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ABSTRACT: Cationic coordinatively saturated complexes of ruth-

enium(II), [Ru(o-C6H4-2-py)(phen)(MeCN)2]
þ, bearing different

counterions of PF6
� and Cl� have been used in the radical po-

lymerization of 2-hydroxyethyl methacrylate in protic media

and acetone under homogeneous conditions. Exchange of

PF6
� by Cl� increases the solubility of the complex in water.

Both complexes led to the fast polymerization under mild con-

ditions, but control was achieved only in methanol and ace-

tone and was better for the complex with Cl�. The

polymerization accelerated in aqueous media and proceeded

to a high conversion even with a monomer/catalyst ¼ 2000/1,

but without control. Polymerization mediated by complex bear-

ing Cl� was slower in protic solvents but faster in acetone and

always resulted in lower molecular weight polymers. Thus, the

nature of the anion strongly affected the catalytic activity of the

complexes and may serve as way of fine-tuning the catalytic

properties. VC 2011 Wiley Periodicals, Inc. J Polym Sci Part A:

Polym Chem 49: 4562–4577, 2011

KEYWORDS: atom transfer radical polymerization (ATRP); cati-

onic ruthenium complexes; 2-hydroxyethyl methacrylate; living
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INTRODUCTION 2-Hydroxyethyl methacrylate (HEMA) is an
important industrial monomer; HEMA-based polymers have
wide commercial applications mostly in the biomedical area,
as hydrogels and drug delivery scaffolds, or in the manufac-
ture of soft contact lenses.1–4 As is, HEMA can be polymer-
ized only via a radical mechanism, and the polymer is indus-
trially produced by conventional free radical process in
aqueous media.5 Using free radical process, control over the
molecular weights and terminal groups of the polymer is
nearly impossible. Polymerization by the anionic technique
requires protection of the alcohol group of the HEMA, and
effective living anionic polymerization of the protected forms
of HEMA has been developed.6–8 However, the obvious draw-
back of this approach is that it is a multistep procedure,
involving the synthesis of protected HEMA, its polymeriza-
tion, and the subsequent polymer deprotection. Additionally,
living anionic polymerization requires low temperatures, and
the use of protic solvents must be avoided.

Rapid and intensive development of living radical polymeriza-
tion techniques during the last decade now allows polymeriza-
tion of a vast range of monomers, including different func-
tional monomers, with precise control and architecture.9–11

Initially, HEMA was polymerized in a living/controlled manner
via the RAFT technique.12,13 Metal-catalyzed or atom transfer
radical polymerization (ATRP) is another versatile method
that has been successfully applied for controlled polymeriza-
tion of different monomers.9–11,14–16 However, the control is
sometimes difficult for functional monomers, particularly,
when protic media are required for the polymerization, as is
the case for HEMA because a transition metal catalyst, key ele-
ment of ATRP, may be poisoned by the functional group, suffer
undesirable side reactions, or a lack of solubility. Nevertheless,
preparation of well-controlled homo- and co-polymers of non-
protected HEMA by ATRP in different solvents has been
reported using both copper- and ruthenium-based cata-
lysts.15,16 Thus, well-defined PHEMA and its copolymer with
MMA have been synthesized in methylethylketone/alcohol (n-
propanol or methanol) mixtures within the temperature range
of 50–70 �C by direct ATRP and AGET ATRP methods using
hydrophobic bromide initiators with CuCl/2,20-bipyridine
(bpy) and CuCl2/bpy in conjunction with a tin(II) reducing
agent correspondingly.17,18 Recently, controlled synthesis of
low-molecular-weight PHEMA in MeOH at room temperature,
with CuBr2/tris(2-pyridylmethyl)amine by a new ARGET
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ATRP approach, has been published, but the polymerization
was slow.19 Additionally, to achieve the controllable condi-
tions, a large excess of the reducing agent was used, and the
polymerization proceeded at high CuBr2 concentration.19,20

Statistical copolymers of HEMA with another hydrophilic
monomer, (dimethylamino)ethylmethacrylate (DMAEMA), has
been obtained via ATRP in different aprotic polar solvents, at
45 �C, using similar halide initiator Cu-based catalyst sys-
tems.21,22 Better results were obtained in DMF and DMSO. On
the other hand, high-yield synthesis of near-monodisperse
homopolymer and block copolymer of HEMA has also been
reported at ambient temperature in MeOH and MeOH–water
mixtures with CuBr/bpy catalyst and a hydrophilic bromide ini-
tiator, but very high catalyst concentrations were necessary.23,24

Some other hydroxyl-functionalized methacrylates have also
been polymerized controllably with copper catalysts in MeOH–
water mixtures.25 In all cases, the polymerizations in aqueous
media were faster, but less controlled, than those in pure alco-
hol.25,26 Fuji et al. reported living radical polymerization of
HEMA catalyzed by three neutral (two hydrophobic and one
hydrophilic) ruthenium(II) complexes containing chloride and
phosphine ligands.27 The polymerizations were carried out in
MeOH at 80 �C with different alkylhalide initiators. Higher activ-
ity and controllability were observed in the polymerizations
mediated by the hydrophilic complex because of its better solu-
bility in the medium. The hydrophobic complexes were poorly
soluble, and the polymerization induced by them proceeded
under heterogeneous conditions. Recently, more effective ho-
mogeneous fine-controlled polymerization of HEMA mediated
by another neutral tritolylphosphine ruthenium(II) complex,
Cp*RuCl [P(m-Tol)3]2, has been reported. The polymerization
proceeded in ethanol at 40 �C at high rate in the presence of an
aminoalcohol additive, which also permitted a notable reduc-
tion of the catalyst concentration.15,28,29 Syntheses of stereospe-
cific and yet stereogradient well-controlled PHEMA using a
Cp*RuCl[P(Ph)3]2 catalyst in conjunction with an excess of
n-Bu3N additive have also been described.30,31 The stereospeci-
ficity was induced by the appropriate choice of the solvent,
such as, aprotic amide solvents, DMF or DMA, and fluoroalcohol,
similarly to the effects seen in free radical polymerizations.

However, despite the obvious success of living radical poly-
merization of hydrophilic monomers by the ATRP approach,
the number of catalytic systems that permit the controlled

polymerization in protic, especially aqueous media, is still
very limited. The copper-based catalysts suffered undesirable
side reactions, such as disproportionation of Cu(I) activator
and halide ligand substitution by solvent from Cu(II) deacti-
vator,26 that requires high content of the catalyst.

The ruthenium catalysts generally are more tolerant to both
hydroxyl-functional group and the presence of water as a
result of the low oxophilic nature of the ruthenium center.

During the past 10 years, easy and efficient synthesis of
cyclometalated ruthenium(II) complexes has been developed
by our group.32,33 Some of the complexes have been success-
fully applied to controlled/living radical polymerizations of
traditional hydrophobic monomers, such as styrene and
acrylates.34,35 The complexes are cationic and do not contain
chloride or phosphine ligands as the grand majority of the
ruthenium catalysts so far used in ATRP. Most of our com-
plexes are extremely stable in air, especially in the solid
state, and may be stored and used in a reaction without any
precaution. The ionic nature of the complexes may be advan-
tageous in many aspects. First, as has been shown by a com-
parison of neutral and cationic Ru(II) complexes of similar
structures, the ionic complexes are much more active cata-
lysts in ATRP of hydrophobic monomers.36,37 Second,
because of their ionic character these complexes are reason-
ably soluble in protic solvents, and this represents a consid-
erable advantage for the polymerization of hydrophilic
monomers such as HEMA. Moreover, the effect of the coun-
terion and its role on the polymerization processes has
attracted very little attention, particularly for the ruthenium-
based catalysts. Although a simple anion exchange may sig-
nificantly modify some of the complex’s properties, such as
its solubility. This study deals with the direct homopolymeri-
zation of HEMA mediated by two cationic cyclometalated
ruthenium complexes differing only by anions, [Ru(o-C6H4-2-
py)(phen)(MeCN)2]PF6 and [Ru(o-C6H4-2-py)(phen) (MeCN)2]Cl
(see Fig. 1 for the structure), under mild conditions. Kinetic
features of the polymerization and the catalytic behavior of the
complexes in different solvents, acetone, methanol, methanol–
water mixtures, and pure water, have been investigated. It has
been shown that counterion has very strong effect on activity
of the catalyst and controllability of the polymerizations in
both protic and aprotic media. The effect depends on solvent.

FIGURE 1 Structures of the cyclometalated ruthenium(II) complexes (I) [(g6-C6H6)Ru(C6H5-o-CH2NMe2)(MeCN)]PF6, (IIa) [Ru(o-C6H4-

2-py)(phen)(MeCN)2]PF6, and (IIb) [Ru(o-C6H4-2-py)(phen)(MeCN)2]Cl.
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To the best of our knowledge, this is the first example of ho-
mogeneous radical polymerization mediated by ruthenium(II)
catalysts carried out in water.

RESULTS AND DISCUSSION

Effect of the Catalyst Structure
Initially, we tried to polymerize HEMA using another ruthe-
nium(II) compound incorporating r-bound N,N-dimethylben-
zylamino (dmba) ligand, [Ru(g6-C6H6)(C6H5-o-CH2NMe2)
(MeCN)]PF6 (I in Fig. 1), which synthesis required one step
less than the mentioned above [Ru(o-C6H4-2-py)(phen)
(MeCN)2]PF6 catalyst (IIa in Fig. 1).32,33 The complexes are
18 electron coordinatively saturated compounds, bearing
both strongly bound (dmba, phpy, and phen) and more labile
(benzene and MeCN) ligands. It was shown that both cata-
lysts could mediate radical polymerizations of methyl meth-
acrylate (MMA) with a moderate level of control, but I was
more active and able to polymerize MMA at 50–60 �C,
whereas the polymerizations catalyzed by IIa proceeded at
80 �C but were better controlled.38,39 The higher activity of I
could be explained by the fact that the benzene ring is very
labile and as such can easily generate three active vacant
sites in the coordination sphere, whereas in complex IIa, the
two acetonitrile molecules are more strongly bound to the
ruthenium making the ligand exchange reactions more diffi-
cult.32 The IIa compound is more resistant to oxidation; it is
very stable in air in the solid state and in organic solutions.
Because of their ionic character, the complexes are well solu-
ble in polar solvents such as ketones, alcohols, and HEMA,
and homogeneous reaction conditions were reached at ambi-
ent temperature.

Preliminary experiments in the bulk at 50 �C with catalyst I
showed that the polymerization of HEMA was very fast
(�90% conversion in 6 h) but poorly controlled, and a high-
molecular-weight (Mn,GPC � 17,500) polymer of broad poly-
dispersity (PDI � 2.3) was obtained even at low conversions.
The molecular weights grew slightly with the reaction time
reaching �22,000 at 46% but did not change further and
PDIs always remained above 2. The polymerization in MeOH
mediated by the same catalyst I did not show any improve-
ment in the control and was somewhat slower. Our attempts
to improve the control by reducing the reaction temperature
did not give positive results: no polymerization was detected
at 40 �C.

The catalyst IIa did not demonstrate any activity at 40 �C ei-
ther. Bulk polymerization at 50 �C with this catalyst was
slower (�60% conversion in 6 h) compared to that with I
and also resulted in a polydisperse product of about 22,000
molecular weight. However, the polymerizations with IIa car-
ried out in MeOH and acetone solutions at the same temper-
ature were much more successful. Both polymerizations
were fast, proceeded to high conversions, and higher molecu-
lar weight polymers were obtained at the end (Mn,GPC ¼
36,800 at 82% in MeOH and 43,800 at 87% in acetone).
Semilogarithmic kinetic plots for these reactions depicted in
Figure 2 show quite linear tendency in both solvents, but

some acceleration was observed in the acetone polymeriza-
tion after 4 h of reaction when a conversion of 60% was
achieved. At lower conversion, the reaction rates were
almost equal.

Acetone is a poor solvent for PHEMA, but at low conversions
the polymer was completely soluble because of the high con-
tent of the monomer in the system. Additionally, as it will be
shown below, the polymer obtained at low conversions had
relatively low molecular weights that also favored its solubil-
ity. When the polymerization progressed and reached around
60% of conversion, the system converted into a jelly-like ho-
mogeneous mass, which was getting denser with further
increase in the conversion. The acceleration detected in ace-
tone is referred to so-called gel effect, which is observed in
highly viscous media for free radical polymerizations
because of the impediment of the termination process.40 The
high viscosity may be resulted from elevated concentration
of a high-molecular-weight polymer or use of bad sol-
vents.41,42 The strength of this gel effect, and therefore the
conditions under which it is observed, depends on the
monomer. The polymerization of HEMA was characterized by
a strong gel effect at monomer concentrations of above 1
M.43–45 This kind of effects should not be observed for ideal
‘‘living’’ polymerization because all the polymer terminals
should be capped and thus no termination should occur. On
the other hand, even in the successful examples of living rad-
ical polymerizations, it is not possible to avoid completely
the termination and about 5–10% termination reactions are
normally present.46 The acceleration observed in the acetone
polymerization of HEMA mediated by IIa was very insignifi-
cant compared to the effects reported for the free radical
processes.43–45 The corresponding molecular weight data
versus conversion for the methanol and acetone polymeriza-
tions are shown in Figure 3. As can be seen from the figure,
development of the molecular weights with the conversion
was very similar in both solvents, and the molecular weights
increased linearly with conversion. The molecular weights
obtained in acetone polymerization at high conversions were

FIGURE 2 Kinetic plots of polymerizations of HEMA catalyzed

by IIa at 50 �C in methanol (l) and acetone (n) with the initial

molar ratio of [HEMA]0/[IIa]0/[EBiB]0 ¼ 200/1/1.
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higher, but the difference was negligible. Thus, we believe
that the polymerization, to a great extent, proceeded in the
living fashion and the polymer terminals were appropriately
capped according to the established mechanism.9,10,14 The
NMR analysis of the synthesized polymer and the extension
chain experiments confirmed the hypothesis (see below).

Polydispersities behaved differently in acetone and MeOH
polymerizations. In acetone, PDIs were low initially and
increased gradually with the conversion, whereas in MeOH,
PDIs progressed as normally observed in ATRP, that is, nar-
rowed with the conversion, and PHEMA of fairly narrow PDI
(1.27 at 62% conversion) was obtained. Further experiments
for more detailed investigation of the process were then car-
ried out in MeOH. Radical mechanism of the polymerizations
was confirmed using TEMPO as radical scavenger in MeOH
and water reactions. It is worth noting that the polymeriza-
tion did not proceed in the presence of the catalyst without
addition of the initiator.

Effect of the Catalyst and Initiator Concentrations
PHEMA of different molecular weights were obtained by vary-
ing the concentrations of the catalyst and initiator. As expected,
the polymerization was faster with increase of the initiator
concentration (Fig. 4), and a twofold multiplication in the ini-
tiator concentration resulted in�90% conversion in only 4 h.

The molecular weights grew with the conversion at this con-
centration of initiator in a similar way as observed for the

lower initiator concentration, whereas the PDIs were slightly
broader at moderate conversions and achieved the highest
value of 1.76 at a conversion of 90% (Fig. 5). Twofold
decrease in the catalyst concentration to monomer/catalyst

FIGURE 3 (a) Experimental and theoretical (---) molecular weight data for polymerizations of HEMA catalyzed by IIa at 50 �C
with the initial molar ratio of [HEMA]0/[IIa]0/[EBiB]0 ¼ 200/1/1 in methanol (l—Mn,GPC and *—PDI) and in acetone (n—Mn,GPC and

h—PDI). (b) GPC traces of the PHEMA synthesized in methanol.

FIGURE 4 Kinetic plots of polymerizations of HEMA catalyzed

by IIa at 50 �C in methanol with various concentrations of the

catalyst and initiator: (n) polymerization using the initial molar

ratio of [HEMA]0/[IIa]0/[EBiB]0 ¼ 200/1/1; (l) polymerizations

with ([HEMA]0/[IIa]0/[EBiB]0 ¼ 200/0.5/1); and (~) [HEMA]0/[IIa]0/

[EBiB]0 ¼ 200/1/2.
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ratio of 200/0.5 almost did not affect the polymerization
rate at the beginning, but after 4 h the polymerization
slowed down drastically and stopped at about 50% conver-
sion (Fig. 4). Control was also worse in this case, even
though the molecular weights still grew with conversion, the
values were much higher than those obtained at 200/1
monomer/catalyst ratio, and the dependence was not linear.
The PDIs demonstrated tendency of narrowing with the con-
version but were also broader (see Fig. 5) than those
obtained with the higher catalyst content.

Determination of Molecular Weight of PHEMA
by 1H NMR
The discrepancy between the molecular weight of PHEMA
determined by GPC and the real values has been highlighted
in various articles.17,18,23,27 Significantly higher molecular
weights given by GPC were attributed to difference in hydro-
dynamic volumes between PHEMA and hydrophobic PMMA
or PSt calibration standards. In a similar way, the GPC molec-
ular weights presented in this article are higher than the cal-
culated values (see, e.g., Figs. 3 and 5), and thus the plots
did not pass through the origin. To evaluate the real molecu-
lar weight of PHEMA synthesized here, two different
approaches were used: analyses of the end group and com-
position of a block copolymer of PHEMA and PMMA.

To obtain well-separated a-end signals from the initiator,
HEMA was polymerized in MeOH using 1-phenylethyl bro-
mide (PEB) as an initiator. The polymerization was carried
out under the same basic conditions reported for EBiB, that
is, 50 �C, 50/50 v/v HEMA/MeOH, and [HEMA]0/[IIa]0/
[PEB]0 ¼ 200/1/1. The reaction was stopped after 2 h. Con-
version achieved was 19%, similar to the conversion
obtained with EBiB after the same reaction time (18%). The
polymer containing catalyst and probably traces of the
monomer was then dissolved in MeOH and passed twice
through a silica column for better purification from the cata-

lyst residue. The purified polymer was analyzed by GPC and
1H NMR techniques. Mn,GPC ¼ 19,600 and PDI ¼ 1.61 were
obtained, and 1H NMR spectrum of this PHEMA is presented
in Figure 6(a).

The spectrum revealed two broad peaks at about 7.2 and 7.8
ppm. Signals at those chemical shifts have been reported by
different groups as a-end signals originating from the phenyl
ring of PEB initiator.47,48 These peaks were not detected in
the spectrum of PHEMA synthesized with EBiB [Fig. 6(b)].
There are no signals in the aromatic region of the latter, indi-
cating that practically all residual catalyst trapped in the
polymer was absorbed by silica. The main signals of the cat-
alyst lie between 8.0 and 8.3 ppm [see Fig. 6(c)], and this
interval is clean in the spectrum of the PEB-initiated PHEMA.
Taking into account all the above, we believe that the aro-
matic resonances observed in the PEB-initiated PHEMA
belong to the initiator incorporated at the a-end. Rough esti-
mation based on the integration of these two signals (five
protons) and monomer units of the polymer gave a molar ra-
tio of HEMA to PEB as (85–88)/1, which corresponds to mo-
lecular weights in the range of 11,100–11,400. Thus, the mo-
lecular weight obtained by end-group analysis was about
70% lower than the molecular weight obtained from the
GPC data. The result coincides with the deviations given in
the literature.18,27

Synthesis of the PMMA-b-PHEMA Copolymer
An effort to estimate the real molecular weight of the
PHEMA was also performed analyzing a block copolymer of
MMA and HEMA. As mentioned above, the catalyst IIa was
able to mediate ‘‘living’’ radical polymerization of MMA.38

The polymerization proceeded at 80 �C in toluene solution
using EBiB initiator with satisfactory level of control. The
molecular weights were close to the calculated values and
grew linearly with conversion but were slightly higher than
the calculated values, and PDIs were also not as narrow as
those in the processes described earlier.48–52 Some data of
this polymerization are summarized in Table 1.

A PMMA of Mn ¼ 6500 and PDI ¼ 1.30 (GPC, DMF eluent)
prepared according to this protocol was used as a macroini-
tiator in the subsequent polymerization of HEMA carried out
at 50 �C in acetone solution as PMMA is not soluble in
MeOH. A viscous solution was already obtained after 2 h,
and the polymerization was stopped after 6 h when the sys-
tem converted into a gel. At this point, the conversion of
HEMA was determined to be equal to 68%, and the resulting
copolymer was characterized by GPC and 1H NMR. The
characteristic signals for both blocks of PMMA and PHEMA
are clearly seen in the 1H NMR spectrum of the copolymer
(Fig. 7).

The GPC traces presented in Figure 8 demonstrate important
increase in the molecular weight to �32,800, indicating effi-
cient formation of the copolymer. The values of the molecu-
lar weights achieved are close to the molecular weights of
the HEMA homopolymer obtained at a similar conversion in
acetone (Fig. 3). However, the GPC curve of the copolymer is
much broader because the macroinitiator applied is not

FIGURE 5 Evolution of the molecular weights and PDIs with

conversion at various concentrations of the catalyst and

initiator. Initial molar ratio of [HEMA]0/[IIa]0/[EBiB]0 ¼ 200/1/1

(n—Mn,GPC and h—PDI); [HEMA]0/[IIa]0/[EBiB]0 ¼ 200/0.5/1

(l—Mn,GPC and *—PDI); and [HEMA]0/[IIa]0/[EBiB]0 ¼ 200/1/2

(~—Mn,GPC and ~—PDI).
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monodisperse and not symmetrical because of the percent-
age of dead chains in the PMMA initiator.

The molar composition of the copolymer was estimated from
the 1H NMR spectrum by the integration ratio of the signal
at 3.65 ppm from ACH3 of PMMA and the signal at 4.04
ppm from ACH2A of PHEMA (c and e in Fig. 7) to be 33%
PMMA and 67% PHEMA. Supposing that the molecular
weight of the PMMA block obtained by GPC is absolute, as
GPC was calibrated by PMMA standards, the molecular
weight of the PHEMA block was evaluated as 17,100 and the
sum gives 23,600 for the PMMA-b-PHEMA. Thus, once again
the molecular weight evaluated by 1H NMR was lower than
the one from GPC, and the difference coincided satisfactorily
with that obtained from the terminal group analysis. How-

ever, even with this correction, the molecular weights
obtained with IIa were still higher than the calculated values
assuming a 100% efficiency of the initiator. In fact, the effi-
ciency of the initiator turned out to be lower, about 60%, as
will be discussed below (see section Effect of the Counter-
ion), and this last adjustment gave a satisfactory coincidence
between the real molecular weights and the values obtained
from the GPC.

Effect of Water on the Polymerization Catalyzed by IIa
Catalyst IIa is not soluble in water but demonstrated reason-
able solubility in water/MeOH and water/HEMA mixtures
that permitted to carry out the polymerization in aqueous
media under homogeneous conditions. The polymerization in
water/HEMA at 50 �C using the usual 200/1/1 initial

TABLE 1 Polymerizations of MMA in Toluene at 80 8C

Time (h) Conv. (%) Mn,GPC � 10�3 (g/mol) Mn,th � 10�3 (g/mol) PDI

1.5 25 6.5 5.0 1.30

3 52 10.6 8.3 1.22

[MMA]0/[IIa]0/[EBiB]0 ¼ 200:1:1.

FIGURE 6 (a) 1H NMR spectrum of PHEMA in d6-DMSO obtained in the system [HEMA]0/[IIa]0/[PEB]0 ¼ 200/1/1 in methanol at

50 �C (The peak at 2.09 ppm in (a) corresponds to acetone residual peak). (b) 1H NMR spectrum of PHEMA in d6-DMSO obtained

in the system [HEMA]0/[IIa]0/[EBiB]0 ¼ 200/1/1 in methanol at 50 �C. (c) 1H NMR spectrum of IIa.
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reagent ratio was very fast: the system was completely poly-
merized within 30–40 min. Decrease of the temperature to
40 �C slowed down the polymerization, and a conversion of
94% was obtained in 2 h. The polymer was characterized by
high molecular weights and broad PDI (see Table 2), but was
completely soluble in DMF at room temperature in contrast
to PHEMA obtained in pure aqueous media with a copper
catalyst,23 showing that the polymer synthesized was essen-
tially lineal with minimum crosslinking. Further decrease of
the temperature to 30 and 35 �C did not result in the poly-
merization. Thus, 40 �C was the minimum temperature to

polymerize HEMA in aqueous media. The results of the poly-
merizations in MeOH/water mixtures of various composi-
tions at 40 �C are shown in Table 2. It is worth to stress
again that the polymerization did not proceed in pure MeOH
at 40 �C. The polymerization was faster but worse controlled
with increased amount of water in the reaction medium.

The same tendency with respect to the water content was
found for the ATRP of hydrophilic methacrylates catalyzed
by copper-based complexes.23,26,53 We did not find any
reports on the application of ruthenium catalysts in water
under homogeneous conditions, but influence of water on
the ruthenium-catalyzed polymerization of hydrophobic
monomers is rather controversial. Acceleration in the pres-
ence of water has been observed for the polymerization cata-
lyzed by neutral ruthenium compounds,54 but for polymer-
izations mediated by Schiff base cationic complexes the
acceleration has not been always detected.36,37 Depending on
the ligands attached to the ruthenium center, the polymeriza-
tion may be slower in the presence of water, but control was
generally not affected or in some cases improved.

The high activity of IIa in water suggested a reduction of the
catalyst content in the reactions. As the catalyst concentra-
tion was decreased twofold, the polymerization rate also
decreased, and the plot of ln([M]0/[M]) versus time for this
polymerization (Fig. 9) is linear.

The reduction in the reaction rate was accompanied by a
diminution in the molecular weights, and the highest value
of Mn,GPC ¼ 59,200 was obtained at 80% conversion after
5 h of the polymerization. The evolution of the molecular
weights and PDIs with conversion under these conditions is
shown in Figure 10. Molecular weights were higher than

FIGURE 7 1H NMR spectrum of PMMA-b-PHEMA in d7-DMF.

FIGURE 8 GPC traces of the PMMA-Br macroinitiator and

PMMA-b-PHEMA.
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those obtained in MeOH, but noticeably demonstrated a
tendency to grow with conversion, even if PDI values
remained high. Thus, in water polymerization at 40 �C and
the initial ratio of monomer/catalyst ¼ 400/1, high conver-
sion and certain level of control were achieved. Further reduc-
tion of the catalyst content to levels of [HEMA]0/[IIa]0 of
1000/1 and 2000/1 led to limited conversions as the reaction
stopped at �50 and 30% yields, respectively (Fig. 9).

Effect of the Counterion
Complex IIa is soluble in organic protic solvents but is insol-
uble in water even at elevated temperatures. To investigate
how the hydrophilic nature of the catalyst may affect the po-
lymerization, several polymerizations mediated by complex
IIb were carried out. This complex is structurally identical to
the complex IIa, and the only difference between them is the
counterion (see Fig. 1). Exchange of PF6

� by Cl� allowed to
improve dramatically the solubility in water and at the same
time did not affect other important properties such as the
reduction potential and extinction coefficients. The important
role of counterion for both copper and ruthenium catalysts
in ATRP has been discussed in several publications, and it

has been shown that counterion has a strong influence on
the catalytic activity and on the control in the polymeriza-
tion.36,37,55,56 The effect depends on various factors, such as
the polarity of the reaction medium or the nature of the
ligands bound to the metal center. However, the information
available on the nature of this phenomenon remains limited,
particularly for ruthenium, as the grand majority of the com-
plexes studied so far are neutral. Further studies are
required to fully explain the effect observed.

Data of the HEMA polymerization in MeOH mediated by IIb
are presented in Figures 11 and 12. The polymerization was
carried out at 50 �C using initial ratio of HEMA/IIb/EBiB ¼
200/1/1, that is, under the same conditions as with IIa. The
kinetic plot in Figure 11 shows that the polymerization is
slower than when mediated by IIa (48% conversion in 6 h
for IIb vs. 64% for IIa), and the polymer of about 35–40%
lower molecular weights was obtained with the catalyst IIb
if the same conversions were compared. Evolution of the
molecular weights and PDIs with conversion is shown in
Figure 12.

The dependence of the molecular weights on conversion was
quite linear for this polymerization, and PDIs abruptly nar-
rowed and were quite narrow at high conversions (below
1.3). Taking into account the difference between the real mo-
lecular weight and the molecular weight obtained by GPC,
we may conclude that for IIb, the molecular weights of
PHEMA coincided well with the estimated values, meaning
there was a better controlled polymerization.

Surprisingly, the polymerization catalyzed by IIb was very
fast in acetone; its semilogarithmic plot is also given in Fig-
ure 11. The polymerization rate in acetone with IIb was
even faster than that mediated by IIa under similar condi-
tions (72 vs. 60% in 4 h, respectively), but again PHEMA of
lower molecular weight was obtained (see Fig. 12). Thus,
although the difference in the polymerization rates was op-
posite in MeOH and acetone for the catalysts IIa and IIb, the
tendency with respect to the molecular weights was main-
tained: lower molecular weight PHEMA was obtained with
catalyst IIb.

Analysis of the initiator consumption during acetone poly-
merizations demonstrated that more than 90% of EBiB was
consumed during first 30 min in the reaction mediated by
IIb and only 60% in that mediated by IIa. Therefore, the

FIGURE 9 Kinetic plots of polymerizations of HEMA catalyzed

by IIa at 40 �C in water with different concentrations of the cata-

lyst: (n) polymerization with the initial molar ratio of [HEMA]0/

[IIa]0/[EBiB]0 ¼ 200/0.5/1; (~) polymerizations with [HEMA]0/[IIa]0/

[EBiB]0 ¼ 200/0.2/1; and (l) [HEMA]0/[IIa]0/[EBiB]0¼200/0.1/1.

TABLE 2 Polymerizations of HEMA in Methanol, Water/Methanol Mixtures Containing Varying Amounts

of Water at 40 8C

MeOH/H2O (v/v) Time (h) Conv. (%) Mn,GPC � 10�3 (g/mol) Mn,th � 10�3 (g/mol) PDI

100/0 24 – – – –

85/15 6 24 17.5 6.2 1.88

50/50 6 69 44.9 18.0 1.93

15/85 3 83 71.6 21.6 2.09

0/100 2 94 110.0 25.7 2.00

[HEMA]0/[IIa]0/[EBiB]0 ¼ 200:1:1.
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higher molecular weight PHEMA synthesized with IIa may
be explained by relatively low efficiency of the initiator in
these polymerizations.

Chain Extension
The living nature of the polymerization was verified by the
chain extension methodology. As evolution of the molecular
weight characteristic against conversion is better for the po-
lymerization catalyzed by IIb in methanol, this catalyst was
chosen for synthesis of the macroinitiator. The chain exten-
sion experiments were performed by two different protocols:
(1) with separation and purification of the PHEMA macroini-
tiator obtained in the first polymerization and (2) without
the separation of the macroinitiator. In the first case, the
macroinitiator as white powder-like substance was added to
the next polymerization of HEMA in MeOH at [HEMA]0/
[macroinitiator]0/[IIa]0 ¼ 200/1/1 initial ratio. In the sec-
ond case, the liquid volatile part from first synthesis (solvent
and unreacted monomer) of the macroinitiator was evapo-
rated in vacuum without heating, and new portion of HEMA
and MeOH/water were added (for details, see Experimental
part). Both second polymerizations proceeded successfully,
but were much slower than those with EBiB; the yields were
39% at 12 h and 31% at 6 h in the MeOH and MeOH/water
systems, respectively. The GPC traces of the PHEMA macroi-
nitiators and the chain-extended polymers obtained by both
ways are shown in Figure 13. As can be seen from the figure,
the molecular weights increased very significantly in both
experiments, and distributions were broader than those of
macroinitiator as usually observed in chain extension and
block copolymer synthesis.57,58 The absence of significant

FIGURE 11 Kinetic plots of polymerizations of HEMA catalyzed

by IIb at 50 �C in methanol (l) and acetone (n) with the initial

molar ratio of [HEMA]0/[IIb]0/[EBiB]0 ¼ 200/1/1 and water at 40
�C with the initial molar ratio of [HEMA]0/[IIb]0/[EBiB]0 ¼ 200/

0.1/1 (~).

FIGURE 10 (a) Dependence of the Mn and PDI of PHEMA synthesized in water at 40 �C on conversion at different IIa concentra-

tions. Polymers obtained in the mixtures with the initial molar ratio of [HEMA]0/[IIa]0/[EBiB]0 ¼ 200/0.5/1 (n—Mn,GPC and h—PDI);

[HEMA]0/[IIa]0/[EBiB]0 ¼ 200/0.2/1 (~—Mn,GPC and ~—PDI); and [HEMA]0/[IIa]0/[EBiB]0 ¼ 200/0.1/1 (l—Mn,GPC and *—PDI). (b)

GPC traces of the PHEMA obtained in [HEMA]0/[IIa]0/[EBiB]0 ¼ 200/0.5/1.
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FIGURE 13 GPC curves of PHEMA-Br macroinitiator and its chain-extended polymer obtained with IIb complex at 50 �C (a) in

methanol and (b) methanol/water mixture.

FIGURE 12 (a) Experimental and theoretical (---) molecular weight data for polymerizations of HEMA catalyzed by IIb at 50 �C
with the initial molar ratio of [HEMA]0/[IIb]0/[EBiB]0 ¼ 200/1/1 in methanol (l—Mn,GPC and *—PDI) and acetone (n—Mn,GPC and

h—PDI) (50/50 v/v). (b) GPC traces of PHEMA obtained in methanol.
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shoulder on the low-molecular-weight side of the GPC curves
of the chain-extended polymers indicated that the chain-end
functionality of the macroinitiator was relatively high.

Effect of Water on the Polymerization Catalyzed by IIb
Polymerization in water mediated by IIb carried out at
40 �C was also much faster than in methanol at 50 �C. The
data for the polymerizations catalyzed by different amounts
of IIb are shown in Table 3. As can be seen, the polymeriza-
tion in water catalyzed by IIb at the 200/1/1 initial ratio
was slower than the polymerization mediated by IIa under
the same conditions but resulted in much lower molecular
weight product. As the catalyst concentration was reduced,
rate of the polymerization decreased and simultaneously the
molecular weights increased. The polymerization with the
lowest catalyst concentration ([HEMA]0/[IIb]0 ¼ 2000/1 in
Table 3) afforded the polymer of the highest molecular
weight (about 100,000).

However, in contrast to the polymerizations in water cata-
lyzed by IIa, when the polymerizations did not proceed fur-
ther than 50 and 30% at [HEMA]0/[IIa]0 ¼ 1000/1 and
2000/1 respectively, complex IIb was able to mediate the
polymerization at very high conversions (compare Figs. 9
and 11). Semilogarithmic kinetic plot of the polymerization
at the [HEMA]0/[IIb]0 ¼ 2000/1 remained linear until the
highest conversion (Fig. 11), but the molecular weight char-
acteristics were not controlled as no dependence of the mo-
lecular weights versus the conversion was observed.

Comparison of the Catalysts IIa and IIb
Thus, we can say that the nature of the counterion of the
cyclometalated ruthenium(II) complex has a strong influence
on the kinetics of the polymerization as complex IIa with
PF6

� mediated faster polymerization than IIb with Cl� in
both protic solvents, methanol and water, but the polymer-
ization was slower in aprotic acetone. However, the control
in methanol was better with IIb as the molecular weights
were close to the calculated values and the PDIs were also
narrower. A maximum activation rate constant, irrespectively
of the polarity of solvents, has also been reported for ionic
copper catalysts with PF6

� anion comparing to the halide
anions, but the effect diminished dramatically in water.56 Our
data for the ionic ruthenium complexes demonstrated on the
contrary that the complex with PF6

� was much more active
in protic solvents and the effect maintained in water as well.

However, the situation was vice versa in aprotic acetone
where the complex IIb with Cl� was more active. The poly-
merizations catalyzed by IIa also resulted in synthesis of
higher molecular weight PHEMA in all solvents studied prob-
ably because of lower efficiency of initiation.

The polymerizations carried out in the presence of coordi-
nating MeCN revealed strong inhibition of the process at 5
equiv of MeCN relatively to catalyst and complete suppres-
sion of the reaction at 10 equiv of MeCN in MeOH and water.
The results were very similar for both II complexes indicat-
ing that a release of one ligand in order to create a vacant
site in the coordination sphere is essential for the catalysis.

The catalyst behavior under the reaction conditions in differ-
ent solvents was investigated by UV–vis analysis. Both cata-
lysts IIa and IIb are very stable in solid state and may be
stored in open air and in solutions at ambient temperature.
However, under the polymerization conditions the catalysts
are not as stable. The changes in UV–vis spectra of the reac-
tion mixture in MeOH during the polymerization with the
catalyst IIa are shown in Figure 14(a). It should be noted
that the same changes were observed for the catalyst IIb.

Band of the original ruthenium(II) complex gradually
decreased with time, and a new band with maximum at 390
nm, which could correspond to the absorption of a rutheniu-
m(III) species, appeared.33 Rough estimation showed that
about 30% of the complex is converted into this species af-
ter 8 h, but the main band in the spectrum still belongs to
the original complex. The data were confirmed by 1H NMR
in CD3OD at 50 �C using n-decane as an internal standard.
After 8 h, about 25% of the original complex has disap-
peared, but no new clear signals, except from free MeCN at
2.05 ppm and some undefined broad signals, are detected,
indicating the possible formation of paramagnetic rutheniu-
m(III) species. However, the spectral changes were not so
substantial during polymerization in acetone. As can be seen
from the Figure 14(b), the spectra in acetone before and af-
ter 8 h of polymerization are very similar. Thus, deviation
from linearity of the kinetic plot for the polymerization in
methanol at prolonged time of reaction may be caused by
the loss of the catalyst.

Interestingly, both catalysts are quite stable under the water
reaction conditions. The UV–vis spectra of the polymerization
mixtures with catalysts IIa and IIb before and after 1.5 and

TABLE 3 Polymerizations of HEMA in Water at 40 8C at Different Initial Molar Ratios of [HEMA]0/[IIb]0/[EBiB]0

Initial Molar Ratio Time (h) Conv. (%) Mn,GPC � 10�3 (g/mol) Mn,th � 10�3 (g/mol) PDI

200/1/1 3 87 56.4 22.6 1.86

200/0.5/1 1 36 70.1 9.6 2.06

3 93 69.4 24.1 2.49

200/0.2/1 2 21 81.3 5.4 2.46

6 95 82.9 24.7 2.10

200/0.1/1 2 25 107.6 6.5 2.66

6 84 114.6 21.8 2.61
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3 h the reaction correspondingly, that is, when the polymer-
izations were practically completed, are presented in Figure
15 as solid and dotted lines. The spectra of the polymerized
jelly-like systems were of poor quality. To improve the qual-
ity of the spectra, the polymerized samples were dissolved
in MeOH (dot-lined spectra in Fig. 15). As can be seen from
the figure spectrum of the ‘‘after polymerization’’ mixtures
closely resembled the spectrum of the original catalyst. Thus,
both complexes demonstrated quite high stability under con-
ditions of water polymerization, but the comparison was not
absolutely correct because of different reaction times (1.5 h
for IIa and 3 h for IIb). Extended storage of IIa during fur-
ther 3 h under these conditions revealed spectral changes

very similar to those observed in MeOH. Such higher stability
of IIb in water solution permits to explain why this catalyst
was able to mediate the polymerization until high conver-
sions even when used in low concentrations.

Our attempts to study the stability of the pure complexes in
degassed deuterated solvents, such as methanol, acetone and
water, at polymerization temperatures by 1H NMR spectros-
copy illustrated that the changes observed were quite slow
in comparison with the polymerization rates and difficult to
interpret. In all the studies, the signals from the original
complexes remained the principal ones, some new signals
which appeared in the aromatic area were of low intensities.
Additionally, the appearance of free MeCN and formation of

FIGURE 14 UV–vis spectra of the polymerization mixtures ([HEMA]0/[IIb]0/[EBiB]0 ¼ 200/1/1) in methanol (a) and acetone (b) at

50�C: solid line—initial spectra; dashed line—after 8 h of the reaction.

FIGURE 15 UV–vis spectra of the polymerization mixtures in water ([HEMA]0/[II]0/[EBiB]0 ¼ 200/1/1) with IIa complex (a) and with

IIb (b) at 40 �C: solid line—initial spectra; dotted line—after 1.5 h with IIa and 3 h with IIb; dashed-dotted line—after 3 h with IIa.
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possible ruthenium(III) species were also always detected.
The loss of the original complex due to the probable oxida-
tion in acetone and water was slower than in methanol.

Mechanistic Approach
As the complexes II are coordinatively saturated, in order to
be active in ATRP they should lose one of the ligands, either
MeCN or one of the bidentate, phen or phpy, ligands. The im-
portance of release of the ligand was confirmed by the
experiments with an excess of coordinative MeCN. As aceto-
nitrile is a more labile ligand, the logical route involves its
liberation. Moreover, free MeCN in the system was detected
by 1H NMR. Substitution of acetonitrile by methanol in IIa
has been reported to lead to an abrupt decrease of the
reduction potential.33 Therefore, the complex should become
more active in ATRP but also much more sensitive to oxida-
tive destruction; this indeed was observed during the poly-
merizations in MeOH. It would be logical to propose a simi-
lar scheme for polymerization in acetone or water with the
substitution of acetonitrile by acetone or water molecules.
However, we could not exclude participation of the bidentate
ligands, as similar complexes, but bearing only the bidentate
ligands, can be very active ATRP catalysts.35

Furthermore, the influence of the anion moiety on the cata-
lytic behavior of the complexes detected in this study was
very strong and complicated and could not be explained in
terms of simple dissociation. We assume that the complex
IIb with Cl� may undergo ligand rearrangement, and the
two forms, cationic and neutral, exist in equilibrium as can
been seen in Figure 16.

The rearrangement of this kind involving the chloride ligand
has been observed for ruthenium (II) complexes.59 We pro-
pose that the equilibrium shown in the scheme strongly shifts
to the ionic form because the neutral form was not detected
by traditional methods, but the shift may be altered depend-
ing on the solvent. The neutral form may exist in higher con-
centrations in less polar solvents and also participate in the
catalysis. This rearrangement could not be achieved in IIa
bearing PF6

� anion, and this explains the unusual difference
between the complexes. The hypothesis was indirectly con-
firmed by polymerization kinetics carried out in the presence
of NaCl (1.5 equiv relatively to the catalyst). The polymeriza-
tions mediated by IIa were not practically affected by NaCl in

all solvents investigated. They were slightly slower but the
effect was negligible. The effect of the presence of NaCl on the
polymerizations catalyzed by IIb in MeOH and water was also
insignificant in terms of the rate and controllability, but the
polymerization in acetone was almost two times slower. Addi-
tion of a salt increases static dielectric constant (e) of the sol-
vent60 that should lead to a better dissociation of the ionic
complexes. Complex IIb exists predominantly in the form of
free ions in more polar MeOH and water, but in less polar ac-
etone a proportion of ion pairs is relatively higher. The addi-
tion of NaCl decreased the concentration of the ion pairs and
thus impeded the proposed rearrangement, and the polymer-
ization rate became similar to that in MeOH.

However, we do not have enough experimental evidence to
categorically demonstrate this mechanism, and further stud-
ies on the effect of the counterion with complexes bearing
only strongly bound bidentate phen or bpy ligands are in the
process in our group, and hopefully these will provide more
insight into the influence of the counterion.

EXPERIMENTAL

Materials
2-Hydroxyethyl methacrylate (HEMA, Aldrich 98%) was puri-
fied by passing through a column filled with basic alumina
to remove the inhibitor. Ethyl 2-bromoisobutyrate (EBiB)
98%, 1-phenylethyl bromide (PEB) 97%, methanol (99.8%),
deuterated dimethyl sulfoxide (DMSO-d6), and methanol
(CD3OD) were used as received from Aldrich. Amberlite IRA-
400(Cl) ion exchange resin was also purchased from Aldrich.
Water (J.T. Baker) was previously degassed by three freeze-
pump-thaw cycles and filled with argon before use.

Amberlite Activation
Each Amberlite column for the anion exchange was prepared
as follows: commercial Amberlite (50 g) was washed twice
with MeOH, decanted, and poured into a chromatography
column. Then, it was washed with water, 5 M aqueous NaCl,
water, 1 M aqueous HCl, three times with water, and twice
with MeOH (200 mL for each wash).61

Synthesis of the Ruthenium Complexes
The complexes [Ru(o-C6H4-2-py)(phen)(MeCN)2]PF6 and
[Ru(g6-C6H6)(C6H5-o-CH2NMe2)(MeCN)]PF6 were prepared
according to the literature.32,33 The catalyst with chloride

FIGURE 16 Rearrangement proposed for complex Ib.
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anion, [Ru(o-C6H4-2-py)(phen)(MeCN)2]Cl, was prepared by
the ion exchange reaction as described below: [Ru(o-C6H4-2-
py)(phen)(MeCN)2]PF6 (100 mg, 0.15 mmol) was deposited
on the Amberlite previously activated by 4 mL of acetone
and eluted with MeOH. The fractions collected (10 fractions,
20 mL each) were evaporated to dryness, and the residue
was analyzed by 1H NMR, 31P NMR, IR, and MS. Fractions 1–
7 contained the pure desired complex. The [Ru(o-C6H4-2-
py)(phen)(MeCN)2]Cl complex had the same characteristic
signals in 1H NMR spectrum as its precursor: (CD3CN) 9.70
(dd, 1H), 8.71 (dd, 1H), 8.28 (dd, 1H), 8.22–8.13 (m, 3H),
8.16 (d, 1H), 8.02 (d, 1H), 7.85 (td, 2H), 7.46 (td, 1H), 7.36–
7.32 (m, 2H), 7.27 (dd, 1H), 7.10 (td, 1H), 6.57 (td, 1H), 2.28
(s, 3H, NCCH3), 2.06 (s, 3H, NCCH3). Therefore, all 16 aro-
matic protons and two acetonitrile ligands are present in the
spectrum. Additionally, no PF6

� signals at 143 ppm in 31P
NMR and at 834 cm�1 in IR were detected. MS: 518
[(MþH)-Cl]þ (14%), 477 [(MþþH)-(MeCNþCl)]þ (22%), and
436 [(MþH)-(2MeCNþCl)]þ (86%). All these analyses con-
firmed the ionic structure of the complex. In contrast to the
precursor, [Ru(o-C6H4-2-py)(phen)(MeCN)2]Cl was well solu-
ble in water.

ATRP Synthesis
Homopolymerizations were conducted in solutions (HEMA/
solvent ¼ 50/50 v/v) using the Schlenk technique. In a typi-
cal experiment, [Ru(o-C6H4-2-py)(phen)(MeCN)2]PF6 (20 mg,
0.030 mmol) was added to a 25-mL Schlenk tube and
degassed twice using pump-nitrogen cycles. Then, the reac-
tion tube was filled with the solvent (0.727 mL of acetone,
methanol, or methanol–water mixtures) and (0.727 mL, 6
mmol) of the monomer, which had been previously deoxy-
genated in dry nitrogen for 30 min. The reaction tube was
filled with nitrogen, and the initiator (EBiB, 4.42 lL, 0.030
mmol) was introduced via a syringe. When the polymeriza-
tions were carried out in water, the order of the addition
was slightly changed: the degassed catalyst [Ru(o-C6H4-2-
py)(phen)(MeCN)2]PF6 was first dissolved in HEMA, and
then the water was added using a degassed syringe. A homo-
geneous solution was formed immediately at room tempera-
ture, and the reaction tube was immersed in an oil bath pre-
heated at the desired temperature. The polymerizations in
acetone and MeOH were carried out at 50 �C and in water at
40 �C. In the majority of the experiments, the initial molar
ratio of [monomer]0/[catalyst]0/[initiator]0 ¼ 200/1/1 was
held, but in several cases different molar ratios were used.
The samples were removed from the flask after certain time
intervals using a degassed syringe. The conversions were
determined gravimetrically, and the current monomer con-
centration, [M], was determined by subtraction of the
amount of the polymer from the initial monomer. Several
conversions in acetone were also determined by GC with n-
decane as an internal standard by a disappearance of the
monomer peak. GC results coincide well with those obtained
gravimetrically. In the grand majority of the kinetic measure-
ments, the polymer samples were dissolved in DMF and
injected in the GPC equipment without purification from the
catalyst although in several cases the purified samples were

analyzed. Purification was achieved by passing the samples
dissolved in methanol through a silica column (ø ¼ 17 mm;
h ¼ 30 mm) to remove the catalyst. No difference in molecu-
lar weights and molecular weight distributions between
purified and nonpurified polymer samples was detected. All
kinetic measurements were repeated in triplicates.

Chain Extension Experiments
These were conducted under identical conditions to the
homopolymerizations, that is, in solution HEMA/solvent ¼
50/50 v/v, in MeOH and MeOH/water (80/20 v/v) mixture
using as a macroinitiator PHEMA previously synthesized
with [Ru(o-C6H4-2-py)(phen)(MeCN)2]Cl catalyst and EBiB
initiator at 200/1/1 initial molar ratio in MeOH at 50 �C
within 20–25% of conversion. The following protocol was
held for the chain extension in MeOH: the PHEMA from the
first polymerization was purified passing through a silica col-
umn and then dried in vacuum to remove the residual
monomer and solvent. The resulting white powder-like poly-
mer of Mn,GPC ¼ 13,200 and Mw/Mn ¼ 1.31 was applied as a
macroinitiator for the next polymerization of HEMA. The
complex [Ru(o-C6H4-2-py)(phen)(MeCN)2]PF6 (25 mg, 0.038
mmol) and the macroinitiator (200 mg, 0.038 mmol) previ-
ously degassed were dissolved in degassed methanol (0.922
mL) with continuous stirring for �30 min before addition of
HEMA (0.922 mL, 7.7 mmol). The polymerization was con-
ducted at 50 �C for 12 h and then stopped by cooling.

The chain extension experiment in the MeOH/water mixture
was carried out in a different way without purification of the
PHEMA macroinitiator, as described below. The first poly-
merization was also stopped after 3 h, and the sample was
taken by syringe in order to determine the conversion and
characterize the polymer (19% conversion, PHEMA of Mn,GPC

¼ 10,200 and PDI ¼ 1.32). The Schlenk flask was connected
to high vacuum system, and the liquid part of the reaction
was evaporated. Then, the Schlenk tube was purged with
nitrogen, and degassed MeOH was added (0.4 mL). The sys-
tem was kept for 20–30 min at room temperature under
stirring until complete homogenization. Then, the monomer
(0.5 mL) and water (0.1 mL) were added, and the flask was
merged into 50 �C oil bath for another 6 h. The polymers
synthesized were purified using the same protocol as that
described above for the homopolymerization.

Synthesis of PMMA-b-PHEMA
The PMMA block was prepared previously using [Ru(o-C6H4-
2-py)(phen)(MeCN)2]PF6, EBiB, and toluene (monomer/sol-
vent ¼ 50/50, v/v) as a solvent at the initial molar ratio of
[MMA]0/[catalyst]0/[EBiB]0 ¼ 200/1/1 at 80 �C. It was
shown earlier that the polymerization of MMA proceeded by
‘‘living’’ fashion under these conditions.37 The polymerization
was stopped after 1.5 h. Thus, synthesized PMMA was puri-
fied passing through a alumina column, characterized by
GPC (Mn ¼ 6500, Mw/Mn¼ 1.30) and applied as macroinitia-
tor in the subsequent polymerization of HEMA in acetone at
50 �C during 6 h with the basic 200/1/1 initial component
ratio using the same procedure as that described for the
chain extension.
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Characterization
NMR spectra were recorded on a Bruker Avance instrument
operating at 400 MHz using d6-DMSO, d7-DMF, CD3OD,
CD3CN, and D2O as solvents. The molecular weights and mo-
lecular weight distribution of the polymers were analyzed by
GPC (Waters 717 plus Autosampler) equipped with two col-
umn series of two Styrogel columns HR4E and HR5E (MW
range 50 to 1 � 105 and 2 � 103 to 4 � 106, respectively)
connected to a Waters 410 RI detector. The GPC measure-
ments were conducted using 10 mM solution of LiBr in DMF
as an eluent at 45 �C with a flow rate of 0.4 mL/min. PMMA
standards were utilized for the GPC calibrations. UV–vis
measurements were performed on a Varian Cary 400 UV–vis
spectrophotometer. Concentrations of 0.20–0.22 mM of com-
plex in solutions were used for these measurements. To get
similar level of the absorption in the complex concentration,
10 lL aliquots were taken from the reaction and diluted to
2 mL with solvent. Mass spectra were obtained using a JEOL
JMS-SX 102A instrument with m-nitrobenzyl alcohol as the
matrix [FABþ mode, m/z]. Consumption of the initiator was
measured by gas chromatography (GC) on a Shimadzu GC-
2010 gas chromatograph equipped with RESTEK stabilwax
column with n-decane as an internal standard.

CONCLUSIONS

The radical polymerization of HEMA catalyzed by cationic
complexes of ruthenium(II), [Ru(g6-C6H6)(C6H5-o-CH2NMe2)
(MeCN)]PF6 (I) and two [Ru(o-C6H4-2-py)(phen)(MeCN)2]

þ,
bearing different counterions, PF6

� and Cl� (IIa and IIb), in
acetone and protic media was investigated. All complexes
demonstrated high activity, and the polymerization was fast
and proceeded under very mild conditions achieving high
conversions. The level of control was different and depended
on the catalyst and the polymerization conditions. Thus, the
polymerization mediated by the catalyst I proceeded without
control, whereas the complexes II with both PF6

� and Cl�

counterions were able to control the polymerization in
MeOH and acetone. It was seen by chain extension experi-
ments that the polymerization catalyzed by these two com-
plexes proceeded in a ‘‘living’’ manner, and a linear block co-
polymer, PMMA-b-PHEMA, was synthesized from PMMA-Br
macroinitiator.

Comparative analysis of the complexes IIa and IIb having the
same structure and only differing by the type of anion demon-
strated the importance of the nature of the counterion. The
polymerization catalyzed by IIb in methanol was about twice
as slow as the polymerization with catalyst IIa, but demon-
strated better control. The polymerization accelerated signifi-
cantly in the aqueous medium, but again the polymerizations
with IIb were slower, and the variations in the polymerization
rates were even larger in water than in methanol. However,
the complexes behaved contrarily in aprotic solvent. The poly-
merization in acetone with catalyst IIb proceeded faster than
that mediated by IIa under similar conditions. On the other
hand, the polymerization with complex IIb resulted in a poly-
mer of lower molecular weight in all the solvents. Both com-
plexes were reasonably stable in water under the polymeriza-

tion conditions, particularly complex IIb, which was able to
mediate the polymerization of HEMA to high conversions,
even with a HEMA/catalyst initial ratio equal to 2000/1. The
polymerizations in water were homogeneous but proceeded
in an uncontrolled manner. High activity together with good
stability was shown by IIb in the aqua polymerization at low
concentrations, and this makes it a promising candidate for
controlled polymerizations of hydrophilic monomers.
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