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POLYMERIZATION PROCESSES FOR IONIC 
MONOMERS 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application is divisional application of US. 
patent application Ser. No. 09/972,260 ?led on Oct. 5, 2001 
Which claims priority from US. Application Serial No. 
60/238,809 ?led on Oct. 6, 2000. 

FIELD OF INVENTION 

[0002] The invention is directed toWards controlled poly 
meriZation processes for monomers bearing ionic substitu 
ents and for preparation of block copolymers, including 
Water soluble block copolymers. More speci?cally, the 
invention is directed toWards extending and improving the 
utility of controlled or living radical (co)polymeriZation 
processes by disclosing the parameters and requirements for 
the controlled polymeriZation of radically (co)polymeriZable 
monomers from initiators bearing additional functionality 
and provides for the direct production of polymers bearing 
ionic substituents by the direct (co)polymeriZation of mono 
mers comprising ionic substituents, particularly in the pres 
ence of Water. 

BACKGROUND OF THE INVENTION 

[0003] There is a continuing effort in polymer chemistry to 
develop neW polymeriZation processes and neW polymers. A 
relatively recent development in polymer chemistry has 
been the development of controlled or living polymeriZation 
processes. A controlled or living polymeriZation process is 
one in Which chain transfer and termination reaction are 
essentially nonexistent relative to the polymer propagation 
reaction. These developments have led to the production of 
polymers that exhibit macro functionality and to the devel 
opment of functional polymers that possess speci?c chemi 
cal reactivity. The neW polymers extend the level of control 
available to materials engineers in processing polymers and 
using polymers as building blocks in, or components for, 
subsequent material forming reactions, such as copolymer 
iZations, chain extensions and crosslinking reactions, and 
interaction With substrates, including dispersed solids. 

[0004] A signi?cant economic hurdle Which continually 
needs to be overcome in this effort is to provide the bene?ts 
of controlled polymeriZation from available loW cost mono 
mers in available commercial process equipment. These 
long term objectives have provided the backdrop, or driving 
force, for the continuing advances in controlled polymer 
iZation of radically (co)polymeriZable monomers, disclosed 
in earlier patent applications, and provide the incentive to 
extend, simplify and make more robust the process knoWn 
as atom transfer radical polymeriZation (ATRP). 

[0005] The recently developed ATRP process and poly 
mers developed from the classic ATRP reaction are 
described in US. patent application Ser. No. 09/018,554 and 
09/534,827, the entire contents of Which are hereby incor 
porated herein by reference. Methods for exercising control 
over many parameters in a catalytic process for the con 
trolled polymeriZation of a Wide range of free radically 
(co)polymeriZable monomers have been described in pub 
lications authored or co-authored by KrZysZtof MatyjasZe 
Wski and others. See for example, Wang, J. S. and Maty 
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jasZeWsk, K., J. Am. Chem. Soc., vol. 117, p.5614 (1995); 
Wang, J. S. and Matyj asZeWsk, K., Macromolecules, vol. 28, 
p. 7901 (1995); K. MatyjasZeWski et al., Science, vol. 272, 
p.866 (1996); K. Matyj asZeWski et al., “Zerovalent Metals in 
Controlled/“living” Radical Polymerization,” Macromol 
ecules, vol. 30, pp. 7348-7350 (1997); J. Xia and K. Maty 
jasZeWski, “Controlled/“Living” Radical Polymerization. 
Homogenous Reverse Atom Transfer Radical PolymeriZa 
tion Using AIBN as the Initiator,”Macr0m0lecules, vol. 30, 
pp. 7692-7696 (1997); US. patent application Ser. No. 
09/126,768, the entire contents of Which are hereby incor 
porated by reference; US. Pat. Nos. 5,807,937, 5,789,487, 
5,910,549, 5,763,548, 5,789,489, 5,945,491, 6,111,022, 
6,121,371, 6,124,411 and 6,162,882, and US. patent appli 
cation Ser. Nos. 09/034,187, 09/018,554, 09/431,871, 
09/359,359, 09/359,591, 09/369,157, 09/126,768, and 
09/534,827, the entire contents of each are hereby incorpo 
rated herein by reference. The subtle interactions betWeen 
the parameters have been further explored and implemen 
tation of the teachings disclosed in these publications has 
alloWed the preparation of many inherently useful novel 
materials displaying control over functionality and topology, 
and production of novel tele-functional building blocks for 
further material forming reactions, resulting from applica 
tion of the site speci?c functional and topological control 
attainable through this robust controlled polymeriZation 
process for free radically (co)polymeriZable monomers. 

[0006] The system or process employed to gain control 
over the polymeriZation of free radically (co)polymeriZable 
monomers has been described in earlier applications as 
comprising the use of four components: an initiator 
molecule; (ii) a transition metal compound having (iii) an 
added or associated counterion and the transition metal 
compound complexed With (iv) a ligand(s). The initiator 
molecule, or polymeriZation originator molecule may be any 
molecule comprising one or more radically transferable 
atom(s) or group(s) capable of participating in a reversible 
redox reaction With the transition metal compound. The 
transition metal compound may include an added or asso 
ciated counterion and comprise a transition metal salt. So 
that all reactive oxidation states are soluble to some extent 
in the reaction medium, the transition metal may be com 
plexed With the ligand(s). The components of the system 
may be optimiZed to provide more precise control for the 
(co)polymeriZation of the free radically polymeriZable 
monomers. See US. Pat. No. 5,763,548, the entire contents 
of Which are hereby incorporated herein by reference. 

[0007] In an embodiment knoWn as “reverse” ATRP, the 
initiator molecule described above can be formed in-situ by 
reaction of a free radical With the redox conjugate of the 
transition metal compound. Other components of the poly 
meriZation system such as the choice of the radically trans 
ferable atom or group, counterion initially present on the 
transition metal, and optional solvent may in?uence the 
process. US. Pat. No. 5,807,937 provides as an example of 
a single molecule containing a combination of functions, a 
complex in Which the counterion and ligand components are 
in one molecule. The role of a deactivator, the “persistent 
radical,” or for AT RP, the transition metal redox conjugate, 
is also described in US. Pat. No. 5,807,937. 

[0008] While not to be limited to the folloWing descrip 
tion, the theory behind ATRP disclosed in the previous Work 
is that polymeriZation proceeds essentially by cleavage (and 
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preferably essentially homolytic cleavage) of the radically 
transferable atom or group from the initiator molecule or, 
during the polymeriZation process the dormant polymer 
chain end, by a reversible redox reaction With a complexed 
transition metal catalyst, Without any strong carbon-transi 
tion (C-Mt) bond formation betWeen the active groWing 
polymer chain end and the transition metal complex. Within 
this theory as the transition metal complex, in a loWer active 
oxidation state, or in its activator state, activates the initiator 
or dormant polymer chain end by homolytically removing 
the radically transferable atom or group from the initiating 
molecule, or groWing polymer chain end, in a reversible 
redox reaction, an active species is formed that alloWs other 
chemistry, essentially free radical based chemistry to be 
conducted. The transition metal complex in the higher 
oxidation state, the redox conjugate state or deactivator 
state, transfers a radically transferable atom or group to the 
active initiator molecule or groWing chain end, thereby 
reforming the loWer oxidation state transition metal com 
plex. When free radical based chemistry occurs, a neW 
molecule comprising a radically transferable atom or group 
is also formed. In prior publications, the catalytically active 
transition metal compound, Which can be formed in situ or 
added as a preformed complex, has been described as 
containing a range of counterions. The counterion(s) may be 
the same as the radically transferable atom or group present 
on the initiator, for example a halide such as chlorine or 
bromine, or may be different radically transferable atoms or 
groups. An example of the latter counterion is a chloride 
counterion on the transition metal compound When the 
initiator ?rst contains a bromine. Such a combination alloWs 
for ef?cient initiation of the polymeriZation folloWed by a 
controlled rate of polymeriZation, and has additionally been 
shoWn to be useful in certain crossover reactions, from one 
set of (co)monomers to a second set of (co)monomers, 
alloWing ef?cient formation of block copolymers. 

[0009] For the present purposes “polymers” include 
homopolymers and copolymers (unless the speci?c context 
indicates otherWise), Which may be block, random, statisti 
cal periodic, gradient star, graft, comb, (hyper)branched or 
dendritic polymers. The “(co)” parenthetical pre?x in con 
ventional terminology is an alternative, viZ., “(co)polymer 
means a copolymer or polymer, including homopolymer, 
While “(co)polymeriZable means a monomer that is directly 
polymeriZed by the polymeriZation mechanism being dis 
cussed and additionally includes a comonomer Which can 
only be incorporated into the polymer by copolymeriZation. 
Similarly “(hyper)” is meant to incorporate the concept that 
the degree of branching along the polymer backbone can 
vary from a loW degree of branching up to a very high degree 
of branching. 

[0010] Here, and elseWhere in the text the Word “control 
and/or controlled” means that in the polymeriZation process 
conditions are de?ned Whereby the contributions of the 
chain breaking processes are insigni?cant compared to chain 
propagation, so that polymers With predetermined molecular 
Weights, loW polydispersities and high functionalities are 
achievable. 

[0011] It is Widely accepted that controlled polymeriZation 
should display the folloWing features. 

[0012] Feature 1. First-order kinetics behavior, ie the 
polymeriZation rate (RP) With respect to the monomer con 
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centration is a linear function of time. This is due to 
the lack of termination, so that the concentration of the 
active propagating species is constant. 

—d M 1.1 
R. = % =/<.[P*1[M1 ( ) 

may); : kp[P*][ : kgppwp (if [V] is constant) (12) 

[0013] kp is the propagation constant. The result of eq.1.2 
is illustrated in FIG. 1. 

[0014] FIG. 1 is a semilogarithmic plot and is very 
sensitive to the change of the concentration of the active 
propagating species. Aconstant [P*] is revealed by a straight 
line, and an upWard curvature indicates an increased [P*], 
Which occurs in case of a sloW initiation. On the other hand, 
a doWnWard curvature suggests the decrease of [P*], Which 
may result from termination or some other side reactions 
such as the catalytic system being poisoned. 

[0015] It should also be noted that the semilogarithmic 
plot is not sensitive to chain transfer process or sloW 
exchange betWeen different active species, since they do not 
affect the number of the active propagating species. 

[0016] Feature 2. Predetermined degree of polymeriZation 
(Xn), ie the number average molecular Weight (Mn) is a 
linear function of monomer conversion. 

Mn A[Ml [M10 . (1-3) 
(conversion) 

[0017] This result comes from a constant number of chains 
throughout the polymeriZation, Which requires the folloWing 
tWo conditions: the initiation should be suf?ciently fast so 
that nearly all chains start to groW simultaneously; 

[0018] no chain transfer occurs to increase the total 
number of chains. FIG. 2 illustrates the ideal groWth 
of molecular Weights With conversion, as Well as the 
effects of sloW initiation and chain transfer on the 
molecular Weight evolution. 

[0019] Importantly, the evolution of molecular Weights is 
not very sensitive to chain termination, since the number of 
chains remains unchanged. Only When coupling reaction 
plays a signi?cant role for polymers With very high molecu 
lar Weights, is the effect of termination observable on the 
plot. 
[0020] Feature 3. NarroW molecular Weight distribution. 
Although this feature is very desirable, it is not necessarily 
the result from a controlled polymeriZation, Which requires 
only the absence of chain transfer and termination, but 
ignores the rate of initiation, exchange and depropagation. 
Substantial studies [Gold, 1958 #84; Coleman, 1963 #88; 
MatyjasZeWski, 1995 #85; Hsieh, 1996 #81; Matyj asZeWski, 
1996 #86] indicate that in order to obtain a polymer With a 
narroW molecular Weight distribution, each of the folloWing 
?ve requirements should be ful?lled. 

[0021] i. The rate of initiation is competitive With the rate 
of propagation. This condition alloWs the simultaneous 
groWth of all the polymer chain. 



US 2004/0044152 A1 

[0022] ii. The exchange between species of different reac 
tivities is faster than propagation. This condition ensures that 
all the active chain termini are equally susceptible to reac 
tion With monomer for a uniform groWth. 

[0023] iii. There must be negligible chain transfer or 
termination. 

[0024] iv. The rate of depropagation is substantially loWer 
than propagation. This guarantees that the polymeriZation is 
irreversible. 

[0025] v. The system is homogenous and mixing is suf? 
ciently fast. 

[0026] Therefore all active centers are introduced at the 
onset of the polymeriZation. 

[0027] This should yield a Poison distribution, as quanti 
?ed in eq.1.4. 

MW X” 1 (1-4) 

[0028] According to eq.1.4, polydispersity (MW/Mn) 
decreases With increasing molecular Weight. A polymeriZa 
tion that satis?es all ?ve prerequisites listed above is 
expected to have a ?nal polymer With a polydispersity less 
than 1.1 for Xn greater than 10. 

[0029] Feature 4. Long-lived polymer chains. This is a 
consequence of the negligible chain transfer and termina 
tion. Hence, all the chains retain their active centers after the 
full consumption of the monomer. Propagation resumes 
upon the introduction of additional monomer. This unique 
feature enables the preparation of block copolymers by 
sequential monomer addition. 

[0030] The signi?cance of controlled polymeriZation as a 
synthetic tool is Widely recogniZed. Polymers having uni 
form and predictable chain length are readily available. 
Controlled polymeriZation provides the best opportunity to 
control the bulk properties by selection and control of 
various aspects of the multitude of variations in composi 
tion, functionality and topology at a molecular level. The 
result of such control over the preparation of polymeric 
materials is shoWn schematically in FIG. 3. 

[0031] ATRP is one of the most promising methods in the 
?eld of controlled/“living” radical polymeriZations, one 
Which can be applied to a Wide variety of monomers and 
provide Well de?ned polymers. HoWever, only a very limited 
range of polar, Water soluble or hydrophilic monomers could 
be polymeriZed by ATRP processes particularly in aqueous 
systems. Monomers comprising a polar, or an ionic substi 
tuant, can be very ef?cient complexing agents for one or 
more of the oxidation states of the transition metal catalyst 
as it participates in the repetitive redox reaction With the 
initiator or groWing polymer chain and this Was thought to 
be a limitation on the range of monomers that could be used 
as comonomers in ATRP. HoWever, since polymers With a 
full range of in-chain, or terminal ionic functionality, ?nd 
application in the preparation of composite structures, adhe 
sives, and in coating products in addition to personal care 
products by offering a means to control interfacial chemistry 
there Was an incentive to overcome this limitation and 
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directly prepare materials incorporating monomers With 
disparate functionality into copolymers. ATRP reactions are 
complicated by the interactions of the components of the 
reaction medium, for instance, monomer may interact With 
the transition metal catalyst, the solvent may interact With 
the monomer and the solvent may interact With the initiator. 
Thus there exists a need for a process for polymeriZing polar 
and ionic monomers by ATRP and a need for the novel 
polymers Which may be prepared by such a process. Further, 
there is a need for a process for the controlled polymeriZa 
tion of Water soluble macroinitiators. 

SUMMARY OF THE INVENTION 

[0032] The present invention provides a controlled poly 
meriZation process for initiating the polymeriZation of free 
radically (co)polymeriZable polar or ionic monomers in the 
presence of a system initially including a transition metal 
complex, and an initiator comprising a radically transferable 
aZide group particularly in aqueous systems. Additionally, a 
controlled polymeriZation process for (co)polymeriZation of 
radically polymeriZable ionic monomer including initiating 
the polymeriZation of free radically (co)polymeriZable ionic 
monomers in the presence of a system initially comprising 
a transition metal complex, and an initiator comprising a 
radically transferable atom or group, and an excess of one or 

more uncomplexed ligands is provided. The uncomplexed 
ligands stabiliZe the transition metal complex and reduce the 
disproportionation of the transition metal. Ionic monomers 
polymeriZable by this process include both anionic and 
cationic monomers. 

[0033] A controlled polymeriZation process for the prepa 
ration of Water soluble block copolymers including the use 
of Water soluble macroinitiators is also provided in the 
present invention. As Well as novel polymers consisting of 
Water soluble blocks that have not been previously prepared 
prior to the present invention. 

[0034] Additionally, the present invention includes proce 
dures for synthesis of novel Water soluble block copolymers, 
block copolymers comprising monomers With polar func 
tionality, block copolymers With monomers comprising 
ionic functionality and ZWitterionic block copolymers in 
homogeneous aqueous systems. 

DESCRIPTION OF THE FIGURES 

[0035] FIG. 1 is a graph illustrating the dependence of 
In([M]o/[M]) versus time for various controlled and uncon 
trolled polymeriZation processes; 

[0036] FIG. 2 is a graph illustrating the dependence of 
molecular Weight versus conversion for and ideal controlled 
polymeriZation and the effects of the sloW initiation, chain 
transfer and coupling of uncontrolled polymeriZation pro 
cesses on the molecular Weight change versus conversion; 

[0037] FIG. 3 is a table illustrating examples of the 
polymers available through controlled polymeriZation pro 
cesses; 

[0038] FIG. 4 is a graph comparison of the electronic 
spectra of absorbance of copper complexes of DMDETS 
versus Wavelength in nanometers; 

[0039] FIG. 5 is a graph of the 1H NMR spectrum of 
methylated poly(DMAEMA), iodide salt, in Water indicat 
ing the methylation of the poly(DMAEMA) is complete. 
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DETAILED DESCRIPTION OF THE 
INVENTION 

[0040] A further advance has been made Which comprises 
conditions for the controlled polymerization of radically 
(co)polymeriZable monomers by conducting a transition 
metal mediated controlled, essentially radical, (co)polymer 
iZation of monomers bearing ioniZable ionic or substituents. 
Herein We teach hoW control over or selection of an appro 
priate radically transferable atom or group, can lead to a 
further extension in the range of (co)polymeriZable mono 
mers directly incorporated into an ATRP polymeriZation. In 
addition conditions for the incorporation of monomers bear 
ing ionic functional groups have been de?ned and it is noW 
possible to directly prepare polymers With site speci?c, ionic 
functional groups. 

[0041] The preparation of such polymers requires a full 
understanding, and control, of all the parameters involved 
the formation of monomer/polymer transition metal com 
plexes and in the disproportionation of “ligand free” tran 
sition metal complexes in ionic media. Unless this dispro 
portionation reaction is controlled, or at least suppressed, the 
catalyst can no longer exist at the desired concentrations in 
the tWo oxidation states required for the redox reaction that 
is fundamental in ATRP and the controlled polymeriZation 
reaction does not proceed. While this understanding Was 
developed during experiments directed toWards the poly 
meriZation of monomers comprising a cationic functionality, 
and are described in conjunction With polymeriZation of 
cationic monomers in the folloWing discussion it is impor 
tant to note that this approach can be applied not only for 
cationic monomers, but also for neutral monomers and 
monomers comprising an anionic functionality, Which may 
not react suf?ciently Well With the loWer oxidation state of 
the catalyst, or interact preferentially With the higher oxi 
dation state (thus destabiliZing the loWer oxidation state, and 
making it more likely to disproportionate). 

[0042] In the folloWing discussion We Will use copper or 
iron as an exemplary transition metals but as taught in other 
applications a Wide range of other transition metals are 
possible and in some occasions preferable. Polymers pre 
pared by other polymeriZation process methods can be end 
or side-functionaliZed and incorporated into ATRP as mac 
roinitiators or macromonomers or as disclosed in a co 

pending provisional US. application No. 60/238,812; dis 
closing simultaneous use of both macroinitiator and 
macromonomer, Which can be used to improve incorpora 
tion of the macromonomer into the polymer leading to 
improved block and graft copolymers. There may be one or 
multiple initiating sites, leading to chain groWth in several 
directions. The initiator may carry a special functionality, in 
addition to a radically transferable atom or group, to yield 
homo- or hetero-telechelic materials. Reactions can be run 

under homogeneous or heterogeneous conditions, the former 
generally give better control. Reaction temperatures typi 
cally range from room temperature to 150° C., but can be 
correspondingly altered. The reaction can be run under 
vacuum or pressure. Reactions can be conducted in the 

presence of moisture, or even in Water under both homoge 
neous and heterogeneous (emulsions, suspensions) condi 
tions. Oxygen should be removed but a limited amount of 
oxygen can be tolerated, particularly in the presence of an 
oxidiZable transition metal, e.g. CuO species and oxygen can 
be deliberately added to prepare a transition metal complex 
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comprising mixed oxidation states The order of addition of 
reagents may vary but most often the initiator is added last 
to the preformed solution of the catalyst in monomer and 
optionally a solvent. An important parameter may be the 
addition or formation of a small amount of CuII species at the 
beginning of the reaction (US. Pat. No. 5,807,937) since it 
enables the deactivation process to occur Without requiring 
the spontaneous formation of the persistent radical or deac 
tivator by termination reactions, thereby providing instan 
taneous control. Indeed it is this requirement for the simul 
taneous availability of the transition metal complex in tWo 
available oxidation states (at concentrations determined by 
the equilibrium constant of ATRP) that has limited the 
application controlled polymeriZation of a broad spectrum of 
ionic monomers in metal mediated polymeriZations, particu 
larly in aqueous systems. In the present disclosure We teach 
that one must suppress the inherent tendency for dispropor 
tionation of CuI to CuII and Cu0 in aqueous systems in order 
to retain control over ATRP of ionic monomers. Speci?cally, 
one must ensure that the transition metal is present in both 
activating state and deactivating state (at the appropriate 
concentration) throughout the polymeriZation. As discussed 
beloW one must take steps to prevent Water from displacing 
the organic ligand and alloWing a “naked”, or Weakly 
complexed cuprous ion the opportunity to disproportionate 
into the cupric ion and copper Zero. 

[0043] The role of both fragments of the initiator molecule 
on the terminal functionality present in a polymer chain 
When the polymer is prepared by a controlled polymeriZa 
tion process is shoWn in FIG. 3. The selection of an initiator 
With a speci?c transferable atom or group With a speci?c 
transition metal complex has also been shoWn to provide 
additional control over initiation, propagation and 
(co)monomer incorporation in earlier applications. The 
present invention includes the use of an aZide group acting 
as the radically transferable group in a redox reaction With 
the transition metal complex for the polymeriZation of ionic 
monomers. The aZide group remains on the polymer end 
group and is reactive in further applications, such as, graft 
ing to a polymer or to a substrate, or participate in chain 
extesion and crosslinking reactions and is therefor directly 
usable in such applications Without further functionaliZation. 
The aZide containing initiators may have both transferable 
and non-transferable aZide functionality for the preparation 
of aZido containing polymers. Furthermore, use of the aZide 
group alloWs the direct (co)polymeriZation of monomers 
substituted With an ionic group. This is of particular value 
When one Wishes to conduct the polymeriZation in the 
presence of Water, since Water can displace the halogen at 
the copper in addition to displacement of certain ligands 
(Haddleton D. M. et. al Chem Comm, 683 (1997); Ashford, 
E. J. et. al. Chem Comm, 1285 (1999)) but it is not as likely 
to displace aZide group When present on the transition metal 
complex. Furthermore, While Water can also hydroliZe the 
radically transferably halide When present in the initiator or 
dormant polymer chain end the use of aZides as radically 
transferable group decreases the possibility of initiator (or 
chain-end) hydrolysis. 
[0044] Examples of this approach Which demonstrate, 
solely as a means of shoWing utility and Which is not meant 
to limit applicability, are the direct polymeriZation of sodium 
4-vinylbenZoate and 2-trimethylammonioethyl methacrylate 
methanesulfonate. Direct incorporation of such ionic mono 
mers, one bearing anionic and one a cationic substituant, 
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into a polymer is a lower cost and more ef?cient route to 
functional materials comprising an ionic substituant, than 
use of masked functional groups in an polymeriZation pro 
cess followed by deprotection of the substituant as described 
in prior art procedures. It is therefor noW possible to add 
reactive unprotected ionic side functional groups directly to 
a polymeric naterial. The addition of as little as 0.1 mole % 
of the ionic monomer to a copolymeriZation Will statistically 
provide one functional group in each polymer chain as the 
degree of polymeriZation (DP) exceeds 1000. For polymers 
of loWer degree of polymeriZation the incorporation of one 
functional group in each chain is most conveniently con 
ducted by use of an initiator bearing the desired functional 
group or conversion of the radically transferable atom or 
group into the desired functionalty. Polymers bearing such 
ionic functionality may ?nd application in blending and 
alloying With other polymers, in addition to direct applica 
tion. Materials With such reactive functional groups can 
directly interact With materials bearing other appropriate 
reactive functional groups, or With substrates or mineral 
additives or reinforcement materials containing reactive 
functional groups directly forming coatings, composites, 
adhesives and components for health care products. In 
addition, the aZide group itself is reactive under external 
stimuli and also readily transformed into other funtional 
groups. Exemplary reactions discussed in earlier appliations 
are the conversion of aZido-terminated polystyrenes Which 
can be reduced to primary amino groups With lithium 
aluminum hydride and aZido-terminated polyacrylates 
Which can be converted to phosphoranimines With triphenyl 
phosphine and to amines by subsequent hydrolysis. 
[0045] There are tWo roles for an aZide functionality When 
comprising functionality on an initiator in ATRP, a aZide 
group as a primary substituant and, as secondary substituant. 
Using an aZide as a primary substituant means to introduce 
aZide functionality into the polymer as a functional group 
that remains on the non-transferable residue of the initiator. 
As a secondary functional group, the aZide acts as the 
radically transferable group and introduces functionality at 
the groWing polymer chain end and additionally alloWs 
direct incorporation of monomers comprising functional 
ionic groups into a polymer. As such it alloWs incorporation 
of a different range of (co)monomers into a (co)polymer 
compositions than the ?rst case. Use of both a primary aZide 
and a secondary aZide in one initiator molecule alloWs for 
the direct preparation of “homo”-telechelic-aZo-materials. 
The suffix “homo-” is used to indicate that the functional end 
groups are both aZo-groups but that the reactivity of the tWo 
aZo-groups differ. 

[0046] In the preparation of an aZide based initiators, With 
a radically transferable aZide group, the ?rst approach Was 
to prepare an initiator With a structure similar to one shoWn 
suitable for ATRP using a halide as the radically transferable 
atom. In this manner it Would be possible to examine the 
polymeriZation of a monomer additionally comprising a 
functional group under conditions knoWn to alloW a con 
trolled polymeriZation. The monomer chosen to exemplify 
this extension of the capabilities of ATRP to the direct 
preparation of an aZo-functional telechelic polymer Was 
polymeriZation of dimethylaminoethyl methacryate 
(DMAEMA) in aqueous solution. The polymeriZation using 
the aZide group as the radically transferable group Was 
sloWer than a polymeriZation run With bromine as a radically 
transferable a tom. The polymeriZation Was controlled indi 
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cating that aZide based initiators Were suitable for evaluation 
in the polymeriZation of monomers bearing a tertiary amine 
functional group. Polymers comprising a DMAEMA group 
can be converted into polymers comprising ionic function 
ality by alkyation of the diethylamonium group thereby 
forming polymers comprising cationic functionality. This is 
exempli?ed by the reaction of a DMAEMA block copoly 
mer With methyl iodide to form 2-methacryloxyethyl trim 
ethyl ammonium iodide. Methyl iodide Was convenient to 
use in the laboratory but one skilled in the art Would readily 
identify additional alkylating agents Which could be selected 
depending on the structure of the polymer desired for the 
application. 

[0047] There are, hoWever, advantages for the direct 
preparation of such materials. The ?rst ionic monomer 
chosen for direct polymeriZation With an aZide initiator Was 
a monomer bearing an anionic functional group. The mono 
mer selected Was the sodium salt of p-vinyl benZoic acid 
Which has been polymeriZed in a controlled radical poly 
meriZation process by Keoshkerian B., Macromolecules 28, 
6381, (1995); and by Gabaston, L. I., et al. in Polym. Prepr. 
38(1): 719-720 (1997) and P0lymer40 (16), 4505-40(16), 
4505-4514 (1999); using nitroxide mediated polymeriZation 
process and by Wang X.-S; et,at.; Macromolecules 33, 255 
(2000) using a standard halide initiator in ATRP. The mono 
mer Was sucessfully homopolymeriZed and copolymeriZed 
using an aZide group as the transferable group by selecting 
a polymeriZation temperature that alloWed polymeriZation to 
occur in an appropriate time frame. 

[0048] In addition to alloWing the formation of (co)poly 
mers comprising an ionic functional group the use of ini 
tiators bearing an aZide group as a primary substituant on the 
initiator residue or as a radically transferable group alloWs 
the direct preparation of telechelic polymers With functional 
aZide end groups, as Well block- and gradient/random 
copolymers bearing this useful functional group on each 
groWing polymer chain end, in addition to the optional 
primary aZido-functionality that Would remain on the ini 
tiator residue. Such groups have been shoWn to be respon 
sive to external energy stimulation forming chain extended 
materials. As such the polymers are capable of forming 
poWder coatings crosslinkable or chain extendable by micro 
Wave energy. 

[0049] Avery simple, clean process Was developed for the 
preparation of a polyethylene glycol aZo-based monofunc 
tional macroinitiator. It is a process that can be applied to the 
functionaliZation of any hydroxy containing molecule and is 
a process that Would have much loWer environmental 
impact, When implemented commercially, than use of an 
acid halide for the esteri?cation reaction. The free acid is 
used With catalytic amounts of dicyclohexylcarbodiimide 
and a base as condensing agents. The polyethylene glycol 
based monofunctional initiator Was chosen to provide a 
Water soluble macroinitiator for the preparation of a block 
copolymer, one in Which each block is soluble in Water. In 
addition, it also alloWed the determination of MW by NMR. 
The synthesis described herein is different, more convenient, 
and has loWer environmental impact than the usually used 
reaction of haloacylbromide With PEG in the presence of 
triethylamine since this last reaction requires dry reagents, 
and uses amine and acid bromide Which are highly toxic and 
malodorous. 



US 2004/0044152 A1 

[0050] This is only one example of several Water soluble 
block copolymers Whose preparation is taught herein. Some 
dif?culty Was initially encountered in measuring the molecu 
lar Weight and molecular Weight distribution of a polymer 
comprising such ionic functional groups since it Was thought 
that the functional group Would have to be protected prior to 
running the GPC. We found hoWever that it Was possible to 
run GPC directly and that the formed block polymers 
displayed the MW and MWD of materials prepared under 
Well controlled conditions. 

[0051] The next step Was to prepare Water soluble block 
copolymers solely by a radical process Wherein each block 
comprises polymer segments soluble in Water. Several 
examples are provided Wherein Z-DMAEMA, Z-HEMA, 
and ionic monomers are polymeriZed. The polymeriZation of 
Water soluble monomers such as DMAEMA, Z-HEMA, and 
HEA to form homopolymers by ATRP, in bulk and in 
organic solvents has been discussed in earlier applications 
and papers by MatyjasZeWski and coWorkers and the Work 
has been subsequently con?rmed by publication of condi 
tions for polymeriZation of these monomers in addition to 
monomethoxy-capped oligo(ethylene oxide)meth acrylate 
by Armes. The polymeriZation of DMAEMA is improved 
When methanol solvent rich mixtures Were used for the 
polymeriZation since methanol improves the solubility of the 
deactivator. 

[0052] During the Work discussed to this point in the 
application, and in the Work disclosed in earlier applications, 
it is interesting to note that While a broad spectrum of 
functional monomers that can be polymeriZed by a radical 
polymeriZation mechanism in bulk or in organic solvents 
only a limited range of Water soluble polar monomers Which 
include, DMAEMA, substituted hydroxy (meth)acrylates, or 
sodium 4-vinylbenZoate have been successfully polymer 
iZed by ATRP in aqueous systems. This observation Was 
important as We considered the conditions required for 
controlled polymeriZation of monomers comprising cationic 
substituents or anionic substituents such as sulfonates. Ulti 
mately these monomers Were successfully incorporated into 
polymers prepared by controlled process for the ?rst time, 
but this success required a deeper understanding of the 
chemistry associated With the behavior of a transition metal 
catalyst capable of undergoing a redox reaction in aqueous 
solution and that this knoWledge be applied to the polymer 
iZation process. 

[0053] 2-Trimethylammonioethyl methacrylate methane 
sulfonate, and tri?ate (TMAEMT), Were chosen as exem 
plary monomers comprising a cationic substituent and While 
they Were successfully (co)polymeriZed, initial experiments 
encountered an apparent extremely rapid deactivation reac 
tion. The experience With TMAEMAT Was similar to that 
encountered With another monomer Which had never been 
successfully polymeriZed by ATRP, sodium 4-styrene 
sulfonate, in both cases the reaction mixtures rapidly turned 
green despite careful degassing of the reactants. This obser 
vation Was initially attributed to oxidation but may have 
been due to a disproportionation reaction of an organic 
ligand deprived transition metal complex. A precipitate of 
Cu Was not observed Which Would clearly indicate dispro 
portionation, but it is not alWays readily observable. 

[0054] Polymerization of styrene in heterogeneous aque 
ous media using PMDETA as the ligand also proved dif?cult 
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using conventional ATRP techniques, hoWever, analysis of 
the unsuccessful attempts assisted in clarifying some of the 
interactions that are important in polymeriZation systems 
comprising Water as a component. The copper(I)PMDETA 
complex is very soluble in Water, and according to the 
analysis beloW in this example, the effect of signi?cant 
disproportionation Was also observed. 

[0055] We have noted before that only certain Water 
soluble and/or ionic monomers, DMAEMA, hydroxy (meth 
)acrylates, or sodium 4-vinylbenZoate, can be polymeriZed 
by ATRP and that further note that these monomers can form 
complexes With the transition metal catalyst. While this 
makes a controlled polymeriZation dif?cult, it does alloW a 
controlled polymeriZation to be conducted since the transi 
tion metal complex (complexed With both added ligand and 
monomer/polymer) remains available to participate in the 
redox reaction. When We ?rst attempted to conduct poly 
meriZation of ionic monomers that do not form complexes 
With the catalyst system, the reactions appeared to stop due 
to the rapid appearance of oxidiZed catalyst. 

[0056] Though not Wishing to limit the scope of the 
invention, it is noW believed that in the highly polar media 
formed during the attempted polymeriZation of polar or 
ionic monomers in bulk, or in aqueous solution, the transi 
tion metal complex can lose a ligand, or the bond strength 
of the associated ligand may be Weaken, in either case a 
disproportionation reaction exempli?ed by the disporpor 
tionation of CuII to CuII and Cu0 may occur. (The appearance 
of Cu0 is not readily seen in the scale of reactions being 
studied and can be masked by the strong color of the CuII 
species.) 

[0057] Navan N., et.al. Inorg. Chem 38 3484-88 (1999) 
indicated that in order suppress such a disproportionation 
reaction it is necessary to use a ligand Wherein the CuI 
complex is signi?cantly more stable than the CuII complex. 
Datta, D., Ind. J. Chem 26A 860 (1987) had shoWn that the 
polarity of the medium is another important factor that 
in?uence the equilibrium constant for the disproportionation 
of CuI as de?ned by equation 2.0. 

K _ [Cull] (2-0) 
dxsp — [@1112 

[0058] It has been shoWn that logKdisp decreases With 
decreasing the polarity of the solvent 6 in the order: Water 
(e=78.54) logKdiSp=6.00 [FenWick, F., J. Am. Chem. Soc, 
48, 860 (1926)], methanol (e=32.63) logKdisp=355 and 
ethanol (e=24.33) logKdisp=0.55, [Randles, J. E. B., J. 
Chem. Soc., 802 (1941)], and acetone (e=20.70) logKdiSp=— 
1.50 [CoetZee, J. F., Siao, W., Inorg. Chem., 2, 14 (1963)]. 
This strong dependence on the polarity of the solvent can be 
explained using the Born solvation model, ie assuming that 
the solvent-solute interactions are of purely electrostatic 
origin. 

[0059] Even in the presence of ligands preferentially sta 
biliZing CuI, such as 2,2‘-bipyridyl (bpy), a signi?cant 
disproportionation is observed When some salts, including 
ionic monomers, are added to an aqueous system (e.g., high 
concentration of the monomer 2-trimethylammonioethyl 
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methacrylate tri?ate)—these ionic species can signi?cantly 
increase the polarity of the system and thus increase Kdisp. 
We propose that in such a case, the disproportionation 
reaction has to be suppressed in order to provide a transition 
metal complex that can catalyZe an ATRP reaction, and that 
this can be accomplished by the addition of a large excess of 
a ligand capable of stabiliZing the CuI catalyst complex. In 
the absence of compounds increasing the polarity of the 
medium, no disproportionation is observed When bpy is used 
as the ligand in aqueous solution. 

[0060] The fundamental basis for the above interpretation, 
and resulting procedures We teach herein for conducting a 
controlled transition metal mediated polymeriZation in 
highly polar media, can be reached by considering the 
disproportionation reaction in the presence of a ligand L, 
(the case covering addition of several molecules that can 
function as ligands Will be also considered), forming com 
plexes With both copper ions, can be schematically repre 
sented as: 

Kdisp 
ZCHI — CuII + Cu 

I L>[5i(i1,2,...,m)/ \ L,[5Hj(j:1,2,...,n) 
CuIL + CuILZ + + CuILm CuIIL + (311111,, + + Q1111,“ 

[0061] In the above scheme, Kdisp is the disproportion 
ation equilibrium constant in the absence of any side reac 
tions, [31i and [311]- are the overall stability constants of the 
complexes of CuI and CuII With the ligand L, respectively. 

[0062] We noW introduce the conditional constant of dis 

proportionation Kdisp, 
librium constants discussed by SchWarZenbach, G., Die 
Komplexometrische Titration, 2nd Ed., F. Enke, Stuttgart, 
1956; Ringbom, A., J. Chem. Educ, 35, 282-88 (1958); 
Flaschka, H. A., EDIH Titrati0ns, Pergamon, NY, 1959, 
Ch. 4; Ringbom, A., Complexation in Analytical Chemistry, 
Interscience, N.Y., London, 1963; Ringbom, A., Harju, L., 
Anal. Chim. Acta, 59, 33-47; 49-58 (1972); Ringbom, A., 
Still, E.,Anal. Chim. Acta, 59, 143-6 (1972); and Smith, R. 
M., Martell, A. E., Critical Stability Constants, Vol. 2: 
Amines, Plenum, NY, 1975; can noW be introduced. It is 

analogous to other conditional equi 

given by the total equilibrium concentrations of all copper 
species, i.e., the sum of the concentrations of free ions and 
all copper complexes present in the system. Thus, one can 
Write: 

[0111]“), (Z- 1) 
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[0063] NoW, ot-coef?cients for the copper species partici 
pating in side complex-formation reactions, shoWing the 
signi?cance of these reactions, are de?ned as: 

[0064] With those, the conditional equilibrium constant 
Kdjsp can be reWritten as: 

[0065] The above relation clearly shoWs that if the ligand 
L forms more stable complexes With the loWer-oxidation 
state copper ion than With the higher oxidation state copper 
ion, then the disproportionation reaction can be largely 
suppressed. It also demonstrates the possibility to “adjust” 
this equilibrium as desired by using an appropriate ligand at 
the appropriate concentrations. It should be noted that even 
if a ligand is not strongly-binding to either CuI or CuII but it 
is present in large excess e.g., if it can be added as a solvent, 
or indeed if it is a monomer in the polymeriZation reaction, 
it can still signi?cantly suppress the disproporionation pro 
vided that the ratio otH/(otI)2 is much less than unity. The 
limited success that has been attained for the controlled 
ATRP of polar or ionic monomers has occurred When the 
monomer or macroinitiator can form a complex With the CuI 
species. 
[0066] Let us noW consider the case When tWo ligands L 
and M are present in the system. The overall stability 
constants of the complexes Will noW be designated as 
[3li)L(i=l, 2, . . ., m), [3nj>L(j=l, 2, . . . , n) (for the CuI and CuII 
complexes of the ligand L, respectively), [3nk)M(k 1, 2, . . . 
, p), and BIII>M(I=1, 2, . . . , q) (for the corresponding 
complexes of CuI and CuII With M). Again, ot-factors for 
both CuI and CuII for both ligands L and M can be used, and 
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for each oxidation state of copper, the ot-coef?cient is the 
sum of the coef?cients for both ligands minus one, ie 
[Ringbom, A., Complexation in Analytical Chemistry, Inter 
science, NeW York, London, 1963]: 

[0067] The conditional disproportionation constant can be 
expressed exactly as above (Eq. 2.4) but using the neW 
de?nitions of the ot-coefficients. 

[0068] The outlined approach can be extended for more 
than tWo side reactions (i.e., With more than tWo ligands 
present); it should only be born in mind that the ot-coef?cient 
for each species (CuII or CuH) is a sum of the ot-coefficients 
for all of the side reactions, minus the number of these 
reactions plus one. 

ILLUSTRATIVE EXAMPLES 

Illustrative Example 1 

[0069] We can consider determining hoW much the dis 
proportionation equilibrium constant for the copper species 
Will decrease in the presence of 0.1 M pyridine (a model for 
bipy type ligands). The overall stability constants of the 
pyridine complexes of CuI are BI1=6.92><104, BI2=3.89><107, 
BI3=1.51><108, and BI4=3.31><108, and these of the Cun 
complexes are [3H1=3.63><102, [3H2=2.82><104, [3H3=5.01>< 
105, and BH4=3_16X1O6 [Smith, R. M., Martell, A. E., Critical 
Stability Constants, Vol. 2: Amines, Plenum, NY, 1975]. 

[0070] From the above data, using equations 2.1 and 2.4, 
the ot-coef?cients for CuI and CuII can be calculated; they are 
(XI=5.80><105 and otH=1.14><103, respectively. Consequently, 
at this concentration of the ligand, more stable complexes 
are formed With CuI than with Cu“, and the disproportion 
ation constant Will decrease by a factor of (otI)2/otH=2.95>< 
108. 

Illustrative Example 2 

[0071] We can also determine hoW much the dispropor 
tionation equilibrium constant for the copper species Will 
change in the presence of 0.1 M ethylenediamine (en) (a 
model for linear amine based ligands) taking into account 
only the formation of the complexes containing tWo ligands. 
The overall stability constant of the en complex of CuI is 
BI2=1.58><1011, and that of the CuII complex is [3H2=1.10>< 
1020. [data also from Smith, R. M., Martell, A. E., Critical 
Stability Constants, Vol. 2: Amines, Plenum, NY, 1975]. 
The ot-coefficients for CuI and CuII are (XI=1.58><109 and 
(XH=1.10><1018, respectively. At this concentration of the 
ligand forming more stable complexes With CuII than With 
CuI, the added en, the disproportionation constant Will 
decrease by a factor of only (otI)2/otH=2.27. In other Words, 
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addition of a ligand of the type modeled by en Will not 
signi?cantly in?uence the disproportionation reaction. 

[0072] It can be concluded from these tWo illustrative 
examples that adding an excess of PMDETA (similar behav 
ior to en) to a polymeriZation being conducted in aqueous 
media Will not have a signi?cant effect on the dispropor 
tionation, but using excess of bpy can have a strong effect. 
Unfortunately, bpy is not very soluble in aqueous media, 
hoWever pyridine is soluble and it is possible that pyridine 
can be used as a solvent, or a component of the reaction 

mixture, and act to suppress the disproportionation reaction. 

Illustrative Examples 3 & 4 

[0073] TWo mixtures containing the cationic monomer 
TMAEMT Were prepared to exemplify application of the 
present invention to systems comprising an ionic monomer 
that does not complex With CuI. In both experiments, very 
careful degassing Was performed (up to 10 freeZe-pump 
thaW cycles) in order to minimiZe oxidation and clearly 
indicate if signi?cant amounts of disproportionation Were 
occurring resulting in the rapid production of any CuII 
complex. The ?rst reaction medium contained a mixture of 
methanol and Water as the solvent, and the second reaction 
medium contained the same amounts of pyridine and Water. 

When CuCl/bpy (1:20) Was added to both mixtures, very fast 
disproportionation Was observed in the former case (a green 
colored solution Was formed and precipitation of Cu 

occured) While in the second case, the pyridine containing 
solution, the complex formed a broWn solution that appeared 
to be stable for more than a Week. This clearly indicates 
minimiZation of the disproportionation and strongly indi 
cates the present invention stabiliZes catalysts used in AT RP. 

[0074] Very similar behavior is seen from other “dif?cult” 
ATRP Water-soluble monomers comprising anionic func 
tional groups such as sodium 4-styrenesulfonate that Were 
not polymeriZable by AT RP prior to the present invention. 

[0075] Another Water soluble monomer Which forms sig 
ni?cantly more stable complexes With CuII than With CuI, is 
vinylimidaZole. It can be expected that in the absence of 
added ligand, or ligand substitute, disproportionation of the 
catalyst Will be a signi?cant problem in this case as Well. In 
order to make the polymeriZations possible, donating sol 
vents (or ligand surrogates), stabiliZing CuI should be used 
as additives to the reaction medium. 

[0076] Monomers Which exemplify a broad class of ionic 
monomers that inherently do not complex With the transition 
metal, include 2-DMAEMA, 2-HEMA, sodium 4-vinylben 
Zoate, poly(ethylene glycol)methacrylate monomethyl ether, 
and sodium methacrylate. Therefore We noW teach proce 
dures for the polymeriZation of ionic monomers Which not 
only do not interact With copper species, but signi?cantly 
increase the polarity of the medium, thus favoring dispro 
portionation of the catalyst, particularly in aqueous systems. 
Addition of excess ligand, or a ligand substitute such as 

pyridine, alloWs the transition metal complex to be present 
in the tWo oxidation states required for metal mediated 
living radical polymeriZation. 
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[0077] Experimental Section 

Synthesis of AZide Initiators 

Example 1 

2-aZido Ethanol 

[0078] The initial approach to the preparation of an aZide 
containing initiator Was direct replacement of the bromine 
atom in a “standard” ATRP initiator using the chemistry 
shoWn to be suitable for transformation of a bromine on the 
end group on a polymer prepared by AT RP. The direct 
approach resulted in loW isolated yield after extraction of the 
initiator, although full conversion had been con?rmed by 
GC. It appears that 2-aZido ethanol is soluble in Water. 

[0079] An alternate procedure Was carried out With trim 
ethylsilyl aZide in tetrahydrofuran solution in the presence of 
tetrabutylammonium ?uoride and potassium ?uoride. This 
method resulted in the formation of the 2-aZidoethanol 
product, hoWever, the reaction Was found to be much sloWer 
than described in the literature and the product contained 
some associated tetrabutylammonium ?uoride. 

[0080] The third method used a phase transfer catalyst in 
Water and also yielded 2-aZido ethanol in poor isolated 
yields although GC analysis shoWed 100% conversion and 
no byproducts. 

Example 1a 

Synthesis of 2-aZido Ethanol Using Sodium AZide 

[0081] 

TABLE 1 

NaN3 
B N r\/\ W 3\/\ OH OH 

or 

DMSO 

Weight volume solvent 
ratio Mole [g] [ml] [ml] 

2-Bromo- 1 0.1 12.5 7.1 
ethanol 
Sodium 1.1 0.11 7.15 220 
azide 

[0082] The reaction Was carried out in polar solvent, either 
DMF or DMSO. The product contained in both cases a small 

amount of solvent. 2-Bromoethanol Was added to a 0.5 M 

solution of NaN3 in DMSO/DMF and the reaction mixture 
Was stirred overnight at room temperature. Then Water and 

ether Were added, the layers separated and the organic layer 
extracted With Water. The organic layer Was dried With 
MgSO4 and then solvent Was evaporated. 

[0083] Characterization is made With 1H-NMR and FT-IR. 

[0084] 1H-NMR: 6: 3.81 (t, 2H); 3.41 (t, 2H); 2.75 (s, 1H) 

[0085] FT-IR: cm_1: 3550-3100 (b); 2110 (s) 
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Example 1 b 

Synthesis of 2-AZido Ethanol Using Trimethylsilyl 
AZide 

[0086] 

TABLE 2 

NaN3 
Br —> N3 
\/\OH DMF \/\OH 

or 

DMSO 

room temperature 

Weight volume solvent 

ratio Mole [g] [ml] [ml] 

2-Bromo- 1 0.1 12.5 7.1 

ethanol 

TMS azide 1.1 0.11 14.7 

KF 1.1 0.11 6.4 

TBAF 0.1 0.01 1 1 M THF solution 

[0087] A dry round bottom ?ask Was charged With 
2-bromo ethanol, trimethylsilyl aZide and potassium ?uoride 
under nitrogen. To this mixture Was added a solution of 

tetrabutylammonium ?uoride. After stirring tWo days, the 
reaction mixture Was diluted With ether, the precipitate Was 
?ltered off and the solvent evaporated. The product con 

tained, besides 2-aZido ethanol, some tetrabutylammonium 
compound. The production of 2-aZido ethanol Was con 

?rmed by 1H-NMR. 6: 3.81 (t, 2H); 3.41 (t, 2H); 2.75 (s, 1H) 

Example 1c 

Synthesis of 2-aZido Ethanol Using a Phase 
Transfer Catalyst 

[0088] 

TABLE 3 

volume solvent 
ratio Mole Weight [g] [ml] [ml] 

2-Bromo ethanol 1 0.01 1.25 0.71 
Sodium azide 1.5 0.015 0.975 
Tetrahexylammonium 0.1 0.001 0.435 
bromide 
bromide 
Water 5 

[0089] The components Were mixed in a 25 ml round 

bottom ?ask and stirred at room temperature. Conversion is 

determined by GC analysis. After 2 days there is 99% 
conversion. Water and ether are added, the organic layer 
extracted With Water, then dried With MgSO4 and the solvent 
evaporated. An orange liquid is obtained. It is slightly 
viscous. The product contains some tetrabutylammonium 
compound and the yield is 40%. 
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Example 2 

Synthesis of 2-AZido-1-Methylethanol 

[0090] 

NaN3 
—> N3 

0 

[0091] The method used Was ?rst described for the reac 
tion of epoxides (especially CHO) With sodium aZide (J. 
Org. Chem. 1999, 64, 6094). The conditions Were modi?ed 
and in a typical experiment 2.06 ml (2.94*10_2 mol) of 
propylene oxide Were added to a solution of 4.78 (7.35 *10'2 
mol) sodium aZide in 15 ml Water. After stirring for 20 hr, 
the 2-aZido-2-methylethanol formed Was extracted 2 times 
With 10 ml ether, then salt Was added and the extraction is 
repeated 3 more times With 10 ml ether, then 5 times With 10 
ml methylene chloride. The ?ltrated solutions Were collected 
and dried over MgSO4. Then the solvents are removed in 
vacuum ?rst at room temperature. 1.4 g (1.386*10_2 mol) 
yield: 47.15% 

OH 

Example 3 

Synthesis of 2-AZidoethyl 2-bromopropionate 
(AZo-Initiator 1) 

[0092] 

TABLE 4 

o 

O BI ELZN 

N3\/\OH * —>CHZCIZ N3\/\O BI 
BI 

Weight volume 
ratio Mole [g] [ml] 

2-Azido ethanol 1 0.046 4 
2-Bromo propionyl bromide 1.1 0.051 10.92 5.3 
Triethylamine 1.1 0.051 5.12 7.06 
Methylene chloride 80 

[0093] The synthesis Was carried out in methylene chlo 
ride at 0° C. A solution of 2-bromopropionyl bromide in 
methylene chloride Was added dropWise to a mixture of 
2-aZidoethanol in methylene chloride, triethylamine Was 
added to neutraliZe the formed hydrobromic acid. After 
stirring at room temperature over-night Water Was added and 
the organic layer Was extracted three times With Water, the 
organic phase Was then dried and the solvent evaporated. 
The product Was a mixture of byproducts and had to be 
separated via silica gel column producing pure 2-aZidoethyl 
2-bromopropionate. Characterization Was made With 
1H-NMR and FT-IR. 

[0094] lH-NMR: 0; 4.39 (q, 2H, JHH=7.32); 4.33 (t, 2H, 
JHH=5.13); 3.51 (t, 2H, JHH=5.13); 1.85 (d, 3H, JHH=7.32) 

[0095] FT-IR: cm_1: 3550-3100 (b); 2110 (s) 
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Example 4 

Synthesis of Ethyl 2-aZido 2-methylpropionate from 
Ethyl 2-bromo-2-methylpropionate and Sodium 

AZide in Water With Tetrahexylammonium Bromide 
as the Phase-Transfer Catalyst 

[0096] The synthesis of organic aZides by the SN-reaction 
of organic halides and metal aZides in the presence of 
phase-transfer catalysts, such as ammonium salts [2-4,6] or 
PEG-derivatives is a Widely applied method. (In this reac 
tion, a relatively large amount of the phase-transfer catalyst 
Was used, as this is recommended for the cases, When the 
alkyl halide can easily hydrolyZe.) 1.9602 g (10.06 mmol) 
ethyl 2-bromo-2-methylpropionate, 0.9769 g (15.03 mmol) 
sodium aZide, and 0.8057 g (1.85 mmol) tetrahexylammo 
nium bromide Were mixed With 10 ml Water. The resulting 
mixture Was stirred at room temperature for 20 hours. (The 
progress of the reaction Was folloWed by GC and after 20 
hours no ethyl 2-bromo-2-methylpropionate Was observed 
to remain in the reaction.) Then, the ethyl 2-aZido-2-meth 
ylpropionate product Was extracted With ether (3><20 ml), the 
ethereal solution Was dried With sodium sulfate, and the 
ether Was evaporated under vacuum. The yield is quantita 
tive. 

Example 5 

Synthesis of Ethyl 2-aZido-2-methylpropionate from 
Ethyl 2-bromo-2-methylpropionate and Sodium 

AZide in Water With Tetrabutylammonium 
Hydrogensulfate as the Phase-Transfer Catalyst 

[0097] Ethyl 2-aZido-2-methylpropionate Was synthesiZed 
using the cheaper, and less soluble in organic solvents, 
phase-transfer catalyst tetrabutylammonium hydrogensul 
fate. 3.9094 g (20.04 mmol) ethyl 2-bromo-2-methylpropi 
onate, 1.6265 g (25.02 mmol) sodium aZide, and 1.6986 g 
(5.00 mmol) tetrabutylammonium hydrogensulfate Were 
mixed With 15 ml Water. The conversion of ethyl 2-bromo 
2-methylpropionate Was folloWed by GC. After 39 h, the 
reaction Was complete. To the mixture, 10 ml Water Were 
added and the obtained ethyl 2-aZido-2-methylpropionate 
Was extracted With ether (3><20 ml). The combined ethereal 
solutions Were dried With sodium sulfate and the solvent Was 
removed in a rotary evaporator. The yield of ethyl 2-aZido 
2-methylpropionate Was 2.815 g (17.8 mmol, or 88.8%). The 
ester Was characteriZed by IR and 1H NMR spectroscopy. 
The NMR spectrum consists of the folloWing signals (6, 
ppm): 1.66 (t, 3H), 1.74 (s, 6H), and 4.12 (q, 2H). (For 
comparison, the spectrum of the ethyl 2-bromo-2-methyl 
propionate consists of signals at 1.31 (t, 3H), 1.92 (s, 6H), 
and 4.23 (q, 2H) ppm.) 

Example 6 

Synthesis of Monofunctional Initiator: Ester of 
Monomethylated PEG (MelPEG) of Molecular 
Weight 550 With Bromoisobutyric Acid (BiBA). 

(This can be Ca Water Soluble Macroininitiator for 
Preparation of Amphiphylic Block Copolymers or 

Water Soluble Block Copolymers.) 

[0098] The preparation of esters of PEG and 2-bromo- and 
2-chloropropanoic acid, starting from the corresponding 
acid chlorides in the presence of 4-dimethylaminopyridine 
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(4-DMAP) and triethylamine in methylene chloride has been 
described in the literature [Jankova, K., Chen, X., Kops, J ., 
Batsberg, W., Macromolecules, 31, 538-41 (1998)]. HoW 
ever, this reaction requires careful drying of all chemicals. 
There are many reports in the literature [Neises, B., Steglich, 
W.,Angew. Chem. Int. Ed. EngL, 17, 522-4 (1978); Hassner, 
A., Alexanian, V., Tetrahedron Lett., 46, 4475-8 (1978)] that 
esteri?cation of carboxylic acids and alcohols can be easily 
carried out at room temperature, giving high yields, for 
relatively short reaction times, When dicyclohexylcarbodi 
imide (DCC) in the presence of catalytic amount of a base, 
such as 4-DMAP, in methylene chloride, is used as the 
condensing agent. Using this reaction, the esteri?cation of 
Me, PEG With BiBA Was performed giving a high yield of 
ester. 

Example 7 

[0099] 3.3480 g (20.05 mmol) BiBA Was dissolved in 30 
ml methylene chloride. To this solution, on stirring a solu 
tion of 11.07 g (20.13 mmol) Me1 PEG of a molecular 
Weight of approximately 550 g/mol Was added, and then 
4.1342 g (20.04 mmol) solid DCC Was added. Almost 
immediately after the addition of DCC, precipitation of 
dicyclohexylcarbamide occurred. The ?ask Was put in an 
ice-Water bath, and 0.113 g (0.92 mmol) 4-DMAP Were 
added, and the mixture Was stirred in the cooling bath for 
approximately 5 minutes. The ?ask Was alloWed to Warm to 
room temperature and stirred for 5 hours. The precipitated 
dicyclohexylcarbamide Was ?ltered and Washed Well on the 
?lter With a total approximately 130 ml methylene chloride 
(after drying, its Weight Was 4.1913 g, or 18.68 mmol, Which 
corresponds to 93.22% conversion of DCC). Then the sol 
vent Was removed from the combined solution and Washings 
in a rotary evaporator. Aslightly yelloWish oil Was obtained, 
containing some solid precipitate. The ester Was then froZen 
and Warmed to room temperature several times until no 
additional crystals separated. Then, it Was ?ltered resulting 
in a yield of 12.8362 g (91.6%). The ester Was characteriZed 
by IR (strong absorbance at 1720 cm_1, no or insigni?cant 
absorbance at 3600-3200 cm_1) and 1H NMR (6 1.93, 3.38, 
3.65, and 4.32 ppm—signals With relative intensities 
approximately 6:3:54:2; relatively strong signal of acetone 
Was also observed at 2.17 ppm) spectroscopy. (For compari 
son, the 1H NMR spectrum of the initial MelPEG consists 
of tWo signals at 3.39 and 3.65 ppm, With relative intensities 

3:63.) 

Example 8 

Synthesis of a Polyethylene Glycol-Based AZide 
Macroinitiator, Me1PEG—OOC—C(N3)Me2 of 

M.W.=661 g/mol (AZo-Initiator 2) [See, Pfaendler, 
H. R., Weimar, V., Synthesis, 1345 (1996)] 

[0100] Reagents/conditions; 3.4998 g Me1PEG—OOC— 
C(Br)Me2 of M.W.=699 (5 mmol); 0.6501 g NaN3 (10 
mmol); 0.1602 g Bu4NBr (0.5 mmol); Temperature: 85° C. 
The mixture Was stirred for 27 h (after 25 h, the reaction Was 
complete, based on 1H NMR), cooled and extracted With 20 
ml ether. The solution Was ?ltered and the salts Were 
extracted again With 20 ml ether. The solvent Was evapo 
rated from the combined solution. Yield: 2.924 g (88.5%). 
The singlet for the tWo methyl groups from the isobutyrate 
moiety is at 1.47 ppm, and this for the starting bromine 
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compound is at 1.93 ppm. In the IR spectrum a signal at 
approximately 2100 cm-1 is observed. Based on IR spec 
trum, it can be suggested, that the compound contains a 
certain amount of MelPEG (or it may also contain some 
moisture). 

Example 9 

Synthesis of Methyl-1-aZido-1-phenylacetate 
(AZo-Initiator3) 

[0101] The initiator 1 has been shoWn to be effective in the 
ATRP of DMAEMA in aqueous solution. Therefore, it Was 
reasonable to synthesiZe the initiator, methyl-1-aZido-1 
phenylacetate, With the similar structure 2, and to check 
Whether it can be used for the controlled polymeriZation of 
this monomer. The initiator 2, Was synthesiZed according to 
the folloWing scheme: 

[0102] 2.2908 g (10 mmol) of 1, 0.8137 g (12.5 mmol) 
sodium aZide, and 0.8500 g (2.5 mmol) tetrabutylammo 
nium hydrogensulfate Were mixed With 7.5 ml Water. The 
mixture Was stirred at room temperature for 39 h, and at the 
end of the reaction, 5 ml Water Were added, folloWed by 
extraction With ether (3x10 ml). The combined ether solu 
tions Were dried over sodium sulfate, and ether Was removed 
in a rotary evaporator. Yield 1.3383 g 

Synthesis of Polymers 

[0103] To exemplify the preparation of telechelic poly 
mers With aZide end groups, as Well de?ned block- and 
gradient/random copolymers, aZide functionaliZed initiators; 
2-aZido ethyl 2-bromoisopropionate; ot-methylbenZyl aZide; 
and ethyl aZidoisobutyrate Were initially used for the con 
trolled polymeriZation of styrene, MMA and n-butyl acry 
late. The initiator used for styrene polymeriZation Was 
ot-methylbenZyl aZide; and for the polymeriZation of n-butyl 
methacrylate, ethyl aZidoisobutyrate Was used as an initiator. 
The ethyl aZidoisobutyrate initiator Was prepared using 
phase-transfer catalysis, as described above. PolymeriZa 
tions Were successful and the aZo-initiators Were then used 
to polymeriZe more highly functional monomers. 

Example 10 

[0104] Polymerization of Styrene With 2-AZido-1-Meth 
ylethyl-2-Bromopropionate. Reaction conditions: St/CuIBr/ 
POAZBP-1/PMDETA=200/1/2/1. Temperature: 90° C. The 
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polymerization behaved in a controlled manner Where con 
version increased linearly With time as molecular Weight 
increased With conversion and a narroW MWD Was main 

tained. After 260 minutes Yield=75.39%; Mn=5219; PDI= 
1.21. 

[0105] When the reaction ratios are: St/CuIBr/POAZBP 
1/PMDETA=200/1/2/1, the Yield after 20 h is 98.52& and 
Mn=32,837; PDI=1.19. 

[0106] When the reaction ratios s are: St/CuIBr/POAZBP 
1/PMDETA=400/1/2/1, the Yield after 20 h is 94.34% and 
Mn=26,639; PDI=1.15. 

Example 11 

Polymerization of Styrene Using ot-methylbenzyl 
Azide 

[0107] The polymerization of styrene using ot-methylben 
zyl azide (ot-MBA) Was carried out targeting much loWer 
target molecular Weights. The aim of this experiment and the 
folloWing experiment Was to obtain polymers that can be 
analyzed by MALDI for their end-groups. One of the 
experiments Was done using copper (I) chloride based 
catalyst system, and the other one—copper (I) hexa?uoro 
phosphate. 
[0108] (Comparator) Bulk ATRP of styrene (Sty) With 
ot-MBA as initiator in the presence of CuPFG/dNBpy (nvt 
sty 5.) Styrene—5 ml; CuPF6O.4MeCN—0.2031 g (0.545 
mol) dNbpy—0.4455 g; (X-MBA—80 pl: Target DP=80. 
Temperature=90° C. 

[0109] The mixture Was stirred in a 10 ml Schlenk ?ask. 
The kinetic results along With the molecular Weights results 
of the obtained polymers indicate that the polymerization is 
very fast and good control cannot be achieved With the PDI’s 
in the range of 2. 

Example 12 

[0110] Bulk ATRP of styrene (Sty) With ot-MBA as initia 
tor in the presence of CuCl/dNBpy (nvt-sty 6). Styrene—5 
ml, CuCl—0.0546 g, dNbpy—0.4455 g, ot-MBA—80 pl, 
Target DP=80. Temperature=90° C. 

[0111] The mixture Was stirred in a 10 ml Schlenk ?ask. 
The kinetic results along With these for the molecular 
Weights of the obtained polymers shoW that the rate of 
polymerization is much sloWer and PDIs are loWer than in 
the case When CuPF6 is used as the catalyst as in Example 
11. The polymer produced averaged a polydispersity of 1.5 

Example 13 

[0112] MMA polymerization using 2-azido-1-methylethyl 
2-bromopropionate (POAZBr) as initiator. Feed: MMA: 
CuBr:POAZBr:BiPy=100:1:2:1. Reaction time: 1 h; reac 
tion temperature=60° C. Yield: 78.3. Mn=44,070; PDI=1.29 

Water Soluble Block Copolymers 

Example 14 

Synthesis of Ester of MelPEG With 
2-chloropropionic Acid 2-CPA (nvt-peg 4) 

[0113] For this synthesis, the reaction of 2-CPA With Me, 
PEG of molecular Weight 550 g/mol in the presence of DCC 
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and 4-dimethylamonium pyridine (4-DMAP) Was used. This 
initiator Will be used in the aqueous polymerization of ionic 
monomers, derived from acrylates and styrenes, such as 
sodium 4-styrenesulfonate and sodium 4-vinylbenzoate, 
since it is expected to be hydrolytically more stable than the 
corresponding bromine derivative. 

[0114] 2.1765 g (20 mmol) 2-CPA and 11.07 g (20.1 
mmol) MelPEG of molecular Weight approximately 550 
g/mol Were added to and dissolved in 30 ml methylene 
chloride. The mixture Was immersed in ice-Water bath and 
stirred While 4.133 g (20 mmol) melted DCC Was added, and 
the beaker rinsed With approximately 5 ml methylene chlo 
ride, Which Was also added to the reaction mixture. Almost 
immediately after the addition of DCC, a precipitation of 
dicyclohexylcarbamide occurred. 0.11 g (0.92 mmol) 
4-DMAP Was then added and the mixture Was stirred in the 
cooling bath for approximately 5 minutes. After this, the 
mixture Was stirred at room temperature for 5 hours. The 
precipitated dicyclohexylcarbamide Was ?ltered and Washed 
Well on the ?lter With total approximately 80 ml methylene 
chloride. After drying, its Weight of the product Was 4.292 
g, or 19.1 mmol, Which corresponds to 95.4% conversion of 
DCC. The solvent Was removed from the combined solution 
and Washings in a rotary evaporator. A slightly yelloWish oil 
Was obtained, containing some solid precipitate. The ester 
Was then freezed and Warmed to room temperature several 
times until no additional crystals separated. Then, it Was 
?ltered; yield: 11.512 g (17.97 mmol, 89.9%). The ester Was 
characterized by IR (strong absorbance at 1720 cm_1, insig 
ni?cant absorbance at 3600-3200 cm_1) and 1H NMR spec 
troscopy. 

Example 15 

Synthesis of Ester of MelPEG With 
2-bromopropionic Acid 2-BPA (nvt-peg 5) 

[0115] 3.0632 g (20 mmol) 2-BPA and 11.08 g (20.1 
mmol) MelPEG of molecular Weight approximately 550 
g/mol Was added Were dissolved in 30 ml methylene chlo 
ride. The mixture Was immersed in ice-Water bath. Then, on 
stirring, 4.131 g (20 mmol) melted DCC Was added, and the 
beaker from this reagent Was rinsed With approximately 5 ml 
methylene chloride, Which Was also added to the reaction 
mixture. Almost immediately after the addition of DCC, a 
precipitation of dicyclohexylcarbamide occured. After this, 
0.11 g (0.92 mmol) 4-DMAP Were added, after Which the 
mixture Was stirred in the cooling bath for approximately 5 
minutes. Then, the mixture Was stirred at room temperature 
for 5 hours. The precipitated dicyclohexylcarbamide Was 
?ltered and Washed Well on the ?lter With total approxi 
mately 80 ml methylene chloride (after drying, its Weight 
Was 4.422 g, or 19.7 mmol, Which corresponds to 98.5% 
conversion of DCC). Then the solvent Was removed from 
the combined solution and Washings in a rotary evaporator. 
A slightly yelloWish oil Was obtained, containing some solid 
precipitate. The ester Was then freezed and Warmed to room 
temperature several times until no crystals separated any 
more. Then, it Was ?ltered; yield: 12.425 g (18.14 mmol, 
90.7%). The ester Was characterized by IR (strong absor 
bance at 1726 cm_1, very slight absorbance at 3600-3200 
cm_1) and 1H NMR spectroscopy (6 1.87 (d), 3.36 (s), 3.67, 
4.32 (t), and 4.41 (q) ppm—signals With relative intensities 
approximately 3:3:58:2:1; the signal of methylene chloride 
Was also observed at 5.30 ppm). 
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Example 16 

Preparation of Macroinitiator Based on 
Poly(HEMA) for the ATRP of DMAEMA 

(nvt-hema35) 
[0116] The polymerization of HEMA Was carried out in 
Water-methanol mixtures since both the monomer and the 
polymer are soluble in methanol, but the polymer is not 
soluble in Water. The PEG-based macroinitiator Was used in 
order to prepare polymers Which molecular Weights can be 
analyzed using NMR. The catalyst Was CuBr/bpy. The 
reaction proved to be very fast at 30° C. and even at room 
temperature, so Cu(II) Was added in different amounts in 
order to sloW doWn and improve the control over the 
polymerization. The total amount of copper Was kept con 
stant. 

[0117] A large amount of poly(HEMA)-based macroini 
tiator of DP=100 (target) Was prepared in order to chain 
extend it With DMAEMA. 

[0118] Reagents: 

[0119] CuCl—0.2246 g 

[0120] CuCl2—0.2494 g (45% of the total copper) 

[0121] Bpy—1.2878 g 

[0122] HEMA—50 ml (53.65 g) 

[0123] MeOH—35 ml, Water—15 ml 

[0124] MePEGBiB of M.W. 699 g/mol—2.25 ml; 
DP(target)—100 

[0125] T=35° c. 

TABLE 5 

Time of pzn, Conversion 
min (grav.) M11 x 10’3, g/mol (GPC) PDI 

15 0.102 4.264 1.22 
30 0.187 5.166 1.21 
60 0.384 7.211 1.30 
90 0.584 8.639 1.36 
130 0.823 9.819 1.35 
170 0.985 10.551 1.36 
230 0.999 11.755 1.32 
270 1 12.339 1.19 

[0126] The polymer Was puri?ed by dissolving it in 
methanol, passing the solution through a column With basic 
alumina, concentrating the clear solution thus obtained, and 
precipitating the polymer in large excess of ether. After the 
puri?cation, the molecular Weight of the polymer Was deter 
mined (DMF as the eluent, vs. poly(MMA) standards) as 
12.43 kg/mol, PDI=1.18. 

Example 17 

Preparation of Block-Copolymer of HEMA and 
DMAEMA in Aqueous Solution 

[0127] Starting from a poly(HEMA) macroinitiator, the 
same conditions as for the polymerization of HEMA Were 
applied to the polymerization of the second monomer, 
DMAEMA. The reaction Was sloWer than the polymeriza 
tion of HEMA but a loW PDI block copolymer Was prepared. 
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[0128] Reagents: 
[0129] Poly(HEMA) of MW=4.420 kg/mol—0.176 g 

[0130] 1.4 ml methanol, 0.6 ml Water 

[0131] This solution Was degassed by F-P-T 4 times, then 
to the frozen mixture the catalyst Was added: 

[0132] CuCl—0.0027 g 

[0133] CuCl2—0.0016 g (30% of the total copper) 

[0134] Bpy—0.0124 g 

[0135] Temperature: 35° C. 

TABLE 6 

Time of polymerization, h M“, kg/mol PDI 

0 (macroinitiator) 4.420 1.64 
20 6.369 1.16 

Example 18 

Studies on the Homopolymerization of DMAEMA 
Using PEG-Based Macroinitiator. [Formation of 

PEG-b-DMAEMA] 
[0136] Several attempts Were made to polymerize 
DMAEMA using the a MePEG-based macroinitiator, in 
mixtures of Water and DMF With varying concentration of 
Cu(II) added to control the molecular Weight distribution. 
All conversions can be readily determined by GC using the 
signal of DMF as the internal standard. Molecular Weights 
Were determined by GPC using 50 mM LiBr in DMF as the 
eluent (vs. PMMA). 
[0137] Initial reactions Were done in Water-DMF mixtures 
(1:1) at 25° C. using CuCl (and CuCl2)/bpy complexes as the 
catalyst. Reactions Were fast, but the rates Were not very 
different no matter What the amount of Cu(II) Was added. It 
turned out that this result arose from the sloW solubility of 
the copper complex in the reaction medium—there Was 
alWays some insoluble complex remaining in all samples 
taken for analysis. HoWever When the experiments Were 
performed in solvent containing a little more Water, and the 
reaction mixtures Were stirred before the addition of the 
initiator, in order to make sure the catalyst Was entirely 
dissolved, there Was a good correlation betWeen the amount 
of Cu(II) added to the polymerization and the rate of the 
reaction. In all cases, there Was a marked increase of the 
molecular Weight With conversion (going up to approxi 
mately 8000 g/mol), and the polydispersities of the polymers 
ranged from 1.4 to 1.6, Which is much better than in the 
initial experiments. 

[0138] Polymerization of dimethylamino methacrylate 
using azo-initiator 2. 

[0139] This experiment Was carried out With the azo 
initiator 2 (see above). 3.5 ml DMAEMA (3.266 g; 20.77 
mmol); 0.0204 g CuCl (0.206 mmol) and 0.0646 g Bipy 
(0.416 mmol) Were mixed and after 10 minutes a solution of 
the initiator (0.1359 g; 0.206 mmol) in 3.5 ml Water Was 
added. The reaction Was too sloW at 20° C., so after 2 hours 
at this temperature, the temperature Was increased to 60° C. 
In 1 hour, approximately 11% conversion Was achieved, and 
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the resulted polymer had molecular Weight of 990 g/mol 
(theoretical: approximately 1700 g/mol) and PDI of 1.04. 
The rate of polymerization Was sloWer than With the bro 
mine-based initiator (structure 1). This suggested that the 
initiator Would ?nd use in the polymerization of charged 
monomers. 

Example 19 

Polymerization of Dimethylamino Methacrylate 
[0140] 7 ml DMAEMA (6.531 g; 41.5 mmol), 0.0206 g 
CuCl (0.208 mmol) and 0.0658 g BiPy (0.421 mmol) Were 
mixed and stirred for 10 minutes. Aclear broWn solution Was 
formed. To this solution, a solution of 0.1355 g (0.205 
mmol) azo-initiator 2 in 7 ml Water Was added. The tem 
perature of the experiment Was maintained at 55° C. The 
progress of the polymerization is shoWn in Table 7. 

TABLE 7 

Time, min Conversion (grav) Mn PDI 

10 0.0703 1.06 X 103 1.03 
30 0.0768 1.20 X 103 1.02 
70 0.1165 1.40 X 103 1.04 

200 0.2524 935 1.03 

Polymerization of Ionic Monomers 

Example 20 

Polymerization of Sodium 4-vinyl Benzoate Using 
Azo-Initiator 2. (This is also the preparation of a 

Water soluble block copolymer.) 

[0141] The aqueous ATRP of 4-vinylbenzoic acid (VBA) 
sodium salt has been reported to be a fast reaction even at 
ambient temperature. An experiment Was performed to poly 
merize NaVBA in Water. The catalyst Was formed by adding 
0.0100 g BiPy (0.064 mmol) to 0.0047 g CuBr (0.033 mmol) 
in 0.25 ml Water. Then 0.5068 g 3.42 mmol) VBA, dissolved 
in 2.5 ml aqueous 1.7 M solution of sodium hydroxide (total, 
4.28 mmol NaOH) Was added, and at the end—0.25 ml 
solution of 0.0933 g (0.133 mmol) MelPEG ester of bro 
moisobutyric acid (M.W. 699 g/mol) initiator, dissolved in 1 
ml 0.2 M NaOH (the amount of the initiator taken Was 
consequently 0.0334 mmol). The mixture Was stirred at 
20-22° C. The reaction mixture became viscous, and after 10 
hr. the polymerization Was complete (based on NMR). The 
rate of conversion With time is presented beloW. 

TABLE 8 

Time, h Conversion (NMR) 

0.17 0.0476 
1.5 0.1872 
3.5 0.4231 
9.75 0.9823 

Example 21 

Polymerization of Sodium 4-vinylbenzoate 
(NaVBA) in Water Initiated by Azo-Initiator 2 

[0142] Target DP=100; 4-VBA—0.5017 g (3.4 mmol); 1.7 
M solution of NaOH CuPF60.4MeCN—0.0132 g (0.035 
mmol); BiPy—0.0108 g (0.067 mmol); azo-initiator 2 (Me1 
PEG based)—22 pl; 60° C. 
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[0143] The conditions are the same as in the previous 
reaction, but the azo-initiator 2 Was used as initiator since it 
Was of interest to check Whether the solubility of this 
macroinitiator plays a role in the characteristics of the ?nal 
block copolymers. 

TABLE 9 

Time of 
Polymerization, 

min Conversion (NMR) Mn X 10’4 PDI 

30 0.11 3.024 1.35 
180 0.28 4.936 1.31 
315 0.50 8.635 1.11 
1005 0.74 
1230 0.83 

[0144] The polymerization is relatively sloW, but there is 
an increase of the molecular Weights With conversion, and 
the PDI’s are quite loW, at conversions beloW 50%. This 
result indicates a controlled polymerization. 

Example 22 

Polymerization of Sodium 4-vinylbenzoate 
(NaVBA) in Water 

[0145] Target DP=100; 4-VBA—0.5027 g (3.4 mmol); 1.7 
M solution of NaOH; CuPF6O.4MeCN—0.0121 g (0.034 
mmol); BiPy—0.0110 g (0.068 mmol); azide initiator—5 M1; 
300 C. 

[0146] 4-Vinylbenzoic acid (VBA) is dissolved in 2 ml 
(purged for at least one hour) solution of NaOH. The 
resulting solution is added to an aqueous solution of the 
copper complex. The catalyst complex solution Was formed 
by ?rst degassing the solid substances, then 0.25 ml deoxy 
genated Water and 0.05 ml NaOH solution are added. The 
initiator is then added. After certain times, samples Were 
taken and the polymerization reaction Was stopped by mix 
ing 0.2 ml of the sample With 5 ml Water and a feW drops 
HCl (1:1). The precipitated monomer and polymer Were 
?ltered and dried. In order to measure NMR spectra, the dry 
sample Was dissolved in D20 With the addition of sodium 
deuteroxide. Molecular Weights can be measured in several 
Ways, including conversion to methyl ester. This Way, hoW 
ever, is not optimal, as the ?nal polymer contains a signi? 
cant quantity of the reagents, and also some unreacted 
polyvinylbenoic acid. That is Why only some of the samples 
Were analyzed for molecular Weights by GPC in DMF. 

TABLE 10 

Time of 
Polymerization, min Conversion (NMR) Mn X 10’4 PDI 

180 0.09 
300 0.10 5.94 1.93 
510 0.18 13.87 1.26 
1395 0.89 
1470 0.92 

[0147] Although the molecular Weights are very high, the 
PDIs of the obtained polymers are much better than in the 
case of the neutral monomer DMAEMA. 












