent separated and extracted almost all the

toxic or carcinogenié?® catalyst. This concept was also employed in ATRP reactions.
A drawback of traditional ATRP is the relatively large Satisfactory polymerization control was demonstrated in the
amount of catalyst used, typically of the order of-01lmol ATRP of MMA in perfluoromethylcyclohexane mediated by

% relative to monomer. For instance, in the bulk methyl a CuBr complex of a N-based ligand substituted with
acrylate ATRP with a targeted DP of 200, when the amount fluoroalkyl groups, although the initiation efficiency was

of CuBr-based catalyst is 1:1 relative to initiator (i.e., 0.5 low.2*° The reaction mixture was not entirely homogeneous
mol % vs monomer), the total amount of CuBr in the system at the polymerization conditions (9C), and efficient stirring

is close to 1&ppm. The final product contains a significant was needed. Nevertheless, the catalyst could be separated
amount of metal complex, which may be hazardous or may from the produced polymer upon cooling to ambient tem-
impede specific applications. Several efficient strategies for perature and then could be reused in subsequent polymeriza-
catalyst removal have been develop&d. tions.

Often, simple passing of the polymer solution through a  Complexes that possess very different solubility in the
column filled with an ion-exchange res#t3lor absorbent  reaction medium at elevated and at low temperature can be
such as alumina, silicé? or talcum is sufficient to reduce  used; these include complexes with hydrogen bond-forming
the amount of leftover catalyst. Numerous examples of groups (Figure 1}%'42or other complexes that precipitate
absorbents are given in the patent literature. Ligands contain-upon cooling, with catalyst removal then being achieved by
ing alkoxysilyl groups have been developed, and these formfiltration (Figure 2)143-146 |t was demonstrated that several
copper complexes that can react with silica and therefore bepartially fluorinated compounds, typically used in fluorous
easily removed?? biphasic systems, show marked solubility differences in

Various forms of extractiorwith water, solutions of =~ common, nonfluorinated, organic solvents as the temperature
ligands strongly binding to copper ions, or ionic liquids  changed#”*8These compounds could be used as catalysts
are also efficient®* In some cases, single or multiple for certain chemical transformations at high-temperature
precipitation of the polymer produced by ATRP in a (homogeneous conditions), and upon completion of the
nonsolvent containing compounds able to coordinate to thereaction, they could be isolated by simple cooling followed
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Figure 3. Stilbene-containing ligands (“precipitons”), that can form Cu-containing ATRP catalysts with altered solubility upon irradiation.

by filtration; no fluorinated solvents were required in the Cu-containing solid could be easily removed by simple
process. Some fluorine-free compounds are also thermomordiltration through a 0.m PTFE filter®¢ Other approaches
phic. The solubility of the fluorine-free complex of @ are also described, such as the electrochemical reduction of
and triethylenetetramine (TETA) with all four nitrogen atoms the copper catalyst to copper that can be removed from the
bonded to six octadecyl groups in 1,4-dioxane is strongly reaction system in the form of amalgaps.
temperature-dependent. The ATRP of MMA in the presence 2112 Use of Supported Catalysts in ATRPVarious
of this complex was successfully conducted at°@) and _ supported ATRP catalysts have been utili#&d% Often,
about 95% of the copper catalyst was recovered by cooling the support is silica or polySty cross-linked with divinyl-
down the reaction mixture to 1 followed by filtration!4® benzene, but JandaJel-supported pyridinemethineimine- and
There is a marked difference in the polarity and therefore DETA-type ligands were also used in the ATRP of Sty,
the solubility of the cis- and trans-forms of stilbene, which  MMA, and DMAEMA. 131146 JandaJel resins (polySty that
can be interconverted using a light source of appropriate is cross-linked with flexible oligoTHF-type linkers) have an
wavelength. This has been used in the preparation ofimproved swellability and site accessibility compared to their
“precipitons™—commonly, stiloene moiety-containing com-  poly(Sty-co-divinylbenzene) counterpatté.Polyacrylate-
pounds that can be precipitated from a reaction mixture by based ion-exchange resins have also been i&ethe
simple UV-irradiation, heating in the presence of diphenyl accessibility of the catalytic center on the surface is crucial
disulfide, or irradiation in the presence of iodine with for achieving a well-controlled polymerization. The use of
dibenzoyl peroxidé**!s! ATRP catalysts derived from  spacers between the support and the catalyst has proved
N-based ligands with stilbene group(s) have been reportedbeneficial in this respect. The effect of the oligo(ethylene
(Figure 3)16152When the polymerization was completed, oxide) spacer length on the performance of supportéd Cu
the homogeneous reaction mixture was irradiated with UV Br/triamine complexes was examintd,and it was shown
light for 2 h, which was sufficient to convert the catalysts to that both the polymerization rate and the control were
the insoluble trans-form. It was shown that, after filtration, improved when the spacer consisted of three ethylene oxide
less than 1% of the original copper amount remained in the units, compared to a single one. When the length of the
polymer. spacer was increased to 10 ethylene oxide units, the catalyst
Poly(ethylene oxide) is a hydrophilic polymer that dis- performance worsened, which was attributed to potential
solves very well in water at room temperature but becomes “wrapping” of the flexible spacer around the catalyst causing
more hydrophobic as the temperature is rdisehd exhibits the latter’s “shielding”. In general, the polymerization control
a lower critical solution temperature (LCST) near the boiling with supported catalysts is poorer than with soluble catalysts,
point of water (the exact LCST value depends upon the mainly due to inefficient reaction of the propagating radicals
polymer molecular weight)>* This property was used by  with the supported deactivator. However, if a small amount
Sawamoto et df°to prepare a phosphine-based ligangPh  of very efficient deactivator such as the complex'uf
p-CesH4-O(CH.CH,0)45-CHs, for the Ru-mediated ATRP of  MesTREN is present in solution, the produced polymers are
MMA in a suspension consisting of an aqueous phase andwell-defined!®® Soluble copper-based ATRP catalyst was
the monomer in toluene as the organic phase. During thealso used in conjunction with a supported nickel-containing
polymerization (80C), the catalyst partitioned in the organic ~ catalyst to control the radical polymerization of MM#&
phase and mediated the ATRP process. When the reactiorn another study, it was demonstrated that when BN/
was completed, simple cooling to room temperature led to PhsP-type of ATRP catalyst supported on polySty was used
transfer of the now hydrophilic catalyst to the aqueous phase.to mediate the ATRP of MMA, the reaction was not
More than 97% of the catalyst could be removed from the controlled. When free BR was added, the polymerization
polymer, and it could also be reused in subsequent poly- control was improved®*1"®probably due to the presence of

merizations. a small but sufficient amount of deactivating complex in the
It was recently shown that the copper complexes of severalSolution.

linear aliphatic aminesN,N,N',N"",N"'-pentamethyldiethyl- Recently, the various scenarios for radical deactivation in

enetriamine (PMDETA)N,N,N',N",N"",N""'-hexamethyltri- ATRP mediated by supported catalysts were analyZeid.

ethylenetetramine (HMTETA), a¥,N,N',N"",N""",N"""",N"""""| was first assumed that all the catalyst was supported on

N'""""-octamethylpentaethylenehexamine) precipitated from particles with size of about 10@m, and with surfaces

toluene upon the addition of a sufficient amount of'8rp separated by about 3tm. The reaction of a radical (either

(to reach a total Cu-to-ligand ratio of 4), and the formed low-molecular-weight or polymeric) with a deactivator
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the liquid phasé’®
An interesting example of supported catalyst was reported

. support by Shen et at’® A triamine ligand was chemically attached
to the surface of 2030-nm-sized magnetic particles ¢er)
and reacted with CBr to yield a supported ATRP catalyst
that could be easily removed after polymerization by the use
of a magnet (Figure 5).

Although all described methods for catalyst removal have
proved efficient in laboratory-scale reactions and deserve
attention, they are not very applicable in large-scale or

Figure 4. Mechanisms of deactivation in ATRP using supported industrial settings. In the case of sorption/filtration tech-

catalysts. Adapted with permission from ref 171. Copyright 2006 r?iq“e_s’ this is mainly due t_o difficulties relatec_i to the
American Chemical Society. filtration of large volumes of viscous polymer solutions and

the generation of solid waste (the absorbent contaminated
situated on a particle different from the one on which the with metal complexes). In other cases, rather expensive and
activation process had occurred (case | in Figure 4) is difficult to synthesize ligands are required.
improbable given the radical’s short lifetime in the tempo- , ]
rarily active state (10* to 102 s). If the particle size  2.1.2. Development of Highly Active ATRP Catalysts

decreases (ts0.45um or s0), the interparticle distance also  The majority of publications on ATRP deal with the
decreases and deactivation by the discussed mechanisngopper-mediated process, which seems to be the most
becomes possible. The radical deactivation at a site on theyersatile and applicable to a large number of monomers.
same particle on which the alkyl halide had been activated consequently, the discussion that follows is mostly dedicated
(case Il) is not very likely either, since this requires that the to the performance of copper-based catalysts; however, it
radical remains in relatively close proximity to the particle should be noted that the same rules for rational catalyst
during its lifetime (and during growth), although this selection apply to all other metal complexes used in ATRP.
mechanism cannot be fully excluded. If the system contained sjgnificant efforts have been made to develop novel catalytic
a small amount of soluble catalyst (not necessarily intention- systems that are very active, i.e., characterized by a large
ally added but possibly desorbed from the support), including equilibrium constanKarre = Kac/Kgeact (SCheme 1). Such

deactivator, its reaction with a radical (case Ill) would be ¢atalysts can be used at low concentrations because the rate
the most probable and efficient mechanism of deactivation. of polymerization in ATRP is given 3§17

Alternatively, a small amount of a very active soluble catalyst

complex, accumulated due to the persistent radical effect or
air-oxidation. The reduction can be carried out by heating
the catalyst with a radical source such as AIBN or with other
reducing agents. Unfortunately, both in continuous and batch
processes where supported catalysts are employed, the
catalytic performance deteriorates relatively quickly, which
can be attributed to loss of catalyst due to partitioning in

(e.g., ClBr/MesTREN), together with a less active supported [RX][M][Cu ILm]
catalyst, mediates ATRP very efficienfl{z174 The three R, = Karres—— (1)
different radical deactivation mechanisms in ATRP mediated xcu'L,]
by supported catalysts are depicted in Figuré'4.
CUBr/HMTETA catalyst that was supported on silica gel In the very first reports on copper complex-catalyzed

and packed in a column was used in a continuous ATRP ATRP, 2,2-bipyridine (bpy) was used as the ligaffdt
process® The supported catalysts for ATRP can be readily Soon, the search for more active and less expensive com-
reused after reduction of the higher oxidation state metal plexes was initiated. Ligands structurally resembling bpy,

03
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Figure 5. Preparation of a CBr/triamine-based ATRP catalyst supported on the surface of magnetic partfcles.



2276 Chemical Reviews, 2007, Vol. 107, No. 6

R R R R
R” \/\N/\/N R R N\/\N/\/N\/\N

R R

DETA (R = H)
PMDETA (R = Me)

. O M
R—N N—R N—R

Glim-R

TETA (R=H)
HMTETA (R = Me)

Pylm-R

dNbpy (R CHBuz)

Tsarevsky and Matyjaszewski

/\N /\

R\ / \ /R'
$) el
/N NS
cyclam (R=R'=R"=H)

Me4Cyclam (R=R'=R" = Me)
DMCBCy (R = Me, R' + R" = CH,CH,)

D

1,10-Phen

MegTREN

R /N
R N N N

A N I\ - 7\ Z SN = —l\NN/l—
l/N N~ W N_ G Z '\

tpy (R =H)
tNtpy (R = CHBuy)

BPMPrA (R = Pr)
BPMOA (R = CgHy7)
BPMODA (R = C13H37)

TPMA TPEDA

Figure 6. Examples of nitrogen-containing ligands used to form copper-based ATRP catalysts.

namely substituted bpys, 1,10-phenanthroline (1,10-phen),

5 or 6 of the pyridine ring had a pronounced effect on the

and its derivatives, were also studied as components of cop+ate of both ATRC and ATRP reactioff¥.

per-based catalysts for the ATRP of Sty and (meth)acryl-
ates?61787180 Some typical ligands forming copper complexes
used in ATRP are listed in Figure 6. Linear aliphatic amines
such asN,N,N',N'-tetramethylethylenediamine, PMDETA,
and HMTETA formed active Cucomplexes (more active

The impact of the ligand structure on the performance of
Ru-based ATRP catalysts has also been demonstrated in
many instance®" 193 Clearly, a better understanding of the
factors influencing the catalyst behavior was needed in order
to rationally design or select the appropriate active ATRP

than the bpy complexes in the case of the last two amines)catalyst for a given reaction system.

that could be successfully employed to control the polymer-
izations of Sty, MA, and MMA!'3 The PMDETA complex

of CUCl also proved very active (compared to the bpy com-
plex) in the ATRA of CC} to 1-octené®' A branched tetra-
dentate ligand, M@ REN, formed a Cucomplex so active
that sufficiently fast ATRP of MA could be carried out at

2.1.2.1. Evaluation of Catalyst PerformanceTo under-
stand better the factors that determine the catalyst activity,
as well as the polymerization control in ATRP reactions,
numerous mechanistic studies employing model compounds
have been carried out, as described in several review
papers?319419The purpose of these studies was to determine

ambient temperature even using a molar ratio of catalyst to the accurate values of the rate const&gsandkgeacior their

initiator equal to 0.282183The activity of several successful
ATRP catalysts was found to decrease in the ordéBfZu
MesTREN > CUBr/PMDETA > CuBr/dNbpy2in an at-
tempt to polymerize substituted (meth)acrylamides in a
controlled fashion, it was found that Meyclam formed a
very active ClcompleX'® (more active than the complex
of MesTREN'4), which was able to mediate even the
polymerization of vinyl acetat&® Unfortunately, although
the ATRP reactions catalyzed by '®(Me,Cyclam were very

fast, the degree of control was not satisfactory due to inef-

ficient radical deactivation by the higher oxidation state!,Cu
complex. Picolylamine-based ligands, including TPMA, were
shown to form CICI complexes that efficiently catalyzed
ATRA and atom transfer radical cyclization reactidfisThe

Cu complexes of TPMA and another picolylamine-based
ligand, BPMOA, were then studied as catalysts for the ATRP
of Sty, MA, and MMA, and it was demonstrated that the

ratio Katre, Which depend strongly on the nature of both
the catalyst and the initiator. High catalytic activity, leading
to a high polymerization rate, is related to a higkrp value
as shown by eq 1, since the equilibrium between the
activation and the deactivation processes determines the
radical concentration. Typicalljatrp is low (<1076 and
a low radical concentration and therefore low radical
termination rate is maintained throughout the ATRP process.
In an ideal ATRP, both the rate constakisandkgeac:should
be large (withkaet < Kgeac) tO provide good polymerization
control while keeping a reasonable polymerization rate. The
experimental determination of the ATRP kinetic parameters
is described in this section, and then (section 2.1.2.2) the
factors affecting them are discussed.

2.1.2.1.1. Experimental Determination of Aetiion Rate
Constants J; The rate constarit,; can be determined by
reacting an alkyl halide with an excess of the' Complex

TPMA complex possessed considerable activity (somewhatand irreversibly trapping the formed radicals by agents such

lower than that of the M@REN complex):'® Pyridinecar-

as nitroxides (Scheme 2). The consumption of alkyl halide

baldehyde imine (Pylm-R) ligands have been successfully (monitored by spectroscopic or chromatographic techniques)

used in the ATRP of methacrylat€4.The effect of the alkyl

substituent at the nitrogen atom of these and glyoxal diimine-

type (Gllm-R) ligands on the activity of the Ghased ATRP

under these conditions is directly relatedktg: In([RX]o
[RX]) — kaC{Cule]ot_m&ZOA
A recent detailed study revealed that the nature of the

derived therefrom was studied, and it was shown that N-donor ligand has a profound effect on the valuggfin

branching in the alkyl group led to slower polymerizatidHs.
In addition, it was shown that, for a series lgfpentyl-2-
pyridylmethyl ligands, the nature of the substituent at position

a reaction of Cucomplexes with EBiB, with values ranging
by around 6 orders of magnitude (Figure?®In general,
bidentate ligands form complexes of relatively low activity,
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Scheme 2. Model Reactions for Determination ok Values
R-R (R™ + RH)

A
ke X

R® + Xcu'Lp,

kact
RX + Cull, S
Kdeact

Kdissf | ke *0—N

kact

R-X + Cu'L, + ®O—-N R-O—-N + Xcu'Lp,

although with many of them (derivatives of bpy, for instance)
the polymerization control is excellent, indicating relatively
high values okgeact(vide infra). The studied tridentate ligands

included both aliphatic amines and pyridine derivatives.

When the aliphatic amines contained a three-carbon bridge

between the nitrogen atoms, the activity of the'-Based
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view of both complex stabili§f® and catalytic activity fide
infra). Branched ligands (TREN derivatives as well as TPMA
and TPEDA) formed very active catalysts. It is noteworthy
that changes of the substituents at the N atoms in the TREN
derivatives that seem minor at first sight (for instance,
replacement of a methyl group with an ethyl) can dramati-
cally influence the catalytic activity. This is in agreement
with the observation that generally the presence of hydro-
phobic groups attached to N atoms in various aliphatic amine
ligands makes the Caomplexes significantly less reducing
(the relation between reducing power and ATRP catalytic
activity is discussed below§? Steric and, more importantly,
electronic effects of the substituents also influence the activity
of the Cu complexes. Finally, the derivatives of cyclam form
the most active Cu-based ATRP catalysts known to date. In
particular, the highest value df is reported for DM-
CBCy205.208

Currently, it is difficult to predict the value df, of a
certain complex based on parameters such as stability
constants or redox potentials. Significantly more successful
is the prediction of the values d&€arrp. The experimental
determination of the equilibrium constant is described
followed by a discussion of the factors that affect its value.

2.1.2.1.2. Experimental Determination of the Equilibrium
Constant Krrp and the Deactiation Rate Constantgkac:.

catalyst markedly decreased compared to those of catalyst&Experimentally, the values oKarre can be determined
derived from ligands with only two-carbon bridges such as directly from polymerization kinetics data. In this case, an

PMDETA. A similar trend was observed with tetradentate

apparent valueKatrp/[XCu'"L ), is obtained from the slope

aliphatic amine ligands. These results prove that the coor-of the time dependence of In((MM])/( k[Cu'L]o[RX]).2%°

dination angle and the mutual arrangement of adjacentAlternatively, the classical equation describing the accumula-
chelate rings (determined by the number of C atoms linking tion of deactivator due to the persistent radical effect with
two N-donor atoms) are important factors from the point of time was used?’:210.211

n-Cy7Has n-Cy7Has
O
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dHDbpy (0.20) =N ‘N/'

s
<

= </ \> o
“ Pr(R = CaH, N N N
S N Pm-PrR=CHD  TyEDa 0.015) N N7
Pylm-Cct (R = n-CgHy7)
% R (2.4x10%) bpy (0.066)
N =
| VW C1aHag dNbpy (0.6)
(\N"j & ) I'!I | = m/
AN llsl [ M j
3
N[2,3] (9.2x10%) MeTAN (0 SNOON
3 3
FANERLN I\) )
PMDETA (2.7) DMCBCy (7.1x10%)
"

— PN
\N/\N/ <:N Nf EN Nj
[N Nj /N\ /N N, N
SN N

N[3,2,3] (5.04107%)
N[2,3,2] (1.2x10°%)

CN ) u
N X )
NC—_N N—f W‘\CN ) NN Nf”a/‘goa But 05,_.\’“ J Q
N x e
IN\\ { / OJ o fN'Lf,O N N’h - \
Ne “en Et, TREN (0.044) ° O- oy OBy QJ =/ MesTREN (4.5x1 0%
ANSTREM (0.012) MALTREN (12) But TPMA (62)

BA;TREN (4.1)

Figure 7. Activation rate constants of Caomplexes derived from various N-donor ligands in the reaction with EBiB in MeCN &€35
Reprinted with permission from ref 205. Copyright 2006 American Chemical Society.
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[XCU"L ] = (3Karge KIRX]ICULJ) " (2) s

0 20
8.25 : . . 3.0x10

To determineKarrp, @ CU complex is reacted with an alkyl
halide, and the deactivator concentration (experimentally
accessible through ESR or electronic spectroscopy) is
monitored as a function of time. Then, a plot of [XTuy]
vst3is constructed, anarrp is determined from the slope,
provided that the termination rate consténts known%4
This method is useful only for reactions that reach equilib-
rium rapidly, and then only for relatively low conversions
of activator, ClL, and alkyl halide. If these conditions are
not met, the linear dependence (eq 2) is not observed. The
reason is that eq 2 was originally derived with the assumption
that kaco{CU'Lm]o[RX]0o = kaeac[R*][XCU'"Ly], i.e., that the
concentrations of the activator and initiator do not change
significantly during the experiment. This approach is valid t s
only for time regimes in which the product JXCu'"Ln] Figure 8. Experiment for the determination &farre via plotting
remains constant. This is a limitation when the values of F({Xcu'L,]) against time. Reaction conditions: [BWPMDETA]
Katre for active catalysts should be determined. =5 mM and [1-PhEtBj = 100 mM, in MeCN at 224 2 °C.

Recently, the equations describing the persistent radica
effect were modified taking into account that the concentra-
tions of both the activator and initiator change during the Table 1. Experimental Values ofKarge?
experimeng!? If the activator and initiator are mixed in a

-2.0x10°
8.20 -

[v13awd,noug]

-1.0x10°

F([BrCu'PMDETA])

8.151

0.0

T T T
0.0 2.0x10° 4.0x10° 6.0x10°

Chemical Society.

. . L . no. ligand initiator K ref

1:1 molar ratio, the reaction stoichiometry requires that [RX] 9 - ATF;P
— [RX] = [CUlLnlo — [CULy = [XCu'Ly. Using the 1~ PPY EBIB 393< 10 212
L . . 2 bpy 1-PhEtBr 8.5 10~ 214
assumption (justified by simulations) that the rate of genera- 5 PMDETA BPN 5.80% 10-7 212
tion of deactivator exceeds significantly the rate of consump- 4 PMDETA EBIB (6.06-7.46)x 108 212
tion of radicals, new equations describing the time depen- 5 PMDETA 1-PhEtBr  (3.273.68)x 108 212
dence of [XClL,] were obtained. For the simple 1:1 6 PMDETA  MBP 3.95x 10’69 212
stoichiometry ([CILJo = [RX]0), a function F([CUL X]) g ﬁﬂﬁ E_E;EEtBr 94655&“1%6 gﬁ
is defined whose values can be plotted against time, and 9 TPMA 1-PhEtCI 8.60< 10-7 212
Katre is Obtained from the slope of the linear dependence: 1g TPMA BnBr 6.78x 10-7 212
11 TPMA MBP 3.25x 1077 212
[CUL ]2 12 TPMA MCP (4.074.28)x 108 212
F(IXCu'L,]) = 0 _ 13 Me&TREN  EBIiB 1.54x 104 212
3([Cu|Lm]0 — [XCu"Lm])3 14 MeTREN MCA 3.3x 10 208
| 15 DMCBCy MCA 9.9x 105 208
[CuLlo 1 16  HMTETA  EBiB 8.38x 1079 195
| _ N, 72 I _ I 17 HMTETA  1-PhEtBr  2.9x 10°° 214
([CuLylo = XCUTLD)"  [Culylo~ [XCu'L,] 18 HMTETA  1-PhEtCI 7.9« 1010 214
1 19 BPMPrA EBiB 6.2x 1078 213
= 2KkKyrppt + ———— 3) 20  TPEDA EBIB 2.0x 10° 213

3[Cul,],

aCuBr was used for alkyl bromide and @l was used for alkyl

|Reprinted with permission from ref 212. Copyright 2006 American

In the case when [Cly]o #= [RX]o, the time dependence of

deactivator accumulation is more compféx.

F(xcu'L,)) =
[RX]o[CUL,Jo | 1 N
[Cu'L,Jo — [RX]o/ \[CULJo(IRX], — [XCu'"L,])

2

[RX],—[XCu"L,]

[RX][CU'LJo[CU'L o — [RX]o)

[CUL,],—[XCu"L,]

1

[RX]°([CuU'L ]o — [XCu"L,])

[RX]o[CU'L o

1

= 2Karpet + (

[CUL.]o— [RX]
2

J

[CU'L, ] AIRX],

[RX]o

[RX]J[CU'L Jo([CU'L o — [RX]o)

[Cu'LJo
1
[RX]oTCu'L ),

(4)

chloride initiators, respectively. MeCN was used as the solvent;
temperature= 22 4 2 °C. P Concentration of initiator monitored by
GC.

As the model reaction proceeds, the alkyl halide initiator
is consumed, and in some instances, it is more convenient
to follow the time dependence of its disappearance (for
example, by GC or NMR) rather than the accumulation of
deactivator. An equation describing the time dependence of
the initiator consumption (for the case when [Cyo >
[RX]o) has also been derivedd and employed!??'3Figure
8 shows the experimentally determined dependence of
deactivator concentration, [X®u,], ont“3and also the time
dependence of the functidi([XCu"L]) from eq 4 for the
reaction of CIBr/PMDETA with 1-PhEtBr (nonstoichio-
metric conditions) in MeCN*2 As seen, the plot of deactiva-
tor concentration v§? is a curved line and cannot be used
to determine the value oKarrp Whereas the plot of
F([XCu"Ly]) vs tis linear.

Table 1 lists experimentally determined valuesKafirp
for various Cu complexes using the described approaches.
The values oKatrp range between 18° and 104 that is,
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Figure 9. Substituted multidentate N-containing ligands forminglihding copper complexes.

they differ by 6 orders of magnitude. Obviously, to compare
the catalytic activity of two complexes, the valueskofrrp
in a reaction with the same alkyl halide should be compared.
The ATRP catalytic activity of Cucomplexes increases in
the order bpy< HMTETA < PMDETA < TPMA < Mes-
TREN < DMCBCy. The most active complex known to date
is derived from the cross-bridged cyclam ligand DMCB®.
The very pronounced effect of the ligand on the ATRP
catalytic activity is rationalized in the next section.

The value oKarrp depends upon the degree of substitution
(primary < secondary< tertiary) of the alkyl halide initiator.
This is related to the higher stability of tertiary compared to

in the ATRP of MA initiated by ethyl 2-bromopropionate
(EBP)2%° The logarithm of the apparent ATRP equilibrium
constant (determined from the slope of the time dependence
of In([M] ¢/[M]), divided by k,[CU'L]o[EBP]y) was a linear
function of the measureH,,, values. The values of either
kact Or Katrp @and the redox potential of a series of copper
complexes with tridentate N-based ligands (where the
nitrogen atom was amine-, imine-, or pyridine-type) were
well-correlatec?® The relatively high redox potentials (low
reducing power) of Cucomplexes of tetradentate bis-
(pyridinecarbaldehyde imine) ligands was used to explain
the comparatively slow MMA ATRP catalyzed by these

secondary and primary radicals that are formed after the complexe$?? A good correlation was observed between the

hemolytic cleavage of the €X bond. Alkyl halides with
a-functional groups that stabilize radicals (such as cyano)
are more active (largelikatrp) compared to those with no

reducing power of several Caomplexes and the apparent
rate constant of polymerization of OEGMEMA in aqueous
media??® Recently, 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU)

such substituents. Also, alkyl bromides are characterized bywas used as a ligand for the copper-mediated ATRP of Sty,

larger values of the equilibrium constant than those for the
corresponding alkyl chlorides in reactions mediated by the

MA, and MMA, and it was shown that the polymerizations
were relatively slow, which was in good agreement with the

same catalyst. This is related to the higher bond dissociationredox potential of the copper complex (110 mV more positive

energy of the €Cl bond (see Figure 11 below). However,
C—CI bonds are stronger than-®r bonds by ca. 10 kcal
mol~1, and if the bond dissociation energy was the only factor
determining the values dfatrp, those for alkyl bromides

than that of the bpy complex, and 220 mV more positive
than that of the PMDETA complex$* Substituents in the

ligands affect the redox properties of the complexes. For
simple linear amines, the addition of more electron-donating

should be several orders of magnitude larger than those forgroups stabilizes the Cwoxidation state, leading to lower

the chlorides. According to Table 1, the difference is less
than an order of magnitude, which can be attributed to the
higher electron affinity of chlorine compared to bromine (i.e.,
largerKea(Cl) in Figure 1125217 K orrp can also be viewed
as the ratio of the dissociation energies of the>Cand
Cu'—X bonds. The lower than expected difference between
Katrr(RCI) andKatrp(RBF), based only on the stability of
the C-X bonds, can also be attributed to the greater stability
of the CY—Cl bond compared to the €uBr bond?'®

It is possible to determink,. and Katrp independently,
and to calculate the values kf.acifrom the ratioksc/Katre.
Alternative experimental methods for determinatiorkg@f.
include the clock reaction, in which the radicals are
simultaneously trapped by TEMPO and the deactivator
XCu'Lin,2%° and analysis of the initial degrees of polymer-
ization with no reactivation, end groups, and molecular
weight distributiong9-221

2.1.2.2. Effect of the Catalyst Nature on the Value of
Katrer and Selection of Active ATRP Catalysts.Since
ATRP is fundamentally a redox process, the attempt to

ATRP catalytic activity. This has been observed, for instance,
when hydrogen atoms from an-N group in the ligand are
replaced by alkyP”225 or allyl groups??® When a C-N
fragment in a ligand molecule is substituted byIS, usually

a more pronounced relative stabilization of the Gwmpared

to the CU complex is observe#5227 In summary, based

on a substantial amount of data, it can be concluded that the
more reducing Cucomplexes are more active ATRP
catalysts.

In light of the above discussion, it is highly desirable to
be able to predict the redox properties of Cu complexes based
on the nature and number of the ligand(s). For complexes
of the same metal with close stereochemistry and oxidation
and spin states, it is possible to use parametrization methods
to predict the redox poteniatd®??° Unfortunately, the
application of these strategies is limited when multidentate
ligands are employed that introduce varying degrees of
distortion from ideal geometries. The electrochemical be-
havior of many Cucomplexes with multidentate N-contain-
ing ligands has been studied in relation to oxygen binding

correlate the behavior of the copper-based complexes inby the metal centef® It was found that subtle changes in

ATRP reactions with their redox properties is natudtaln

a detailed study, GGl and CUBr complexes of bpy, dNbpy,
BPMOA, BPMODA, TPMA, PMDETA, and MgTREN
were all characterized by CV and the measured redox
potentials were correlated with the activity of the complexes

the ligand substituents can have a dramatic effect on the
redox properties of the complexes (changes irBfievalues

by more than 100 mV). Some of the studied ligands are

presented in Figure 9, and the measured redox potentials of
their copper complexes are summarized in Tabfé233
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Table 2. Redox Potentials of the Cu Complexes with the Ligands Cu complexes with NS,-type ligands increases as a chelate

Shown in Figure 9 ring in the complexes expands from 5- to 6- and then to
Euz (vs FC/FC, in V) of CUL/CU'L for R = 7-membered® A detailed review on the Cu complexes with
ligand al H {Bu MeO  MeN ligands containing the $b,-donor set*® demonstrates that

the electrochemical properties can serve as a “probe” for the

EEgQ;RZS;Z 027 _8-‘3‘(1{: —0.4¢6 _8"3% _8'3 structural characteristics of the complexes. The electrochem-
- —0. —0. —0. —0. i [ i - i
TMPEPDA_RZ® —03% —0.3% _038  —040 istry of CU' complexes with NO.-type heterodonor ligands

has also been shown to depend upon the molecular geom-
#In MeCN." In DMF. etry?*! and the electronic effects of the substituetitsA
thorough review by Zanelfé® provides details about the

The electrochemical properties of various Cu complexes of redox potentials of numerous Cu complexes W|th_ ligands with
N-based macrocyclic ligands have also been shown to changdY- O-» and S-donor atoms. The work also discusses the
as the electronic effect of the substituents is alt@#&ess influence of molecular geometry and substituent effects on

As mentioned, the size of the chelate ring (determined by the redox properties. _ _
the number of C atoms bridging two neighboring N-donor It should be noted that not many of the ligands discussed
atoms) influences significantly the values kfy in Cu- so far have been used as components of ATRP catalyst, but
mediated ATRP. It is documented that when a 5-memberedthe studies that were summarized are of fundamental
chelate ring is replaced by a 6-membered one in the ligandsimportance and will undoubtedly serve as an inspiration in
L_R(X,y,z), shown in Figure 9, the Cwomp|exes become the rational deS|gn of novel active ATRP CatalyStS.
less reducing. Furthermore, the increase of the number of A good correlation was reported between the reducing
6-membered rings at the expense of 5-membered rings leadpower of RY complexes with p-substituted triphenylphos-
to a decrease in the reducing power of thé €amplexes. phine ligands and catalytic activity in the Kharasch addition
The Ey values (vs NHE in DMF) of the CIL-H(X,y,2) of CCl, to various unsaturated compounds, namely 1-decene,
complexes are-0.386,—0.300,—0.200, and+0.115 V when Sty, and MMA?2# Similarly, for a series of pentacoordinated
the ligands change in the order L-H(1,1,1), L-H(1,1,2), F€'Cl, complexes with tridentate N-based ligands, there
L-H(1,2,2), and L-H(2,2,2), respectivety® Similar trends existed a satisfactory correlation between the redox potential
have been observed for Cu complexes with a macrocyclic and catalytic activity in ATRP? However, it was noted that
ligand235 It can therefore be expected that'@omplexes  several tetracoordinated 'R&l, complexes of bidentate
of multidentate ligands containing 6-membered chelate rings diimine ligands showed higher catalytic activity in ATRP
should be less catalytically active in ATRP than their and were yet less reducing, in contrast to the typically
counterparts with 5-membered rings. observed trend¥.On the other hand, the E&l, complexes

So far, only N-based ligands were discussed. The donorof iminomethinepyridines were less reducing than those of
atoms in the ligand have a profound effect on the redox diimines and, as expected, showed lower ATRP catalytic
properties of complexes. For example, the very low reducing activity24¢ The picture became more clouded when it was
power of Clicomplexes with thioether ligands makes these noted that, depending on the substituents at the N atoms,
ligands inappropriate for ATRP catalysts. This is the result either ATRP or catalytic chain transfer (CCT, Scheme 3)
of the marked stabilization of the Crelative to the Cli could be mediated by the Feomplexes. It was shown that
state. The redox potentials for the 'TUCU'L couple for both the reversibility of the Feto-Fé" transitior?*24524¢and
several thioethers, both linear and cyclic, were in the range the spin state of the Fecente?*’ play a role in determining
of 500-800 mV vs NHEZ7 It was shown that, in ligands  whether the ATRP or CCT mechanism will dominate, with
analogous to TPMA with mixed donor atoms (N and S; the former being predominant for high-spin complexes with
Figure 10), the increase of the number of sulfur atoms led reversible reductioroxidation process.
to formation of less reducing Ciwcomplexeg3® Conse- The attempt to generalize the rule that a more reducing
quently, although sulfur-only containing ligands are not catalyst is also more active failed in some cases, especially
appropriate as components of active ATRP catalysts, “het- when trying to predict the performance of complexes of two
erodonor” ligands could possess a better catalytic activity. different metals (such as Ru and Cu) or complexes of the
Such complexes are of interest because they may besame metal with two very different ligands (for instance, a
sufficiently stable in the presence of acids and therefore mayneutral and charged one). Although Ru complexes are less
be used to mediate the ATRP of acidic monomers. Again, reducing than the corresponding copper complexes, their
as in the case of N-donor ligands, there was a pronouncedcatalytic activity may be similar. It was thus suggestétb
increase of the redox potential (decrease of the reducingpresent the overall atom transfer equilibrium as a combination
strength) as an additional methylene group was addedof four simpler reversible reactions: (i) bond homolysis
between the donor atoms, causing the formation of 6- instead(characterized by the equilibrium const&aty), (i) oxidation
of 5-membered chelate ring¥ Similarly, the E;/, value of (electron transfer) of the G, complex to yield CULy,

- 150 mV 62 mV (R = Me) 595 mV (R=Me) 692 mV (R=Me)
81mV (R = Et) 607 mV (R = Et) 673 mV (R = Et)

Figure 10. Ligands with similar structural features and redox potentials of their copper complexes v&NKiite the gradual increase
of the redox potential as the number of sulfur atoms is increased.



“Green” Atom Transfer Radical Polymerization Chemical Reviews, 2007, Vol. 107, No. 6 2281

Scheme 3. Competing ATRP and CCT Mediated by Fe Complexes
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(Kgr), (iii) reduction of a halogen atom to a halide ion and lower oxidation state metal (Mt and M€, respectively)
(electron affinityKea of X), and (iv) association of halideion  complexes in the presence of the ligand L, according to eq
to CU'L, (termedhalidophilicity Kx) as shown in Figure 11 6, which is valid for one-electron-transfer processes between
and eq 5. Note that the constang Kas previously termed  two complexes with the same central metal coordination
number?*¢-254The overall formation (stability) constants of
Kot [XCU'LJIR]

= = Ko KeKeaK RT [Mt*"*
Kieact [CULJIRX] o0 o A% E=E°+—In[ I
®) FooMt]

Katrp =

m .
1+ 5 ALY
£

+1-
halogenophilicity but since it reflects affinity toward halide RT [Mt" ]

anion rather than halogen atom, we will use from now on a E°+ ? In T ? In - . (6)
more correct term halidophilicity. Although most Ru Mt ¢ 1+ ﬁz[L]j
complexes are not sufficiently reducity,the RY' com- J; ]

plexes exhibit large affinity toward halide ions (i.e., large

association constarty), which compensates for the small  the M and M&"* complexes containingcoordinated ligand
value of Ker and leads to an acceptable overall activity of \5jecules are designated 8§ and 82", respectively. The

Ru' in ATRP reflected by a high value of the equilibrium  jependence (eq 6) has been successfully used to experimen-

constant. . tally determine the stability constants of many com-
For a series of complexes of the same metal with plexes?5-261 For the case of relatively stable 1:1 copper
structurally similar ligands, for which the halidophilicity complexes, eq 6 simplifies to

constants are similar, the catalytic activity of a complex in
ATRP can be predicted based on its redox potential. The cu" I
. _ o : . RT, [CUl RT B
latter, in turn, depends on the relative stability of the higher E~E°+—In ——— |In& @)
F [Cul]tot F g

kact
RX + Cul, ———— R*+ xcu'L, (Note that the subscript at the stability constant is omitted
Kdeact for simplicity when it is unity.) The redox potential of the
Contributing Reactions CU'L/CU'L couple is related to th&gr value from eq 5
K RT
R-X B R* 4+ X° E=-— = In Ker ©)
K . -
cu'L,, Ee cul, + Thus, by knowing the stability constants of the copper
complexes with the ligand L, one should be able to predict
X + e@ KEA. NS the ATRP catalytic activity. The stability constants are readily

determined either electrochemically (see the above-cited
Kx references), by potentiometric (pH) titration using a glass

Il e X
XCu'Ly, electrode?®2263or by titration calorimetry?54-266
. X |
Figure 11. Representation of atom transfer as a combination of a Tqble 3 lists the experimental values/f/5' (in aqueous
C—X bond homolysis of an alkyl halide (RX), two redox processes, Media) for copper complexes often used as ATRP catalysts

and a heterolytic cleavage of a €uX bond. (L represents a  along with the measured values Kfrrp in the reaction of
ligand19% those complexes with EBiB in MeCN. Although the two sets

cu'L, + X2
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Table 3. Correlation between the Ratiof"/f' and Karre for Various Cu' Complexes Used as ATRP Catalysts

catalyst B2 pa plipta ref Katre®
CuBr/bpy 8.9x 10%2¢ 4.5x 1013¢ 5.0 267 3.93x 10°°(ref 212)
CUBI/HMTETA 1x 10" 3.98x 10%? 39.8 225 8.38< 107° (ref 195)
CuBr/PMDETA <1x1C° 1.45x 10%? >1.45x 10* 225 7.46x 1078 (ref 212)
CUBI/TPMA 7.94 x 10%? 3.89x 10v 4.90x 10 238 9.65x 1076 (ref 212)
CuBr/MesTREN 6.3x 1¢° 2.69x10% 4.3x 10° 268, 269 1.54¢ 104 (ref 212)

aMeasured in aqueous solutiohReaction with EBriB in CHCN at 22+ 2 °C. ¢ The values of3," andj;" and their ratio are reported.

of numbers were determined in two different solvents, the forming less electrophilic radicals, e.g., styrenes. In addition,
trend that higher values @#'/5' correspond to higher values due to the low redox potential of the active catalyst, the

of Katre is clearly seen. reaction mixtures are particularly sensitive to oxygen. These
In a comprehensive review, Rorabacieédemonstrated, = phenomena are often responsible for the limited monomer
based on a substantial number of studies, that, &system, conversions often reached in the ATRP of acrylates or

Cu has little preference for specific donor atom types, and acrylonitrile mediated by very active Coomplexeg®

the stabilities of Cicomplexes vary much less than those  The driving force to develop very active ATRP catalysts
of Cu' complexes as the ligand structure is altered. In other i to be able to use them at low concentrations, thus making
words, for ligands forming very stable Ceomplexes, the  the postpolymerization catalyst removal unnecessary. How-
ratio 8'/f' is likely to be high and the redox potential of the  gyer, high activity (high ratig/g) is not sufficient to ensure
CU'L/CU'L couple is likely to be low. Therefore, ligands hat 5 catalyst can be used at very low concentration. If the
forming very stable Cicomplexes are likely to form active  cataiyst is not stable enough (i.e., ligands forming complexes
ATRP catalygt_s. AIthou_gh itis risky to think (_)f thls_as a with relatively low values of' andA"), it may dissociate
general rule, it is useful in rapid screening of suitable ligands upon dilution. Therefore, the appropriate catalysts are those
for the formation of catalytically active Ceomplexes for for which bothA' and " are very high, with a higtg"/g'

ATRP. For example, both cyclam and DMCBCy form very  aiq A ligand that fulfills this requirement is, for example,
stable Ci complexes (with log8" values of 27.2 and 27.1, Tpgpa213

respectively’?), and as expected, the catalytic activity of the

Cu complexes of these ligands is exceptionally M&h. 5 13 pecreasing the Amount of Copper in the Presence
Several items should be borne in mind before attempting of Environmentally Benign Reducing Agents
to predict the catalytic activity of a certain complex in ATRP

based on literature values of stability constants. First, most An ATRP catalyst that is sufficiently active and stable can
of the reported stability constants were determined in aqueousbe used at very low concentration. The factors determining
medium, but ATRP reactions are often carried out in organic the activity of ATRP catalysts were outlined above. However,
solvents, and like many other chemical phenomena, com-it should be borne in mind that the lower oxidation state of
plexation and electron-transfer reactions are influenced verythe catalyst (the Custate in the case of copper-mediated
much by the nature of the solvent (its solvation and ATRP) is constantly being converted to the higher oxidation
coordinating power or ability to form hydrogen bonds). Even state complex (XCLL.) due to the occurrence of radical
in aqueous media, comparatively small changes in the ionic termination reactions and that the deactivator is accumulated
strength can affect the complex stability and therefore the in the system as the reaction proceedsprocess that was
redox potentiat’2 Although the various effects of the solvent already discussed and has been dubbegéhsistent radical
in chemical processes have been recognized for a longeffect!’7210211 For instance, if the catalyst is used at an
time?”3 and attempts to quantify them have been n@tle, amount equal to 5 mol % of the alkyl halide initiator, at the
the development of a complete theory that would allow at time when 5% of the polymer chains terminate, all the
least semiquantitative predictions is still to be expected. catalyst will be present in its higher oxidation state and the
Second, ATRP reactions are often conducted above thepolymerization will stop. This may happen at relatively low
ambient temperature, and the thermal destabilization of themonomer conversion. The amount of lost' €Camplex due
complexes should also be accounted?6¢£7¢ Finally, the to termination is equal to the amount of terminated chains,
halidophilicity Kx should also be determined even when as shown by eq 9.
structurally similar complexes are compared. It was shown
that the known redox potentials alone were not sufficient to _ 71— I _ _ .
explain the catalytic activity of Ru complexes with several AlCULy] = AIXCUTL ] = AlPgead = k[P It ©)
N-heterocyclic carbene ligand® variations of the halido-
philicity of the complexes as the ligand changes may be In addition to the efforts to find very active ATRP
responsible for this. catalysts, a major step toward reducing the amount of catalyst
It is noteworthy that an important side reaction is likely needed to mediate the polymerization was the development
to occur if a very reducing Cicomplex is used to mediate  of a novel initiation technique namexttivators generated
the polymerization of a monomer forming electrophilic by electron transfe(AGET) ATRP279280This technique was
radicals (acrylates, acrylonitrile, etc.), namely electron a logical consequence of earlier work demonstrating that
transfer from the complex to the radi@él A carbon-centered  zero-valent metals could reduce the deactivator accumulated
anion is formed that can be protonated, yielding dead in the systerff! and that other reducing agents such as
polymer chains. Indeed, radicals with electron-withdrawing monosaccharidé® or phenol33 could be employed for the
o-substituents, such as carbonyl, ester, or nitrile groups, aresame purpose. AGET ATRP uses a combination of an alkyl
known to be rather oxidizing® The redox process should halide (macro)initiator with an active ATRP catalyst in its
be markedly less pronounced in the ATRP of monomers higher oxidation state (C)in conjunction with a reducing
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Scheme 4. Excess Reducing Agent (ERA) ATRP
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The amount of deactivator in ICAR ATRP depends upon

Kp M the value ofKatrp according to eq 12.
k
PeX + Culy, ——= BY + xculL I I 1
x m x m [XCu'L,] =[XCu'L]o[1—
Kdeact [RX],
LY KATRP—.
\ R

Px-Py (Px™ + PyH) + XCu'lL, (excess)

|
< N\

Oxidized form of RA Reducing agent (RA)

agent such as a $ncompoundy’® ascorbic acid® or
phenols?8 AGET ATRP could be successfully carried out
in the presence of limited amounts of air, both in bulk and
in miniemulsion?®® Inspired by these findings, novel initia-
tion systems were developé#, in which a very small
amount of active copper catalyst is used, and thé Cu
complexes formed due to radical termination are constantly
converted to the activator via a redox process. The way th

e
new ERA (excess reducing agent) ATRP operates is sketchecg

in Scheme 4.
In the ATRP of Sty, thermal initiation may take place and

the generated radicals can reduce the accumulated deactiva-

tor. It was recently show# that very low concentrations
(in the ppm range) of ATRP catalyst can mediate the
controlled polymerization of Sty in this manner. If the
monomer does not undergo thermal initiation, a small amount
of radical initiator can be added to simulate the slow thermal
initiation. The process was termédtiators for continuous
activator regeneration (ICAR) ATRP. Simulations and
experimental data prove that the polymerization rate in ICAR
ATRP does not depend upon the nature of the catalyst but
only upon the concentration of the radical source. The steady-

(12)

Both the concentration of the deactivator and the value of
kieactare ligand-dependent. Indeed, it was demonstrated that
only ligands forming Cu complexes with a high value of
Katrp Were successful in mediating a well-controlled ICAR
ATRP. In addition, it is important to select ligands forming
complexes with both Giand CU that are stable upon very
high dilution and also in the presence of the potentially
complexing or acidic reducing agents.

The amount of dissociated (and therefore “lost”) complex
is related to its stability and to the dilution. Equation 13 gives
the dependence of the fraction of surviving complex (for the
case of ligands forming 1:1 complexes) after dissociation
ue to dilution | is the oxidation state ang is the
orresponding stability constant).

[CUL] i J1+4p[CuLl],— 1

[CuL], 2p'[CuL],

Obviously, only stable complexes will be appropriate for
ICAR ATRP. A limitation of ICAR ATRP becomes apparent
when the synthesis of block copolymers is concerned, since
the radicals generated thermally (Sty) or from a radical source
can initiate new polymer chains. Thus, reducing agents
should be used that cannot initiate polymerization. When an
excess of such a reducing agent (examples include Sn
compounds, ascorbic acid, and substituted hydrazines) is

(13)

state radical concentration is given by the following relation,

in which a slow radical generation is assumed.
[R‘] _ kdiss['] ~ kdiss[l]o
st™ k, - k, ATRP 286.291292The factors determining the polymerization
rate and control in the relatively complex ARGET ATRP

In eq 10 kyissis the decomposition rate of the radical source Systems are still under investigation. There can be no doubt
I, and the subscript “st” denotes the concentration at the that both new methods (ICAR and ARGET) that allow one
steady state. These results indicate that the polymerizationt© perform ATRP using only very small amounts of catalyst
rate can be adjusted by selecting the proper radical initiator Will have a tremendous impact on the application of ATRP
(ks and by adjusting its concentration. It should be N m_dustry and_ on making the_ process truly enV|r0r_1mentaIIy
emphasized that although the rate of ICAR ATRP is catalyst- Penign. In addition to the obvious advantage of using a very
independent, the degree of polymerization control is most low catalyst amount, with the need for catalyst removal being
certainly connected to the nature of the catalyst. The ratio Virtually eliminated in many cases, the new ATRP initiation
ko[M]/ kaeac[XCU"'L ] determines the number of monomer techniques allow for the synthesis of well-defined high
units added to a growing polymer chain before its deactiva- Mmolecular weight polymers (markedly higher than in con-
tion. In order to achieve satisfactory polymerization control vVentional ATRPY This is because the rates of many side
and a narrow MWD, this ratio should be low. The polymer reactions that limit the polymer molecular weight (such as

polydispersity index (PDI), which reflects the polymerization ©Xidation of the propogating radicals to carbocations by the
control, is given by an equation originally derived for the ATRP deactivator, or reduction of the radicals to carbanions

case of living ionic polymerizatio??”-2%¢ The dependence Dy the activator) are minimized when the catalyst concentra-
was late?®® modified to describe the somewhat simpler case tion is lowered.

of controlled/living radical polymerization, and it was finally ) . i .
generalized for all polymerizations involving exchange 2.2. ATRP in Environmentally Friendly Reaction

added to the reaction mixture, again a ppm amount of Cu-
based ATRP catalyst is sufficient to mediate the controlled
polymer synthesis. This last process became known as
activators regenerated by electron transfdARGET)

(10)

reactions®® Media
_ M _ kIRX], 2 2.2.1. Water
PDI=—=1+ T —1) (11) ATRP can be successfully carried out in heterogeneous
M, KyeacdlCU'LX] [\ CONV : -
o aqueous systems. Details on such systems are summarized
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in several review papef8: 2% The successful suspension Scheme 5. Side Reactions in Copper-Mediated Aqueous
ATRP of 2-ethylhexyl methacrylat®¥ and its copolymeri- ~ ATRP (Based on Ref 334, with modifications. Copyright
zation with MMA2% mediated by CiBr/dNbpy were re- 2006 American Chemical Society.)

ported. To conduct ATRP in an emulsion, efficient transport R® R-OH (R-M)
of monomer and catalyst (in both oxidation states) from large _
monomer droplets to the micelles through the aqueous H,0 (M) ki 5 R-R (R™ + RH)
phase is required. This is difficult to achieve, and many Kact

; o ; RX + Cul, —= R+ Cu'LX
studies have concentrated on miniemulsion ATRP reac- m m

tions 82,63.280.299302 The recent advances in the field include K aisp " Kdoact U " Ky(XCulL,y)
the preparation of linear and starlike block copolyrfiehy M.k
miniemulsion ATRP. Various initiation techniques have been c® + cully, + mL O ” cu'L, + X
employed including SR&NI ATR# and AGET ATRP80 H,0

The latter has also been successfully used in stable micro- Ky ac
emulsions with well controlled size and polymer structiife. ,%Cu N’aq”
The microemulsion system was used as a seed for a cu'L(H0 ’+ X(H-O). (i1
subsequent emulsion process in which block copolymers U Lm(H20) (H20); G=1..... n)
were formed®

The advances made in optimizing the conditions for
conducting ATRP in agueous homogeneous systems will be
detailed. Obviously, it is very desirable to carry out well-
controlled ATRP in aqueous solution. The major driving
force was to successfully employ the most environmentally
friendly and inexpensive solvent of all. Additionally, the
research in the field is driven by the importance of the
prepared polymers. Polymeric materials with hydrophilic

i i 308
groups, including neutral polymers, polyelectrolyis, dimethylamino)ethyl methacrylate (DMAEMAY¥ at 20 and

. o \ : CUro L EM/
andh|onomer§, are W|dekI)y usbedtln thetfabr|c§]1}|or:_ of |ont .30 °C demonstrated that the polymerizations were fast,
exchange resins, superabsorbents, water-purification materl g, e a1y when CBr/HMTETA was used as the catalyst
als, selective membranes, etc. The physical properties

, : 205 316-312 '(CuBr/bpy was the other complex studied), and that in most
partlcyl?rly the S(r)]Iutlon t()jehawé_i’, I of sonp]e of the§e h cases the MWD of the synthesized polyDMAEMA was
materials can change dramatically upon changes in e ,nor oo | ater studies on the room-temperature ATRP
environment, such as pH, ionic strength, temperature, etc.

d th h 4 as o . terial 'of a zwitterionic monomer, 2-methacryloyloxyethyl phos-
and they are thus used as ‘smart’ or responsive materiais,, 5 y|choline323 and a neutral hydrophilic monomer, 2-hy-
for instance, in controlled drug delivery, biomolecule or drug droxyethyl methacrylate (HEMA¥*32 demonstrated that

encapsulation, ef¢? Block copolymers with two hydrophilic 4 ition of methanol to the aqueous solvent slowed down

blocks that can act as surfactants under certain conditions;[he polymerizations and improved the control. The degree
are attractive materials for crystal engineeriffg!® These of control over the polymerization was worse with'Cl

polymers are also of interest for relatively_large volume bpy than with CtBr/bpy as the catalyst. Results from the
markets such as coatings, surfactants, adhesives, and COSMekTRP of MePEOMA32® sodium 4-styrenesulfonatd’ 328

ics, to mention a few. Currently, they are mainly prepared quaternized (alkylated) DMAEMAZ5:329 potassium 3-sul-
using radical polymerization, due to its tolerance to protic fopropyl methacrylaté® N-isopropyiacrylamidé?l and so-

solvents (including water), polar functional groups, and a gim 2-acrylamido-2-methylpropanesuifonate in protic media
variety of impurities often encountered in industrial pro- 41 support the idea that addition of organic solvents (meth-
cesses. CRP of water soluble monomers in protic or aqueous,| or DMF) leads to slower and better-controlled poly-
media has already gained importance as a powerful synthetiGyerizations and that, in order to achieve satisfactory control,
tool in the preparation of various hydrophilic polyméfS. 0 4qgition of a Ctihalide complex to the catalyst is ne-
The first reported ATRP of a water soluble monomer, cessary. It was similarly shown that, in the ATRP of hydro-
2-hydroxyethyl acrylate, in aqueous solution employeét Cu  phobic methacrylates, the addition of small amounts of water
Br/bpy as catalyst and MBP or diethyl 2-methyl-2-bromo- (such that a homogeneous reaction mixture was retained)
malonate as initiatoft” Although theM,/M, values of the enhances the polymerization rate, which can be advanta-
polymers at low to moderate conversions (ca-380%) were geous?s2:333
relatively high, the final products (a#80% monomer Conducting a well-controlled ATRP in agqueous media is
conversion) had a narrow MWD. This report demonstrating challenging due to the occurrence of several side reactions.
that ATRP could be successfully carried out in the presencen water, the Cibased ATRP activator may disproportionate,
of water was followed by a communication describing the the CU-based deactivator is likely to lose its halide ligand,
ATRP of a charged monomer, sodium methacry$éten and the alkyl halide initiator may hydrolyze or react with
aqueous medium at 98C. The ATRP of a neutral water the monomer if it contains basic or nucleophilic groups, as
soluble methacrylate, poly(ethylene oxide) methyl ether shown in Scheme 5. These reactions are discussed in more
methacrylate (MePEOMAY.?in water was more successful, detail below.
and it was shown that the reaction was fast even at room 2.2.1.1. Dissociation of the Deactivator in Protic Media.
temperature (essentially complete monomer conversion ATRP reactions in aqueous solvents are usually fast even at
within one to several hours). Polymers with relatively low ambient temperature, and the polymerizations are accelerated
polydispersity were obtained, plausibly due to slow termina- as the amount of water in the solvent is increased. In
tion of the sterically hindered radicals derived from Me- principle, this could be due to the effect of water or similar

PEOMA. The polymerization of the same monomer in bulk
was relatively slow, which demonstrated that water affected
the polymerization raté&C It was also showit that not only

bpy but also HMTETA could be used as the ligand for the
copper-based catalyst, and that the reaction was markedly
faster with the latter ligand. The ATRP of sodium 4-vinyl-
benzoate was carried out in water atZDusing CUBr/bpy

as the catalyst and three different water soluble initiat8rs.

A more detailed report on the aqueous ATRP of\gN-
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Figure 12. Dependence of halidophilicitykgs, or K¢, of [CU'-
(bpy)]?" upon the concentration of water in mixtures of acetone

Figure 13. Relationship between the percent of deactivator
remaining after dissociation and its initial concentration [BrCu

(filled symbols), acetonitrile (crossed symbols), and methanol (open (bpy),]*o = [Cu'] in methanol Kg; = 4710) and mixtures of

symbols) with watep40.341

protic solvents ork,, Karre, and/or the deactivator concen-

methanol and water containing varying amounts of water (the
volume percent of water is shown at each curve): 10 volk¥ (
= 826), 15 vol % Kg; = 486), 25 vol % Kg, = 186), 35 vol %

tration [XCU'L] (see eq 1). Specific solvation of some polar (Ker = 84), and 50 vol % Kg: = 29). Reprinted with permission
monomers able to form hydrogen bonds with protic solvents from ref 325. Copyright 2004 American Chemical Society.
does indeed lead to a small increasekj#537 It was

demonstrated® that copper-based ATRP deactivators Present [BrCl(bpy)]® complex is presented in Figure 13.
(XCu''L,,) are relatively unstable in protic media and tend Clearly, more efficient radical deactivation and therefore

to dissociate, forming the complex i, The concentration

better polymerization control in water-rich solvents can be

of deactivator actually present in the system depends uponachieved with ATRP catalysts containing a high initial

the value of the halidophilicity of the Gicomplex,Kx, and
on the total concentrations of €aomplexes and halide ions,
according to eq 14.

F- \/F2 - 4KX2[Cu”]tot[X] tot
2Ky
(F=1+ Kx[CU”]tot + Ky[X] o) (14)

xcu'L, ] =

The value ofKx is markedly lower in protic media than
in “conventional” solvents. Typical values &f in aprotic

solvents (hydrocarbons, ethers, ketones, DMF, etc.) are o

the order of 10to 1 M 1,32 or higher, whereas in protic

solvents these values are two or more orders of magnitude

lower (10 to 16 M~1).325339 The halidophilicity of [CUi-
(bpy)]?* toward both Br and CI was studied in various

water-containing mixed solvents, and it was shown that in

all cases the values dfx decreased significantly as the
amount of water in the mixtures increased (Figure®12%0341
Thus, dissociation of the XU, complex with the
formation of CuliL, that cannot deactivate radicals is very
pronounced in protic media, particularly in water-rich

solvents. Lower deactivator concentration leads to increase
polydispersity of the polymers produced, according to eq 11.
There are three general ways to improve the control over

polymerization in protic media: (i) select ATRP catalysts
that possess high values Kf (this value should depend
upon the nature of the ligand L and the metal), (ii) employ
catalyst containing large initial amounts of deactivator (up
to 80 mol % of the total catalyst; see Figure 13), or (iii) add
extra halide salts to the system. The utility of the last two
methods has been demonstrated in several syst&its343

A plot of the dependence of the fraction of “surviving”
deactivator after the dissociation (i.e., [BrQopy)]*/
[BrCu"(bpy)] "o = [BrCu" (bpy)] */[Cu"] *1oy) in methanot
water mixtures as a function of the concentration of initially

amount of deactivator.

The effect of halide concentration on both the rates and
control in ATRP reactions was observed when €arboxyl-
ates (acetate and 2-thiophenecarboxylate) rather than bro-
mides were used as components of the dNbpy-based
catalyst®44 The polymerization of Sty was markedly faster
with the carboxylate catalysts, and the control was poorer
than with CuBr/dNbpy. The addition of CuBor CuBr
significantly improved the control. Although it was not
realized at the time when this work was published (1998),
both the addition of Cliand/or extra bromide (the source

fcould be either CuBr or CuBy could form the deactivator

that is necessary to control the polymerization. Wheh Cu
carboxylates were used alone, the only halide source was
the ATRP initiator but, due to the presence of the coordinat-
ing carboxylate anions, significant displacement of bromide
from [Cu'(dNbpy)}Br] took place.

2.2.1.2. Disproportionation of Cu-Based Activating
Complexes in Aqueous MediaAs mentioned, the ATRP
catalyst activity is mainly determined by the redox potential
and the halogenophilicity of the higher oxidation state
complex. However, other properties of 'Gimpounds are

dalso determined by the nature of the ligand. The compounds

of Cu are generally unstable in aqueous media and tend to
disproportionate (eq 15 and Scheme 5). For instance, the

[Cu
Kdisp = W

K.
cd' + cd &

cu" + c
(15)

equilibrium constant of disproportionation of the free™Cu
ion in water is as high aKgisp = 10°.3%° This value is very
sensitive to the solvent natut®.The disproportionation of
the Cu ion is significantly less pronounced in organic
solvents such as DMF (lolqisp = 4.26**%), methanol (log
Kaisp = 3.6—3.8%4734, ethanol (logkgisp = 0.56**7), DMSO
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14 . the Cu and CU complexes of TPMA3® DETA,??
- cyclam @ PMDETA 225 TETA, 225 HMTETA, 225 Meg TREN 263269 and
12 cyclam and its S-containing analogéf@s®are taken from

the literature. The Cucomplexes of PMDETA and Me

10 TREN are not suitable for aqueous ATRP due to very fast
1 disproportionation. On the other hand, ligands such as bpy,
- A ! 2
= 6 [14]aneN.S ® Y bgcause thelr Cwcomplexes are S|gn|f|ca_ntly less prone to
2 3 ® DETA disproportionate. The replacement of nitrogen with sulfur
= ] TPMA @ atoms, for example in cyclam, leads to a significant decrease
4 ® PMDETA

of the catalytic activity, accompanied by a decrease in the
ability of the Cu complex to disproportionate (see also the

discussion in section 2.1.2.2). If only one of the N atoms is
0_' low activity | replaced with S, i.e., when [14]angBlinstead of cyclam is

S s S S S B il 13!
12 10 -8 6 4 2 0 used, the rati@'/g' (related to catalytic activity) is still large

|
|
|
|
|
|
8- :TETA. Me TREN HMTETA, and TPMA can all be used in aqueous media
|
|
|
|
|

_- 14]JaneN_S — disproportionation
2[1#1aneN.S, g umTETA |~ disProp

(larger than that of TPMA), while the disproportionation in

log B"I(8")* water is very much suppressed. The use of heterodonor

Figure 14. Correlation between ATRP catalytic activity and ligands with one or two S atoms may prove a useful strategy
disproportionation ability for several Caomplexes. to stabilize the ATRP catalyst toward disproportionation and
yet preserve sufficient catalytic activity. Some of the ligands

(log Kaisp = 0.2-0.34%73%), acetone (logaisp = —1.50°9), shown in Figure 14 have not been used as components of
and MeCN (log Kgsp = —21%%33%). The value of the  Cu-based ATRP catalysts, and the future will show their

disproportionation equilibrium constant depends upon the applicability. It should be noted that the map in Figure 14
dielectric constart? of the medium but mostly on its ability  does not predict one very important feature of the ATRP

to preferentially solvate or coordinate to'Gu Cu' ions?®®  catalyst, namely the rate of radical deactivation by thé Cu
In order to lower the ability of Cuto disproportionate in  halide complex. This rate is very important in order to
aqueous media, cosolvents such as DMS@MF 3% or maintain control over the polymerization. Also, strictly
especially MeCRP® can be added to water. speaking, sincdy is responsible for the observed polym-

Addition of a ligand L able to form complexes with Cu  erization rate and control, its values may also be plotted on
and CU significantly affects the disproportionation equilib-  a separate axis to yield a three-dimensional catalyst selection
rium constant, which changes to a new vall&;s, This map.

can be defined with the total concentrations of Cu species, The first attempts to polvmerize quaternized (alkvlated
1€, fr_ee anq comple_xed _@uand Cu, and termed the DMAEMA in a co%trolleg fgshion us?ng ATRP in(aqL)J/eous)
cond!t!onal dlspr.o_port|onat|on qonstananalogous to the media were not successful. The catalyst'&lbpy) dispro-
Cond'géonal stability constants introduced by Sch_vvagzen— portionated rapidly, and precipitation of ©was observed.
bacli*® and widely employed in coordination chemisty. |5 oteworthy that this catalyst does not disproportionate
The value oK 4 is determined by the relative stabilization , 54,60us solution in the presence of neutral monomers such
of thelg\évggoséida‘g‘;'on states upon coordination according to as HEMA and DMAEMA but was unstable in the presence
eq 16:520 of charged monomers. This was most likely due to the
m polarity changes in the presence of large amounts of salt.
1+ ﬁJ!I[L]j When pyridine was used as a cosolvent in the polymeriza-
=

[Cu“]tot tions, no disproportionation took place and high monomer
K* jiop = = Kaisp conversion was reached. The control over polymerization
(et was excellents!

m
1+ Zﬁl‘l[L]J)z 2.2.1.3. Other Side Reactions of the ATRP Catalyst or
1= Initiator. Although hydrolytic loss of the halide ligand from
fora 1:1 complex:K* ,_ = the deactivator is a major side reaction in aqueous ATRP,
disp other interactions of reaction components with water or polar
1+, B monomers can also contribute to the relatively poor control
1+ AL 2 Ndisp ™ (BYAL] Kaisp (16) over the polymerizations. Such reactions includegr alia,
monomer coordination to the copper catalyst, substitution
In eq 16,Kgsp is the disproportionation in the absence of ©Of elimination reactions of the alkyl halide initiators, and
the ligand L. Equation 16 can be used to predict whether a dormant chain ends in the presence of water or monomers
ligand is suitable for the formation of a Geontaining  With nucleophilic or basic groups. It was repofi€dhat even
catalyst for ATRP in aqueous media. relatively stable copper complexes with ligands such as
Close examination of eqs 7 and 16 leads to the conclusionPYridylmethaneimine rapidly decomposed in agueous solu-
that, for ligands forming 1:1 complexes with copper ions, tion at elevated temperatures (30). Some monomers can
the activity of the catalyst is proportional /' whereas ~ Participate in side reactions during the course of the
the tendency of the Gucomplex to disproportionate in  Polymerization. An example is the methanolysis of tertiary
agueous solution (which should be minimized) depends on@mine methacrylates producing methyl methacrylate and the
the ratio"/(8").2 Thus, a “map” can be constructed (Figure Ccorresponding substituteld,N-dialkylaminoalcohol, which
14195.26933% that can be used to select a ligand for aqueous €an coordinate to copper ioffs.
ATRP that will produce a complex that is highly active, yet =~ The carbon-carbon double bond of many monomers can
stable toward disproportionation. The stability constants of serve as a coordinating group that interacts with the metal
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Figure 15. Dependence of the conditional stability constant of
CU'L complexes used as ATRP catalysts upon pH of the me&itim.
Reprinted with permission from ref 195. Copyright 2006 American
Chemical Society.

center of the ATRP catalyst. For example, the complexation
of Sty, MA, 1-octene, or MMA to Cuhas been studied in
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acidic media, especially when their stability constants even
in the absence of protonation are relatively low (e.g., the
Cu' complexes of PMDETA and HMTETA). The appropri-
ate ligand for ATRP of acidic monomers should form
complexes of Cuand CU that are both sufficiently stable

in acidic media.

In summary, when side reactions with either the metal or
the ligand component of the ATRP catalyst may take place,
the appropriate catalyst is that for which the ratio of the
conditional stability constant§™"/3"! is large (to ensure
sufficient catalytic activity), while the ratig™"/(5™")?[L] is
low (to guarantee stability toward disproportionation). Fi-
nally, to prevent the loss of halide ligand from the deactiva-
tor, halide salts may be added to the system. Clearly,
knowledge of the equilibrium constants of the side reactions
is essential for evaluation of the conditional stability of ATRP
catalysts, as exemplified above.

In many instances, copper bromide-based ATRP catalysts
perform better (in terms of final polymer polydispersity) than
the corresponding chlorides, mainly because of a larger value
of Kyeactin the former case. However, if the alkyl halide
initiator or the dormant state of the polymer is prone to

detail and the complexes have been characterized by meang icipate in nucleophilic substitution reactions (typical for

of IR and variable temperature NMR spectroscopy as well
as by X-ray crystallographsf3364In general, the coordination

is relatively weak, with association or stability constants
lower than 16. However, when the monomer contains
strongly coordinating groups (e.g., amine, amide, carboxylate
group, or pyridine moiety), which is often the case for water-
soluble or hydrophilic monomers, the halide ligand from the
Cu'-based deactivator and the ligands from both thea®d

Cu' complexes serving as ATRP mediators can be displaced.

In many cases, this leads to partial or complete loss of
catalytic activity. To prevent this reaction, ligands for the

ATRP catalysts should be selected that form very stable Cu
and CU complexes. In fact, if the stability of the compl

1-phenylethyl or polySty-like secondary alkyl halides), the
use of chloride-based initiators and catalysts is necessary.
The reason is that they$eactions that would cause “killing”

of chains are slower for the alkyl chlorides compared to the
bromides. For example, in the ATRP of 4VP in aqueous
media, a polymer with a polymodal molecular weight
distribution was obtained if a bromide-based initiator and
catalyst were used. The polymodality was the result of
reaction of the bromine-terminated poly4VP with either the
monomer or the polymer, yielding pyridinium salts and
therefore leading to branching (Scheme 6). This reaction was
suppressed when @Il was employed as the catalyst

€X  component, and a polymer of narrower and monomodal

between the metal center and the monomer is known, themolecular weight distribution was synthesiZé8iThe im-

conditional stability of the ATRP catalyst (both the low and
the high oxidation stateg;"}, with j designating the oxidation

portance of using a copper chloride-based ATRP catalyst
has also been realized in the ATRP of 4VP in organic

state) can be calculated. If a reaction between the monomergy, ants265.366

and the ligand takes place, for instance ligand protonation
by acidic monomers, the conditional stability of the ATRP

catalyst can be calculated provided that the ligand protonation
constants are known. As a rule, the complexes of very basic

ligands are rather sensitive to the pH of the medium, although
in the case when the ligand forms kinetically stable copper
complexes, the complex protonation can become negligible.
Equation 17 gives the dependence of the conditional stability
constanf3*1 of a complex as a function of acid concentration.

Y ﬂj
ﬁ =1
o
H71, HT [H'] ‘)
a =1+ + + ...+
- Ka,r Ka,rKa,rfl Ka,rKa,rfl"'Ka,

17)

In the above equatiorK, s, ..., Ky are the acidity constants

of the protonated ligand. Figure 15 is a graphical representa-

tion of eq 17 for Cli complexes of ligands for which the
protonation constants and the formation constants df Cu
complexes are known: PMDET&> HMTETA,?%® Mes-
TREN 58 cyclam?%® Me,Cyclam?58 and TPMAZ8 As seen,

the complexes of basic ligands are much destabilized in

At the end of this section, it should be mentioned that the
other important CRP techniques have also been successfully
conducted in aqueous media. In fact, the very first work on
aqueous CRP was the NMP of NaSS in water mediated by
TEMPO?3%7 Since this pioneering work, many reports on
NMP in agueous or protic media have been publiséd.
RAFT polymerizations are also frequently conducted in
aqueous medig? 370

2.2.2. Carbon Dioxide

Along with water, supercritical carbon dioxide (sc§@
the most environmentally friendly solvent. A multitude of
chemical transformations have been successfully carried out
in scCQ, including polymerizationg’t-372 Most polymers
are not soluble in this medium, but polymerization reactions
can be conducted efficiently in it, provided that suitable
surfactant&*376 (with a CQ-philic segment and a segment
miscible with the polymer) are used to prevent flocculation.
The removal of the solvent leads to a freely flowing polymer
powder.

ATRP can be performed in scGCbut a special catalyst
with sufficient solubility in the reaction medium has to be
used. For the purpose, a partially fluorinated analogue of
dNbpy, namely the compound with 4,4,5,5,6,6,7,7,8,8,9,9,9-
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Scheme 6. Reaction of Bromide-Terminated Poly4VP with Pyridine Units of 4VP and/or Poly4VP Leading to Formation of
Branched Structures (Reprinted with permission from ref 214. Copyright 2006 American Chemical Society.)
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tridecafluorononyl groups, was employed as the ligéid.
Well-defined acrylates and methacrylates with fluorinated
alkyl groups were thus prepared in scDhese were further
chain extended with either MMA or DMAEMA. Following

ization, bulk ATRP is easier to control, since the Trommsdorf
(or gel) effect does not occur in ATRP. In conventional
radical processes, the Trommsdorf effect (a result of marked
reduction of the termination rate coefficients at high conver-

this first report, several works have appeared demonstratingsion) leads to significant polymerization rate acceleration,

the facility of scCQ as a reaction medium for ATR® 381
The enzymatic ring-opening polymerizationeeéaprolactone
initiated by 2-hydroxyethyl 2bromoisobutyrate was also

accompanied by heat evolution, that may lead to an explo-
sion. The heat evolved promotes the faster descomposition
of the radical initiator, and this further accelerates the

successfully conducted in scg@ffording a polyé-capro- polymerization because the rate of the process depends upon
lactone)-based ATRP macroinitiator. Subsequently, a semi-the ratio of the rates of initiation and termination. In ATRP,
fluorinated monomer, 1H,1H,2H,1H-perfluorooctyl meth- the concentration of radicals does not depend on the rates
acrylate, was added to the same reactor, and a blockof initiation and termination but on the rates of activation

copolymer was synthesizé&#f.

and deactivation, which are much less affected by the higher

Other CRP procedures have also been successfully conviscosity of the medium reached at high monomer conver-

ducted in scCqQ including RAFT™ and NMP383 The
catalytic chain transfer polymerization of MMA mediated
by Cd'/porphyrin complexes in scGOhas also been
reported®

2.2.3. lonic Liquids and Other Solvents of Low Volatility

lonic liquids have attracted significant attention as “green”
solvents mainly due to their very low volatility. They have
been successfully used in polymer synthé%is’®” and it
was reporte##® that radical polymerizations are enhanced
as compared to those carried out in more conventional
reaction media. MMA was polymerized in a controlled
fashion using 1-butyl-3-methylimidazolium hexafluorophos-
phate by both normally initiaté& and revers€° ATRP. The

sion. Thus, many bulk ATRP reactions are well controlled
up to high conversio@?’

3. “Green” Polymeric Materials by ATRP

This section presents some examples of materials prepared
by ATRP that have a positive environmental impact. They
include various block and graft copolymers, branched and
cross-linked structures, as well as hybrid materials.

3.1. Self-Plasticized Polymers

Poly(vinyl chloride) (PVC) is brittle, which, in addition
to thermal instability, limits the application of the pure
homopolymer. However, PVC can be effectively plasticized
using various low molecular weight plasticizers such as

catalyst was easily separated from the product and could begjisooctyl phtalate, tritolyl phosphate, and epoxidized 8ils.

reused®® Acrylates were also polymerized successfully in
ionic liquids 2 and the preparation of block copolymers was
reported as wefi®? ATRP of acrylates was carried out in
chiral ionic liquids, and it was shown that the chirality of
the medium affected, although not significantly, the tacticity
of the produced polyme#83 Both copper- and iron-mediated
ATRP could be conducted in ionic liquids; in the latter case,
no extra ligands were needed to achieve controlled poly-
merizations®*

The polymers of ethylene oxide (often referred to as PEG)
of low or intermediate molecular weight are nontoxic liquids
of very low volatility, which makes them very suitable as
“green” reaction medi&® The ATRP of MMA and Sty in
PEG of molecular weight 400 g/mol as the nonvolatile
solvent was well controlled; moreover, after precipitation of
the polymers in ethanol, the amount of residual Cu from the
catalyst was very low?

2.2.4. Bulk Polymerizations

ATRP is often carried out in bulk, without any organic
solvent. In comparison with conventional radical polymer-

These compounds can readily migrate and leach out of the
product, resulting in both worsening of the material properties
and contamination of the environment. Using ATRP, a
rubbery polymer such as polyBA that can serve as a
plasticizer can be directly grafted from PVC chains, yielding
a “self-plasticized” material in which leaching of the
plasticizer is essentally eliminated. The alkyl chloride groups
in PVC are expected to be poor ATRP initiators, and in order
to increase the initiating efficiency in the “grafting-from”
process, copolymers of vinyl chloride with vinyl chloroac-
etate (witha-chloroesters being better initiators than chlo-
roalkanes) were prepared. A small amount (ca. 1 mol %) of
vinyl chloroacetate was copolymerized with vinyl chloride,
and the copolymers served as macroinitiators in the ATRP
of BA (Scheme 7) and other monomers. Spectroscopic,
chromatographic, and thermal analysis of the product dem-
onstrated efficient grafting of the rubbery polymer from the
PVC chains, the lack of macroscopic phase separation, and
the gradual decrease ©f from 83 to—19 °C as the amount

of incorporated polyBA in the material increased from 0 to
65 mol %3%
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Scheme 7. Preparation of Self-Plasticized PVC by Grafting PolyBA from the Polymer Chains Using ATRP
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Scheme 8. Radical Ring-Opening of BMDO with Formation of an Ester Structure (top) and Copolymerization of nBA with
BMDO under ATRP Conditions Yielding a Copolymer with a Hydrolytically Degradable Ester Functionality (bottom)
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Commercially available PVC always contains structural degradable units was proved by means'téfNMR spec-
defects such as allyl chloride- and tertiary alkyl chloride- troscopy as well as by SEC studies of the alcoholysis
type groups that can serve as ATRP initiating sites. It was products.
demonstrated that indeed PVC by itself can serve as
macroinitiator in the ATRP of styrenes, (meth)acrylates, and 3.2.2. (Bio)degradable Polymers with Disulfide Groups
(meth)acrylonitrile?®®4°Thus, it was shown that there was
no need to copolymerize vinyl chloride monomer with vinyl
chloroacetate in order to carry out a grafting-from process
and prepare self-plasticized PVC.

The polymers prepared by ATRP are halogen-capped,
which allows for further functionalization reactioPfsThe
use of functional alkyl halide initiators has been successfully
applied to the preparation of various telechelic mateffals.

Disulfide is an example of a degradable group that can be

3.2. Degradable Polymers cleaved reversibly upon reduction to yield a mixture of the

(Bio)degradable polymers are of significant interest in soil corresponding thiols. Thiot8? phosphined!®>4®metal hy-
treatment, tissue engineering, and drug delivery, which hasdrides, and various metal/acid combinations are often
stimulated the development of novel methods for their employed as reducing agents. The thidisulfide intercon-
synthesig®4% Cleavable links such as ester, amide, etc. version is widely utilized in nature, e.g., in the regulation of
can be generated in the backbone during polymerization,enzyme activity, in protein structure stabilization, and in
which is typical for polymers prepared by polycondensation various metabolic redox procesdés*'8Polymers containing
or ring-opening processé¥.Radical polymerization, which  disulfide or polysulfide groups have attracted significant
has wide application in industry, can also be used to interest!!® and various procedures for their synthesis have
synthesize degradable polymers. The incorporation of the been describetf®4?'The disulfide group can be introduced
cleavable functional group can be achieved by the use ofin a polymer by using an appropriate sulfur-containing

functional monomers or initiators. initiator or monomer. The preparation of polymeric materials
, o ] with internal disulfide bonds such as linear polyStyor

3.2.1. Introducing Degradable Functionalities by Radical polymethacrylate®425 (including the biocompatibfé® poly-

Ring-Opening Polymerization HEMA*“2"), polymer gelg?®> miktoarm star copolymer&8and

Radical ring-opening polymerizatio&4%° are quite hyperbranched structurg$**by ATRP was demonstrated.
promising in the preparation of degradable polymers. For The reductive cleavage of molecules containing a disulfide
example, hydrolytically or photodegradableketoester units  link to two thiols is reversible, and it was shoffthat the
can be introduced in the polymer backbone by a ring-opening thiol-terminated polySty obtained from the corresponding
polymerization of cyclic ester or anhydride monomers with disulfide upon reduction with dithiothreitol (DTT, Cleland’s
an exocyclic double bond, such as 5-methylene-2-phenyl- reagert®:4% could be quantitatively converted to the starting
1,3-dioxolan-4-oné° The radical homopolymerization of ~material via oxidation with FCl; (Figure 16).

a similar cyclic monomer, 5,6-benzo-2-methylene-1,3-diox-  The disulfide-cross-linked gels prepared by ATRP retained
epane (BMDOY ! which was successfully carried out under their halogen end groups after the cross-linking and washing,
ATRP conditions'!? affords a linear polyester (top of Scheme which was demonstrated by their successful use as “super-
8). The atom transfer copolymerization of BMDO with BA macroinitiators” in a subsequent chain extension with a
(bottom of Scheme 8) proved an efficient way to prepare second monomer (Scheme 9). The degradation products of
hydrolytically degradable polymers which contained, at least the starting gels (polyMMA-based) and of gels with grafted
up to moderate conversions, mostly isolated polyester unitspolySty polymer chains derived therefrom were analyzed by
derived from BMDO?*® The random incorporation of the 2D-GPC. It was shown that, in the latter case, the degradation
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Figure 16. Reversible redox cleavage/coupling of polySty with an internal disulfide link prepared by ATRP. Modified from ref 422.
Copyright 2002 American Chemical Society.

Scheme 9. Synthesis of PolyMMA-Based Disulfide-Cross-linked Gels by ATRP, and Their Chemical Modification Using a
Chain Extension Reaction with a Second Monomer (Sty)
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aThe degradation products of the two getee homopolymer from the “supemacroinitiator” and the block copolymer from the modifiegagelalso
presented.) Reprinted with permission from ref 425. Copyright 2005 American Chemical Society.)

products consisted of the block copolymer polyMMA-b- be carried out at conditions mimicking the biological en-
polySty and no homopolymer of MMA could be detectétl.  vironment (say, aqueous medium, physiological pH and tem-
The high degree of halogen end-functionalization of the perature, etc.) and to use the same reagents that living cells
cross-linked structures prepared by ATRP could be very would use in the degradation. Along these lines, Armes et
useful in biomedical applications, for it would allow the g proved that a disulfide-containing block copolymer, poly-

attachment of various functional groups to the degradable NIPAAm—b—pOIyMPC-S—pOIyMPC—b—pOIyNIPAAm (MPC
gels. For this purpose, use can be made of simple nucleo-

philic substitution reactions. The ATRP of MMA in the d e2 rr:;;hicer‘)rlll(;ylo?cl)et:ﬁgzpsnehosrynlch; Il;n(()al)c; c_g;:dr ee : S(I:I):]
presence of a disulfide-containing cross-linker in a mini- g ! queous ium using a biolog! ucing
emulsion yielded a stable cross-linked polymer latex and _agent, namely the tripeptide glutathidHeSince ponI\_II_PAAm
halogen-functionalized particles that degrade in a reducing 'S nydrophobic above 37C but becomes hydrophilic below
environment?’ It was also demonstrat&d that degradable this temperature, the triblock copolymer with disulfide groups
nanometer-sized gel particles derived from biocompatible could serve as a biodegradable gelator. The highly branched
polymers such as polyOEGMEMA could be prepared by polyHEMA with disulfide links mentioned above was also
ATRP in an inverse miniemulsiofi® Hyperbranched poly-  successfully degraded in the presence of glutathtéhe.

mers with disulfide groups derived from 2-hydroxypropyl

methacrylate could also be prepared using the same disulfide3 2.3 Coupling of Polymer Chains Prepared by ATRP as

monomer as the one shown in Scheme 9, bis(2-methacry-a Means To Introduce Multiple Degradable Functionalities
loyloxyethyl)disulfide ((MAOE)S;), provided that the dis-  j, 4 Polymer Backbone

ulfide was used at low concentration (on average, less than

one branching disulfide unit per polymer chain), in order to : :
avoid formation of a macroscopic g8 In analogous Another approach to introduce degradable groups in

fashion, highly branched polyHEMA was prepared by the polymers prepared by ATRP is to use difunctional initiators
atom trémsfer copolymerization of HEMA and (MAOS) that contain the degradable functionality (for example, an
in methanol using the disulfide-containing difunctional €Ster or anhydride group) and to combine the prepared well-
2-bromoisobutyrate initiator shown in Scheme 9 o\2-(  defined polymer chains in a step-growth-type process such
morpholino)ethyl 2-bromoisobutyrafé as atom transfer radical couplit¥*® or click couplings8

To prove that a degradable polymer is also biodegradable,(Scheme 10). This yields polymers with many cleavable
it is essential to show that the degradation experiment canlinks.
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Scheme 10. Coupling Reactions That Can Be Used to Prepare High Molecular Weight Polymers with Internal Degradable
Groups (G) (The curved line represents a spacer.)
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Scheme 11. Synthesis of Degradable Graft Copolymers (Polymer Brushes) with a Polyphosphate Backkéfe
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3.2.4. Polymer Brushes with Degradable Backbones were used as multifunctional initiators in the ATRP of MMA

to prepare polymer brushes (Scheme “42)Although the
Graft copolymers with a (bio)degradable backbone (typi- hydrolytic degradation of the backbone was not demon-
cally, polyester-type) have also been prepared by ATRP usingstrated, it most likely can be easily accomplished.

“grafting from” techniques. The ring-opening copolymeri-  nany synthetie-natural polymer bioconjugates have been
zation of ethylene-bridged cyclic phosphates containing & synthesized by ATRP. An example is graft copolymers in
2-bromoisobutyrate moiety, promoted bBusAl, yielded which the backbone is a natural polymer, such as a
linear polyphosphate esters (Scheme 11) that were f“rtherpolysacchande and the grafts are derived from a vinyl

useg. n cslzaaglr}r(]axtensflog re"’.‘Ct'OPShW'th MhPC. ur:jder lATRP monomer. These materials are hydrolytically degradable due
conditions. e graft density of the synthesized polymer ., y,q presence of labile glycoside bonds in the backbone.

brushes was conirolled b_y adjusting th? ratio Of the cycl_ic To accomplish the ATRP of the vinyl monomer, the hydroxy
rper?cst?c;at;%otrr?gn?;?telgsnIrlrfrﬁa];eggn?rlglllgg Lheurs'?ng'(\)/g?ig'gsggroups in the polysaccharide are converted to a 2-haloacid
' 1€ g 9 d oy gV ester, affording a macroinitiator. Examples of polysaccharides
MPC-to-macroinitiator ratios. The hydrolytic degradation of modified with synthetic polymer side chains include
the _backbones was stud_|ed in bl_Jffered solutions and WaS 1 iosdd2-444 of ethylcellulose#5 chitosan/#4446-448 -
particularly fast m_alkallne media (pH 11). Dgg_radable lulan®® and cross-linked dextrél?? (see Sch’eme 13 for an
polymer brushes with polyMPC grafts and containing cho- example). The pullulanpolyHEMA graft copolymer con-
lesteryl groups in the backbone were prepared in a similar . jugates obtained at different HEMA conversions were

(r:r;?cr)\trcl)()e(ri(:ittgtetog)ﬁg(rjn(\e/r?sgvgglrlzfghown o possess virtually no, degraded in the presence of trifluoroacetic acid (at conditions
at which polyHEMA itself was shown to be stable), and it
The polycondensation reactions between 1,4-butanediolwas shown that the molecular weights of the yielded free
and 2-bromoadipic or 2-bromosuccinic acid in the presence polyHEMA were in agreement with the theoretically pre-
of Sc"(OTf); yielded bromine-containing polyesters that dicted ones and that the PDI values were fé%.
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Scheme 12. Synthesis of Degradable Polymer Brushes with a Polyester Backbthe
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Scheme 13. Synthesis of a Polysaccharide (Pullulanpynthetic Polymer Bioconjugate by ATRP
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3.3. Miscellaneous “Green” Materials Prepared by emulsions, demonstrating that DNAPLs dispersed in water
ATRP could indeed be targeted.
3.3.1. Materials for Water Purification 3.3.2. Solventless Coatings

Purification of groundwater from dense nonaqueous phase ATRP, as well as the other CRP methods, is very useful
liguids (DNAPLs; mostly dense halogenated compounds) is in the coatings industr§?® Solventless coatings have attracted
a major challenge since the organic contaminant can oftensignificant attention as the industry moves toward systems
be present on the bottom of underground water sources,in which the amount of organic solvents is reduced.
where it slowly dissolves and is released into the water over Moreover, such coatings are desirable for applications where
an extremely long period of time. It has been shown that a short curing time is needed, for instance in automotive
various active metallic nanoparticles can react with chlori- coatings. For such applications, the replacement of organic
nated liquids and reduce them to significantly less toxic solvents with water is inefficient due to the latter’'s low
compound$>+454 [ron nanoparticles are very useful, but to volatility. Powder coatings prepared by conventional radical
be effective in groundwater treatment they need to be polymerization are useful, but their broad molecular weight
dispersable in water at a broad pH range and in the presencalistribution causes nonuniform melting behavior. In addition,
of various electrolytes, transportable through a water- conventional radical polymerization does not allow good
saturated porous matrix (soil), and to have an affinity for control over the architecture and functionality, which affect
the water-DNAPL interface. The particles should also be both the rheology and reactivity of the powder coatings
stable toward oxidation. A triblock copolymer, MAADb- prepared by this technique. Uniform reactivity in a coating
MMA 2¢-b-NaSSQg,, was showff® to be a very efficient material would guarantee that after curing all polymer chains
surfactant for Fg)4-coated iron nanoparticles. The polyMAA  are part of the same uniform material and that the amount
block served to anchor the polymer to the magnetite shell, of free polymer that may leach out over prolonged time
the hydrophobic polyMMA segment provided affinity of the periods is minimized. ATRP is very well suited for the
particles toward DNAPL and protected the particles from fabrication of coatings, since, in addition to the control over
oxidation, and, finally, the charged (sulfonate) block served molecular weight, it allows a control over chain end or
to prevent particle aggregation and to increase the particles’backbone functional groups. Both functional initiators and
affinity for water. The copolymer-coated particles, unlike the reactions of the alkyl halide chain ends can be used to prepare
unmodified particles, were able to stabilize oil-in-water a variety of functional polymeric materials by ATRPThe
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homo- or heterotelechelic polymers that are easily synthe-various sorption and extraction techniques, the use of
sized by ATRP can yield cured materials upon reaction with supported catalysts, and catalysts with solubility that is
a multifunctional curing agent. influenced by the temperature. These methods have proved

Functional hyperbranched polym&%*8 can also be efficient in laboratory-scale syntheses, but they are difficult
useful as components for coatings. Due to the compactnesgo apply in industry. Thus, active ATRP catalysts were
of their molecules, they have a significantly lower viscosity developed that can be used at low concentration and/or at
than their linear counterparts of the same molecular weight ambient temperatures while the polymerization rates are still
and are therefore easier to process. There are severatufficiently high. It is shown that the activity of the ATRP
approaches to their synthesis, but a very appealing andcatalysts can be correlated to the relative stability constants
applicable chain-growth polymerization method is the so- of the higher and lower oxidation state metal complexes and
termedself-condensinginyl polymerization(SCVP)#>° The to the affinity of the higher oxidation state metal complex
method uses compounds containing both a polymerizablefor halide ions (termed halidophilicity). In order to decrease
group (such as styrene or a (meth)acrylate moiety) and athe catalyst concentration to ppm values while maintaining
group able to initiate poly-  satisfactory reaction rates, the activating (lower oxidation
merization. Such compounds are often namieaners state) complex has to be constantly regenerated by the use
(initiator and monomer). The successful ATRP of several of various reducing agents, including the FDA approveti Sn
inimers has been reporté@+% Some of the prepared compounds or ascorbic acid. Various novel initiation/catalysis
hyperbranched polymers contained a variety of polar func- techniques, collectively termed ERA (excess reducing agent)
tional groups such as carboxyldféhydroxyl 68 substituted =~ ATRP were developed that provide excellent polymerization
amine?%° or disulfide#3° and they can be particularly useful control in reactions mediated by ppm amounts of Cu-based
for coatings applications. Other CRP techniques employing catalyst.

inimers have also been us&@.*"> Another useful approach ATRP can be successfully carried out in environmentally
to branched polymers is the copolymerization of monomers friendly reaction media such as water, supercritical carbon
containing one double bond with a cross-linking agent (a gjioxide, and ionic liquids. The copper-based ATRP catalyst
divinyl compound, dimethacrylate, etc.) wherein the latter c3n pe deactivated in protic solvents via dissociation,
is used at low concentration in order to prevent the formation complexation with the solvent and/or polar monomers, or
of a gel*">*""This route has also been successfully combined gisproportionation. The addition of halide salts can largely
with CRP7#"#% including ATRP2%#%1to prepare hyper-  gyppress the dissociation of the ATRP deactivator. Alterna-
branched polymers with a high degree of functionalization. tively, a large amount of deactivator (Caomplex) has to
The branched copolymers prepared by ATRP have the pe added initially to the reaction mixture in order to achieve
important advantage of possessing an alkyl halide end group, well-controlled process. The addition of complex-forming
that can be transformed into another functionality useful for agents or cosolvents that stabilize the &ate of the catalyst
curing. ] ) , relative to Cll can suppress disproportionation. All side
Similarly, multifunctional materials can be prepared by reactions have been quantitatively described, which makes
using functional macroinitiators and cross-linkers leading to possible to predict the reaction conditions leading to
starlike polymers® This approach results in stars containing  optimal results in the controlled radical polymerization of a

functional groups derived from the end-group of the mac- ariety of water soluble monomers in water-based or protic
roinitiator. In addition, the core of such stars contains ggjyents.

potentially active groups, namely alkyl halides, that can be
used in chain extension with a second monomer to yield
miktoarm star copolymers, in a process dubbied—out”
synthesig?8483484 The halide end group can be further
replaced by another functional group that makes the stal
polymers attractive materials for coating applications.

3.3.3. Nonionic Polymeric Surfactants

One important advantage of polymeric surfactants com-
pared to their low molecular weight analogues is the very 5 Abbreviations
low critical micelle concentratiof#® This means that the
micelles formed from block copolymers do not dissociate -

Finally, the power of ATRP as a synthetic technique
providing some advanced materials with a positive environ-
mental impact is demonstrated. The examples include self-

rplasticized poly(vinyl chloride), (bio)degradable polymers,
materials useful as solventless coatings or for the deactivation
of dense nonaqueous phase (mostly chlorinated) liquids, as
well as nonionic surfactants.

alpha coefficient accounting for side reactions of

readily into unimers upon dilution, which makes them useful

as stable “containers” in drug delive#32. Nonionic surfac- i
tants have a significantly lower toxicity than their ionic
counterparts (especially cationic surfactants), and they haveageT
attracted attentioff® ATRP is exceptionally useful in the  AIBN
preparation of block copolymers, including diblock copoly- ARGET
mers with one hydrophilic and one hydrophobic segment, ATRA
which can be employed as surfactants, for example in ATRC
emulsion polymerizatiof®” Numerous examples of surfac- ATRP
tant block copolymers synthesized by ATRP are presented BA

in a detailed review! EEADO
1 BPMOA
4. Conclusions BPMOA

All the major environmental aspects of ATRP are reviewed BPMPrA
in this paper. The methods for catalyst removal include BPN

a ligand L
stability (formation) constant of a complex of a
metal ion in oxidation statez containing j
coordinated ligands
activators generated by electron transfer
azobisisobutyronitile
activators regenerated by electron transfer
atom transfer radical addition
atom transfer radical coupling
atom transfer radical polymerization
n-butyl acrylate
5,6-benzo-2-methylene-1,3-dioxepane
benzyl
bis(2-pyridylmethyl)octylamine
bis(2-pyridylmethyl)octadecylamine
bis(2-pyridylmethyl)propylamine
2-bromopropionitrile
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bpy

CCT
CRP

Ccv
cyclam
DBU
DETA
2D-GPC
dNbpy
DMAEMA
DMCBCy

DMF
DNAPL

DP

DP,

DTT

EO

EBiB

EBP

ERA ATRP

ESR
EtOH

F

GC
Glim-R
HEM
HMTETA

ICAR
Kaj
Kact
KaTrp
Kgh
kdeact
Kdisp
Kea
Ker

ko
Kx (X =Br,Cl)

L

LCST

M

Mn

My,

MA

MAA
(MAOE),S,
MCA

MBP

MCP
MeCN
Me,CO
Meycyclam
MeOH
MePEOMA
MesTREN
MMA

MPC
MWD
NaSS
NIPAAM
NMP

NMR
OEGMEMA
Ph
1,10-phen
1-PhEtBr
1-PhEtCI

2,2-bipyridine

catalytic chain transfer

controlled/living radical polymerization

cyclic voltammetry

1,4,8,11-tetraazacyclotetradecane

1,8-diazabicyclo[5,4,0]undec-7-ene

diethylenetriamine

two-dimensional gel permeation chromatography

di(5-nonyl)-2,2bipyridine

2-(N,N-dimethylamino)ethyl methacrylate

dimethylated 1,8-ethylene cross-bridged 1,4,8,11-
tetraazacyclotetradecane

dimethylformamide

dense nonaqueous phase liquid

degree of polymerization

number average degree of polymerization

dithiothreitol (Cleland’s reagent)

standard electrode potential

ethyl 2-bromoisobutyrate

ethyl 2-bromopropionate

ATRP with excess (with respect to catalyst)
reducing agent

electron spin resonance

ethanol

Faraday constant (96,500 ¢ m¥)|

gas chromatography

substituted (R) glyoxal diimine

2-hydroxyethyl methacrylate

N,N,N',N"",N""",N'"""-hexamethyltriethylenetetra-
mine

initiators for continuous activator regeneration

j-th acidity constant of a polyprotic acid

activation rate constant

ATRP equilibrium constant

equilibrium constant of bond homolysis

deactivation rate constant

disproportionation equilibrium constant

electron affinity equilibrium constant

equilibrium constant of electron transfer

propagation rate constant

halogenophilicity (bromo- or chlorophilicity) equi-
librium constant

ligand

lower critical solution temperature

monomer

number average molecular weight

weight average molecular weight

methyl acrylate

methacrylic acid

bis(2-methacryloyloxy)ethyl disulfide

methyl chloroacetate

methyl 2-bromopropionate

methyl 2-chloropropionate

acetonitrile

acetone

tetramethylated 1,4,8,11-tetraazacyclotetradecane

methanol

poly(ethylene oxide) methyl ether methacrylate
hexamethylated tris(2-aminoethyl)amine
methyl methacrylate

2-methacryloyloxyethyl phosphorylcholine
molecular weight distribution

sodium 4-styrenesulfonate
N-isopropylacrylamide

nitroxide-mediated polymerization

nuclear magnetic resonance

oligo(ethylene glycol) methyl ether methacrylate
phenyl group

1,10-phenanthroline

1-phenylethyl bromide

1-phenylethyl chloride

Tsarevsky and Matyjaszewski

PMDETA N,N,N',N"",N""-pentamethyldiethylenetriamine
PDI polydispersity indexNl,/M;)

ppm parts per million

PTFE polytetrafluoroethylene

PVC poly(vinyl chloride)

Pylm-R substituted (R) pyridinecarbaldehydeimine

R universal gas constant (8.314 J mioK 1)

Ro rate of polymerization

RAFT reversible additionfragmentation chain transfer
polymerization

scCQ supercritical carbon dioxide

SCVP self-condensing vinyl polymerization

SEC size exclusion chromatography

SFRP stable free radical polymerization

SR&NI ATRP simultaneous reverse and normally initiated ATRP

Sty styrene

T temperature (in Kelvin)

tBu tertiary butyl group

TEMPO 2,2,6,6,-tetramethyl-1-pyperidinyloxy

TETA triethylenetetramine

Ty glass transition temperature

THF tetrahydrofuran

TPEDA tetrakis(2-pyridylmethyl)ethylenediamine

TPMA tris(2-pyridylmethyl)amine

TREN tris(2-aminoethyl)amine

4VP 4-vinylpyridine
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