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Abstract: In the recent surge of metal-free polymerization techniques, phosphazene bases have shown their remark-

able potential as organic promoters/catalysts for the anionic polymerization of various types of monomers. By comp-

lexation with the counterion (e.g. proton or lithium cation), phosphazene base significantly improve the nucleophili-

city of the initiator/chain-end resulting in rapid and usually controlled anionic/quasi-anionic polymerization. In this

review, we will introduce the general mechanism, i.e. in situ activation (of initiating sites) and polymerization, and

summarize the applications of such a mechanism on macromolecular engineering toward functionalized polymers,

block copolymers and complex macromolecular architectures.

Keywords: controlled anionic polymerization, metal-free polymerization techniques, phosphazene bases, mecha-

nism in situ activation.

Polimeryzacja anionowa katalizowana fosfazenami

Streszczenie: Fosfazeny stosowane w technikach polimeryzacji przebiegaj¹cej bez udzia³u metalu, jako organiczne

zasady wykazywa³y du¿¹ zdolnoœæ do inicjowania reakcji polimeryzacji anionowej ró¿nego typu monomerów. Dziê-

ki kompleksowaniu przeciwjonu (kationu wodoru lub litu), zasady fosfazenowe znacznie zwiêksza³y nukleofilo-

woœæ koñca ³añcucha, co przyspiesza³o przebieg kontrolowanej polimeryzacji anionowej lub quasi anionowej. W ni-

niejszym przegl¹dzie literaturowym omówiono ogólny mechanizm aktywacji in situ centrów aktywnych oraz prze-

biegu polimeryzacji z udzia³em fosfagenów, zastosowanie takiego mechanizmu w in¿ynierii makrocz¹steczek po-

zwalaj¹cej na wytworzenie polimerów funkcjonalnych, kopolimerów blokowych oraz polimerów o skomplikowanej

z³o¿onej architekturze, takich jak: polimery gwieŸdziste, dendrytyczne itp.

S³owa kluczowe: kontrolowana polimeryzacja anionowa, metody polimeryzacji bez udzia³u metalu, zasady fosfaze-

nowe, mechanizm aktywacji in situ.

INTRODUCTION

Metal-free, i.e. organocatalytic, polymerization/depo-
lymerization techniques are among the most appealing
topics in polymer chemistry, not only for the inherent
merit that the products formed are free from residual
metal-based catalysts/promoters but also for the oppor-
tunities they have opened for sophisticated macromole-
cular engineering [1—3]. Through the activation of mo-
nomer, initiator/chain-end, or simultaneous activation of
both, polymerization from substrates containing the ini-
tiating sites can be conducted, usually in a fast and con-
trolled manner, giving rise to polymers with low disper-
sity, high-level chain-end functionality, and/or designa-
ted macromolecular architectures [1—4].

Phosphazene superbases (PBs), a family of extremely
strong but non-nucleophilic Brönsted bases [5—8], have
been employed as effective organic catalysts or promoters
for the polymerizations of various types of monomers, in-
cluding epoxides [9—15], cyclosiloxanes [16—20], lactams
[21, 22], cyclopropane derivatives [23—25], cyclic esters
[26—30], cyclic carbonates [31—33], and alkyl (meth)acry-
lates [34—38]. Formulas (I)—(V) show the chemical struc-
tures and pKa values (in parenthesis) of PBs that have been
used for polymer synthesis.

Due to their high basicity, non-nucleophilic nature,
good solubility in a wide range of solvents (hexane, ben-
zene, toluene, tetrahydrofuran, dimethyl sulfoxide, etc.),
and easy handling, PBs can be readily used to turn protic
moieties into nucleophilic initiating sites through deproto-
nation or activation of weak nucleophiles. Hydroxyl has
been the most commonly employed protic moieties in co-
operation with PBs, probably due to the wide variety and
high availability. However, some recent reports have also
demonstrated the feasibility of using other protic functio-
nalities, e.g. thiol [23—25] and amide [39, 40], and the poly-
merizations appear to be similarly effective. The use of
such unusual initiating sites is of great interest, as it provi-
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des the chance to develop new methodologies toward fa-
cile macromolecular engineering on some desirable sub-
strates, such as bio(macro)molecules and carbon materials,
containing these chemical functionalities. In addition, the
complexation/coordination of PB with lithium cation (Li+)
[41—43] or trimethylsilyl group [37, 38] provides alterna-
tive ways to activate the initiating sites (alkoxides or enola-
tes) and conduct the polymerization.

Although higher bacisity can lead to higher polymeri-
zation rate, it is not always ideal to use the strongest PB,
as undesirable amount of side reactions (e.g. chain trans-
fer to polymers) can occur and broaden the dispersity of
the polymer formed. Therefore, choosing PB with the
right basicity becomes important when a new type of
monomer is to be polymerized. In the first part, we are
going to introduce the general methods of conducting PB
promoted/catalyzed polymerization for different types
of monomers; and in the second part, we are going to in-
troduce the application of these methods on macromole-
cular engineering.

GENERAL MECHANISMS FOR DIFFERENT TYPES

OF MONOMERS

Methacrylates and acrylates

As the strongest and the mostly used one shown in
Formula V, t-BuP4 is capable to polymerize a wide range
of monomers. Fast polymerization (30 min) is firstly

achieved for methyl methacrylate (MMA), with ethyl ace-
tate as initiator (Scheme A). Broadly distributed products
are obtained in apolar solvents (hexane, toluene) at room
temperature and tetrahydrofuran (THF) at low tempera-
ture (-78 °C); while in THF at 60 °C, low dispersity and
targeted molecular weight are achieved, and the product
formed contains 80 % syndiotactic diads [34]. Butyl acry-
late is polymerized in a similar manner (THF, -40 °C). The
polymerizations is complete in less than 15 min, however,
the products have high dispersity (Mw/Mn � 2) due to the
side reactions [35]. Recently, t-BuP4 has been used as cata-
lyst for the group transfer polymerization of MMA [38].
Due to its desirable silicon activation ability, the use of 1
% of t-BuP4 allows the achievement of fast polymeriza-
tion (30 min), targeted molecular weight as well as low
dispersity. The activation of silicon-based compounds
through the interaction between organic superbases and
silyl groups has opened new pathways for the develop-
ment of metal-free polymerization techniques [44—46].

Epoxides

t-BuP4 is probably the only PB (see Formulas I—V)
that has been used for the ring-opening polymerization
(ROP) of epoxides, due to the high basicity needed in this
case. t-BuP4 generates active alkoxide initiator by either
deprotonating an alcohol [9, 10] or coordinating with Li+

of a organolithium compound [47—51], controlled poly-
merization of ethylene oxide (EO) can be achieved in
either way resulting in poly(ethylene oxide) (PEO) with
low dispersity [9]. Higher temperature seems to accele-
rate the polymerization and favor the achievement of
complete monomer conversion without affecting the
quality of the product. In the case of organolithium com-
pound, the presence of t-BuP4 breaks up the association
of Li+ with alkoxide and therefore enables the polymeri-
zation to proceed. Kinetic studies reveals the existence of
an induction period in this case, which is affected by fac-
tors like the reaction temperature, t-BuP4 concentration
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Scheme A. Mechanism of t-BuP4-promoted anionic polymeriza-

tion of methyl methacrylate using ethyl acetate as initiator



and the structure of initiator [48]. Such reactions have
been used extensively in EO and other epoxide-based
macromolecular engineering, as will be discussed in de-
tail later.

The anionic ROP of alkylated epoxide, especially pro-
pylene oxide (PO), suffers from the chain transfer to mo-
nomer (Scheme B), which limits the achievable molecular
weight, especially in the case of t-BuP4 since it gives rise
to high basicity of the alkoxide chain ends [49, 52]. The
combination of t-BuP4 and triisobutylaluminum (Lewis
acid) is proven to induce a faster polymerization and
favor propagation over chain transfer, and hence the high
molecular weight of the product (80 000 g/mol) [15].

Cyclosiloxanes

Similarly to epoxide, extremely rapid polymeriza-
tions of cyclosiloxanes are readily achieved at room tem-
perature with the assistance of t-BuP4 starting from either
alcohol or organolithium initiator [9, 16—19, 53]. The
polymerization of octamethylcyclotetrasiloxane (D4)
with methanol/t-BuP4 initiating system reaches equilib-
rium in 1 min. The product, which shows high molecular
weight as well as high dispersity, appears to be a mixture
of high polymer and small cycles due to the extensive
occurrence of backbiting reaction [9, 16]. Lower mono-
mer concentration results in lower molecular weight and
higher cycle fraction. The use of t-BuP4 in combination
with water is proven to be efficient initiating system as
well, for the polymerization of D4 and decamethylcyclo-
pentasiloxane (D5) [18, 19].

The use of a weaker PB, EtP2 (Formula IV), in combi-
nation with sec-BuLi for the ROP of hexamethylcyclotrisi-
loxane (D3Me) in toluene solution or hexaethylcyclotrisi-
loxane (D3Et) in bulk gives much better results [9]. Polydi-

methylsiloxane and polydiethylsiloxane with high mole-
cular weight and low dispersity (Mw/Mn � 1.15) can be
obtained when the monomer conversion is lower than
80 %. Higher monomer conversion leads to elevated dis-
persity of the polymer. The polymerization rate depends
on the ratio between EtP2 and Li+. When the EtP2/Li+ ratio
is lower than 1, every Li silanolate molecule still leads to a
polymer chain. This observation points to the existence of
a dynamic equilibrium and not a strong complex as in the
case of the EtP2/Li+ system, which is quite similar to the
case of t-BuP4/H

+ and t-BuP4/Li+ systems for the ROP of
EO, as will be discussed later.

Obviously EtP2 is a better choice for cyclicsiloxanes,
when controlled molecular weight and low dispersity are
targeted at. The lower basicity slows down the polymeri-
zation, while also suppresses the undesired side reac-
tions (e.g. backbiting reaction). This concept can be exten-
ded to other types monomers (e.g. cyclic esters, see be-
low), in the case that high chain-end basicity leads to ex-
tensive chain transfer to polymer and inflicts poor quality
to the product.

Cyclic esters

PBs with relatively lower basicity, i.e. BEMP, t-BuP1

and t-BuP2 have shown their excellent activity as organo-
catalysts for the ROP of cyclic esters, including L-lactide
(LLA), rac-lactide (rac-LA), �-valerolactone (VL) and
�-caprolactone (CL) [26, 27]. Polyesters prepared through
this organocatalytic route possess predictable molecular
weights, narrow dispersities, and high end-group fide-
lity. An intermolecular activation of alcohol by the PB is
suggested (Scheme C) [27]. Polymerizations proceed
slowly in the case of BEMP and t-BuP1 (at room tempera-
ture) even with more strained monomers (LLA, VL and
rac-LA). The polymerization of a less strained monomer
(CL) results in only 14 % conversion in 10 days. Higher
loading of the BEMP brings about a higher polymeriza-
tion rate, which, however, results in an increased disper-
sity of the product. The use a more basic PB (t-BuP2) leads
to an extremely fast polymerization of LLA. Full conver-
sion can be achieved in less than 1 min at a monomer con-
centration of 0.32 M [26], while the dispersity of the PLLA
product is relatively high (1.23). Dilution of the monomer
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(to 0.08 M) slows down the polymerization and favors a
low dispersity (< 1.1). More importantly, excellent stereo-
control is exhibited for the ROP of rac-lactide. Highly iso-
tactic polymers with high melting point and high crystal-
linity are obtained due to the effective cocrystallization
between PLLA blocks and PDLA blocks. A chain-end
control with stereoerror mechanism is postulated.

Similar to the case of cyclosiloxanes, weak PBs lead to
slower kinetics but better control over the polymeriza-
tion, as chain transfer to polymer (transesterification in
the case of cyclic esters) occurs less extensively�) Impor-
tant information is now available before choosing the
most appropriate PB for the polymerization of a certain
type of monomer.

The ROP of �-lactone derivatives (e.g. [R,S]-4-benzylo-
xycarbonyl-3,3-dimethyl-2-oxetanone) has been investi-
gated with PBs (t-BuP1, t-BuP2 and t-BuP4) as catalysts
and carboxylic acids as initiators [28, 54]. A mechanism
selectively involving the “O-alkyl” scission of the �-lacto-
ne monomer is proposed, which results in a complete ab-
sence of transesterifications and therefore favors a very
good control over the polymerization in terms of polyes-
ter molecular weights and end-groups fidelity even in the
case of t-BuP4. A clear dependence of the overall polyme-
rization kinetics on the PB basicity has been observed

where the most basic t-BuP4 brings about the highest
ion-pair activity, and accordingly, allows for the synthesis
of higher molecular weight (> 1.5 × 106 g/mol) samples.

Cyclic carbonates

PB-catalyzed ROP of 5, 6, 7-membered rings carbona-
tes (Scheme D) has been reported [31—33]. t-BuP4-cataly-
zed ROP of 1,3-dioxolan-2-one is conducted at higher
temperature (> 100 °C) resulting in an amorphous pro-
duct with mixed monomeric units, i.e. poly[(ethylenecar-
bonate)-co-(ethylene oxide)], due to the release of CO2

(Scheme D) [33]. ROP of 6,7-membered rings carbonates

are carried out in bulk with catalytic amount of BEMP
also at elevated temperature (from 60 to 150 °C) [31, 32].
High molecular weights, accompanied with higher dis-
persities, can be achieved in a relatively short reaction
time (< 1 day).

Cyclopropane derivatives

The activation of thiol (Scheme E), phenol, amine (car-
bazole) or malonate precursors with t-BuP4 generates
effective initiating species for the polymerization of cyc-

lopropane derivatives, e.g. di-n-propyl cyclopropa-
ne-1,1-dicarboxylate [23—25]. The polymerization proce-
eds in a well-controlled manner in either THF or toluene,
while toluene is believed to be a better solvent since
higher reaction temperature is achievable in it. Full
monomer conversion is reached in a reasonable reaction
time scale, leading to product with low dispersity and
targeted molecular weight. The use of t-BuP4 favors much
higher reactivity compared to the alkali metal thiopheno-
late initiator, which has been used previously in dimethyl
sulfoxide at high temperature.

Lactams

High-molecular-weight (> 105 g/mol) nylon 3 has been
prepared via the t-BuP4-promoted ROP of 2-azetidinone
(�-lactam) [22]. Rapid polymerization can be achieved at
room temperature through an activated monomer me-
chanism even in the absence of any co-initiator (e.g.
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ted recently in our group. t-BuP4 leads full monomer conversion in

less than 1 min but high dispersity (> 1.5) of the product; while

t-BuP2 leads to much slower polymerization (85 % convertion in 8 h

in toluene) and much lower dispersity (< 1.15).



N-acetyllactam). Unlike the case of metal catalysts, the
high activity of t-BuP4 leads to the immediate transfor-
mation of lactamate anion into an aminic anion (Scheme
F), so that no apparent induction period is observed. An
increase in temperature or t-BuP4 concentration tends to
increase the polymerization rate, but decreases the mole-
cular weight and yield, probably due to the fast precipita-
tion of the poorly soluble nylon 3.

t-BuP4 also shows an excellent catalytic effect on the
ROP of larger lactams such as �-caprolactam in bulk at
high temperature (220—270 °C) [21]. The reaction can be
speeded up appreciably when N-acetyl-�-caprolactam is
added. EtP2, though less active, also gives polymers.

Hybrid copolymerization of two different types of
monomers

The high activity of t-BuP4 allows the copolymeriza-
tion of two different types of monomers, i.e. CL and me-
thacrylates (Scheme G), with either alcohol or ethyl aceta-
te being the initiator [30, 55]. This new type of polymeri-
zation is termed as hybrid copolymerization. Characteri-
zation data demonstrate random structure of the copoly-
mer and that the molar fractions of the two monomers in

the copolymer are approximately equal to the feed ratio.
The copolymer exhibits a decomposition temperature
higher than those of the homopolymers. Although the
dispersity of the products is relatively high, this polyme-
rization method is still very interesting since a new type
of polymer can be created from two “old” monomers.
This method has been extended to other monomer com-
binations such as CL with ethylene carbonate [56], LLA
with methacrylates, cyclic carbonates with methacrylates
[57].

MACROMOLECULAR ENGINEERING

Owing to the simplicity of the mechanism, i.e. activa-
tion of initiating sites on the substrate via deprotona-
tion/delithiation followed by polymerization therefrom,
and the remarkably enhanced polymerization efficiency,
PB-promoted polymerization techniques have been app-
lied for macromolecular engineering toward chain-end
(chemical/bio-) functionality and macromolecular archi-
tectures (i.e. block/star/graft/hyperbranched polymers).
So far, a few types of monomers have been involved in
such studies, in which epoxides are still mostly seen re-
ported.

End-functionalized polymers

End-functionalized polyether can be easily achieved
by the employment of a heterobifunctional agent (Sche-
me H), i.e. a small molecule containing a protic moiety
acting as the initiating site and another chemical functio-
nality which stays unreactive during the polymerization
while allows the polyether to undergo further chemical
modification (e.g. “click” chemistry, polymerization as
macroinitiator or macromonomer, etc.). Due to the coexis-
tence of the functional group and hydroxyl at two chain
ends, such polyethers have also been referred to as
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	,
-heterobifuntional or heterotelechelic polymer. Table
1 lists the heterobifunctional initiator used for different
epoxide monomers. Usually, 1 equiv. of t-BuP4 is used
with regard to the initiator, leading to high polymeriza-
tion rate as well as high chain-end functionality. How-
ever, some results have indicated that reducing the
amount of t-BuP4 to a certain extent (e.g. from 1 to 0.6)
does not cause much influence to the polymerization of
1,2-butylene oxide [14]. Further decrease (to 0.3) slows
down the polymerization, but a high initiation efficiency
is still preserved owing to the rapid proton exchange be-
tween alkoxide and alcohol. Chain transfer to substituted
epoxide monomers is not detected in this case, probably
due to the low reaction temperature and relatively low
targeted degrees of polymerization.

The same synthetic strategy has been used to control
the chain end of poly(cyclopropane-1,1-dicarboxylates)
[24]. Different types of initiator (thio, alcohol, carbazole,

malonate) are used to control the end group at 	-position.
1 equiv. of t-BuP4 is used to promote the polymerization
(high temperature is needed to ensure high monomer
conversion), and finally halogenated capping agents are
used to introduce functional group (e.g. allyl or propagyl)
to the 
-position (Scheme E). Excess of capping agent is
used resulting in quantitative functionalization.

Terpene alcohols, including cholesterol, menthol, reti-
nol and betulin, are used as initiator for the anionic ROP of
EO to introduce biological component at the end of PEO
(Scheme I). Very low amount of t-BuP4 is used (0.01—0.2
equiv. of hydroxyl groups) and nearly complete initiation
efficiency can be achieved, as revealed by macromolecular
characterization, indicating that the proton transfer be-
tween active and dormant chain ends during the polymeri-
zation is much faster than the chain growth.

Although not precisely documented, it can be presu-
med that low amounts of t-BuP4 should lead to reduced

54 POLIMERY 2014, 59, nr 1

O

cholesterol betulin

R OH +
1. n , 45 ºC

R n2. H+

R OH = OH

menthol retinol

O
O

H
[t-BuP4]0/[OH]0 = 0.01 ~ 0.2 (x = 0.01 ~ 0.4)x t -BuP4

OH

HO

H

H H

H
OH

HO

H

H H

Scheme I. Synthesis of terpene-PEO conjugates by t-BuP4-promoted anionic ROP of EO

O

O

O

O O

O

O

O

NC OH

OH

N3
OH

OH

OH

O

O OHH

N3
OH

O

O

OH

O

O O

O
O

OH



polymerization rate. In order to better reveal the influen-
ce of terpene entities, low molecular weights of PEO were
targeted at in that study. However, on a chemical point of
view, it would be interesting to study the limitation of the
achievable molecular weight with different amount of
t-BuP4 (different percentage of activated chain ends). The
different terpene entities have been demonstrated to af-
fect the thermal and solution properties of these ter-
pene-PEO conjugates [58]. The successful synthesis of
bioconjugate polymers in this manner should also be att-
ributed to the simplicity of chemical structure of the in-
volved terpene alcohols, which stay intact during the
anionic ROP. It would be also interesting to investigate
the tolerance of such metal-free polymerization systems
toward other types of biological entities.

Block copolymers

Polyether-based block copolymers have been synthe-
sized by performing anionic ROP of epoxide monomers
from “living” macro-initiators. The chain end of the mac-
ro-initiator is activated by t-BuP4 via either deprotonation
or complexation with Li+ (Scheme J). The combination
with organolithium-initiated anionic polymerization of
dienes and styrene is mostly employed. Usually t-BuP4 is
added after the completion of the growth of the first block
and the addition of epoxide monomer (Scheme J b) [42,
43, 59—61]. Adding t-BuP4 for a direct complex with
sec-BuLi has also been reported (Scheme J a) [41]. No side
reaction is observed between active carbanions and
t-BuP4 probably due to the very low temperature used
(-110 to -78 °C). In all these studies, an equal molar ratio

of [t-BuP4]/[Li+] (0.9 ~1.05) is used, to ensure quantitative
blocking efficiency in all cases. The polymerization of
epoxides is conducted at elevated temperature (40 to
50 °C) for 2 to 4 days to ensure complete conversion. Tri-
block copolymers have been achieved by sequential poly-
merization of two diene monomers and an epoxide mo-
nomer [43], or styrene and two epoxide monomers [60].

Hydroxyl-terminated macro-initiator (i.e. polyisobu-
tylene) has also been used in combination with t-BuP4 to
polymerize EO toward the preparation of diblock copoly-
mer (Scheme J c) [62]. 0.5 equiv. of t-BuP4 is used to acti-
vate the macro-initiator, resulting in pure diblock copoly-
mer (free of homopolymer). A similar strategy has been
applied for the preparation of polyester-based block co-
polymers, for which PBs with lower basicity are used
[26—28]. BEMP and t-BuP2 are used to catalyze the ROP
of rac-LA from hydroxyl-terminated macro-initiators, i.e.
PEO-OH, PS-OH (PS = polystyrene) and PMMA-OH, as
is shown in Scheme K [26, 27]. Despite the high molecular
weight of the initiators and relatively low monomer con-
centration, high yields are achieved with quantitative ini-
tiation efficiency and low dispersity. A low temperature
is used in the case of t-BuP2 and is believed to suppress
the transesterification on polyester chains, as t-BuP2 has a
higher basicity than BEMP. Carboxyl-terminated PEO
has been used as macroinitiator for the polymerization of
a �-lactone [28], with t-BuP1, t-BuP2 or t-BuP4 as catalyst.

Block copolymers are prepared by sequential polyme-
rization of two functional epoxide monomers, allyl glyci-
dyl ether (AGE) and ethoxyethyl glycidyl ether (EEGE),
from a hydroxyl-based initiator (Scheme L) [13]. Homo-
polymerization of EEGE undergoes side reaction (i.e.
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chain transfer to monomer), while the sequential polyme-
rization of AGE followed by EEGE is believed to be free
from side reaction at room temperature. Selective depro-
tection of the two blocks allows further chemical modifi-
cation toward novel polyether-based materials.

Attempt has also been made to polymerize a metha-
crylate monomer (N, N-dimethylaminoethyl methacry-
late, DMAEMA) using PEO–[t-BuP4Li]+ as macroinitiator
(one-pot synthesis of diblock copolymer) [51]. High blo-
cking efficiency is achieved, while the block copolymer
formed entails a relatively high dispersity (1.4), which is
attributed to the slow initiation of DMAEMA from
PEO–[t-BuP4Li]+. Polymerization using hydroxyl-termi-
nated PEO as macroinitiator resulted in an even higher
dispersity and a lower blocking efficiency (0.8).

As discussed above, PB-promoted polymerization of
epoxides, cyclic esters, methacrylates benefits from a re-
latively high polymerization rate, but it can be accompa-
nied by side reactions due to the high basicity of the ini-
tiator/chain-end, e.g. chain transfer to monomer (in the
case of substituted epoxide) or to polymer chains (in the
case of cyclic esters). Such side reactions may lead to
some undesirable effects on the synthesis of block copo-
lymers, such as low blocking efficiency, high dispersity,
contamination with homopolymer. Therefore, further
attempts need to be made to find the optimized synthetic
condition for each specific system.

Graft copolymers

With the employment of multifunctional backbones,
i.e. (co)polymer containing multiple protic groups (initia-
ting sites), t-BuP4-promoted anionic graft (co)polymeri-
zation of epoxides has been realized. This “graft from”
technique has allowed the achievement of various com-
plex comb-like macromolecular architectures including
graft copolymer with side chains being homopolymers
[10, 39, 63], block copolymers [64], and statistical copoly-
mers [65].

The first reported t-BuP4-promoted graft polymeriza-
tion of EO is performed on a poly[ethylene-co-(vinyl alco-
hol)] backbone [10]. The poor solubility of the backbone
copolymer does not affect the graft polymerization as the
solution becomes homogeneous after a certain reaction
time (25 % monomer conversion). The number of hydro-
xyl groups that initiate polymerization leading to a PEO
side chain (i.e. graft density) is found to correspond to the
initial ratio of t-BuP4 to hydroxyl groups, indicating that

there is no effective proton exchange between active (al-
koxide) and inactive (hydroxyl) sites present on the back-
bone. This is quite different from the case of polymeriza-
tion from mono-alkoxide or di-alkoxide, as discussed
above, which, however is seemingly the case for all graft
polymerizations as further discussed below.

Amphiphilic block-graft copolymers are achieve by
conducting graft polymerization of EO from polysty-
rene-b-poly(p-hydroxystyrene) backbones [63]. Different
ratios of t-BuP4 to phenol are used. Direct analysis for the
proportion of the incorporated phenol moieties on the
backbone is not performed, however, crystallinity (diffe-
rent length of the PEO side chains) indicates, at least qua-
litatively, a controlled graft density. Sequential or statisti-
cal copolymerizations of PO and EO from poly(p-hydro-
xystyrene) backbone have resulted in the preparation of
graft copolymers with densely grafted block copolymer
or statistical copolymer side chains (Scheme M) [64, 65].
The poor solubility of the highly charged backbone
([t-BuP4]/[phenol] = 0.9) does not affect the results (pro-
ducts have low dispersity) as the solutions become homo-
geneous after a certain reaction time.

In addition to hydroxyl, amide moieties, in combina-
tion with t-BuP4, have also been utilized to perform graft
polymerization. Thermoresponsive graft copolymers,
poly(N-isopropyl acrylamide)-g-poly(ethylene oxide)
have been prepared in this manner (Scheme N) [39]. It is
found that the graft density is indeed controlled by the
initial ratio of t-BuP4 to secondary amide moieties, which
is consistent with the previously discussed results. Steric
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hindrance, which inhibits proton transfer from the unre-
acted protic moieties carried by the backbone to the gro-
wing side chains, may be the explanation. However,
more investigations need to be performed toward kinetic
details.

High-molecular-weight poly(N, N-dimethylacrylami-
de-co-acrylamide)s have been used as a model functional
substrate to investigate t-BuP4-promoted graft polymeri-

zation utilizing primary amide moieties as initiating
sites. The (co)polymerization of epoxides is shown to be
effective, leading to macromolecular combs with side
chains being single or double-graft homopolymers, block
copolymers and statistical copolymers (Scheme O) [40].

Star-shaped polymers

The synthesis of star-shaped polyether through
t-BuP4-promoted anionic ROP has scarcely been repor-
ted, which, however, should be normally successful via
the so-called “core-first” protocol. Pentaerythritol has
been used to generate a four-armed star-shaped PEO in
this manner [10]. Regardless of its poor solubility in the
solvent (THF), homogeneous solution is obtained at ca.
30 % monomer conversion and the final product has a
low dispersity (1.1). A polylithiated carbosilane dendri-

mer has been used to prepare multi-arm star-shaped PEO
[66], aided by the formation of t-BuP4/Li+ complex. Such
initiating system benefits from the dendritic structure,
which prevents the multifunctional (multi-charged) ini-
tiator from undergoing intermolecular association.

Group transfer polymerization catalyzed by t-BuP4

has been used to prepared star-shaped polymethacryla-
tes (Scheme P) [37]. Despite the fact that the ratio between

t-BuP4 and the initiating sites (silyl enolate) is mostly kept
below 1, star-shaped polymer with desired number of
arms are obtained in all cases. The polymerization/cataly-
sis mechanism is still awaiting further evidence and dis-
cussion, however, the utilization of silicon activation abi-
lity of PB toward star-shaped polymethacrylates has defi-
nitely opened a new pathway toward macromolecular
engineering based on metal-free polymerization techni-
ques.

Hyperbranched polymers

Hyperbranched polysiloxanes have been prepared by
t-BuP4 promoted anionic ROP of hydroxyl-functionali-
zed pentamethylcyclotrisiloxane monomers (Scheme R)
[67, 68]. Rapid proton transfer between deprotonated and
protonated hydroxyl groups is believed to facilitate the
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formation of the hyperbranched structure, since in this
case the reaction with monomer can occur at any of the
six silanolate/silanol centers. Low reaction temperature is
also needed to depress the occurrence of cross-linking
(base-catalyzed silanol condensation).

SUMMARY

Although still in the preliminary stage of employment
and exploitation, PBs have already manifested their re-
markable potential as catalyst/promoter in metal-free
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polymerization techniques for a wide range of monomer
types. Upon association with the counterion (proton, li-
thium cation, etc.) and thus enhancing the nucleophilicity
of the initiator, such organic superbases have permitted
significant improvement of polymerization rate and, in
many cases, the achievement of high molecular weight
with narrow dispersity. Moreover, the simplicity and effi-
ciency of the catalysis/promotion grants in situ growth of
(co)polymer chains from substrate containing initiating
sites (mono- or multifunctional small molecules, biomo-
lecules, macromolecules), which provides new strategic
concept for sophisticated macromolecular engineering in
a metal-free manner toward end-functionalized poly-
mers, bioconjugate polymers and complex macromolecu-
lar architectures. So far there is still a lot, concerning the
activation/polymerization mechanism and kinetics,
which remains to be investigated and understood. It
would be also of great interest to further investigate the
applicability of other monomer/initiator types, to opti-
mize the conditions for each specific system in terms of
e.g. basicity and quantity of PB used, co-catalyst, polyme-
rization solvent/concentration/temperature, etc., and to
exploit the potential of this technique for more applica-
tions in macromolecular engineering such as the modifi-
cation of biomacromolecules and polymeric/carbon ma-
terials.

REFERENCES

[1] Kamber N. E., Jeong W., Waymouth R. M., Pratt R. C., Lohmeijer B. G.

G., Hedrick J. L.: Chem. Rev. 2007, 107, 5813. [2] Kiesewetter M. K., Shin E. J.,

Hedrick J. L., Waymouth R. M.: Macromolecules 2010, 43, 2093. [3] Dove A. P.:

ACS Macro. Lett. 2012, 1, 1409. [4] Boileau S., Illy N.: Prog. Polym. Sci. 2011, 36,

1132. [5] Schwesinger R., Schlemper H.: Angew. Chem. Int. Ed. 1987, 26, 1167.

[6] Schwesinger R., Hasenfratz C., Schlemper H., Walz L., Peters E.-M., Peters

K., von Schnering H. G.: Angew. Chem. Int. Ed. 1993, 32, 1361. [7] Schwesinger

R., Willaredt J., Schlemper H., Keller M., Schmitt D., Fritz H.: Chem. Ber. 1994,

127, 2435. [8] Schwesinger R., Schlemper H., Hasenfratz C., Willaredt J., Dam-

bacher T., Breuer T., Ottaway C., Fletschinger M., Boele J., Fritz H., Putzas D.,

Rotter H. W., Bordwell F. G., Satish A. V., Ji G. -Z., Peters E. -M., Peters K., von

Schnering H. G., Walz L.: Liebigs Ann. 1996, 1996, 1055. [9] Eßwein B., Molen-

berg A., Möller M.: Macromol. Symp. 1996, 107, 331. [10] Eßwein B., Steidl N.

M., Möller M.: Macromol. Rapid Commun. 1996, 17, 143.

[11] Schlaad H., Kukula H., Rudloff J., Below I.: Macromolecules 2001, 34,

4302. [12] Misaka H., Sakai R., Satoh T., Kakuchi T.: Macromolecules 2011, 44,

9099. [13] Kwon W., Rho Y., Kamoshida K., Kwon K. H., Jeong Y. C., Kim J., Mi-

saka H., Shin T. J., Kim J., Kim K.-W., Jin K. S., Chang T., Kim H., Satoh T., Ka-

kuchi T., Ree M.: Adv. Funct. Mater. 2012, 22, 5194. [14] Misaka H., Tamura E.,

Makiguchi K., Kamoshida K., Sakai R., Satoh T., Kakuchi T.: J. Polym. Sci., Part

A. 2012, 50, 1941. [15] Brocas A.-L., Deffieux A., Le Malicot N., Carlotti S.: Po-

lym. Chem. 2012, 3, 1189. [16] Molenberg A., Möller M.: Macromol. Rapid Com-

mun. 1995, 16, 449. [17] Van Dyke M. E., Clarson S. J.: J. Inorg. Organomet. Po-

lym. 1998, 8, 111. [18] Hupfield P. C., Taylor R. G.: J. Inorg. Organomet. Polym.

1999, 9, 17. [19] Pibre G., Chaumont P., Fleury E., Cassagnau P.: Polymer 2008,

49, 234. [20] Grzelka A., Chojnowski J., Fortuniak W., Taylor R. G., Hupfield P.

C. J. Inorg. Organomet. Polym. 2004, 14, 85.

[21] Memeger W., Campbell G. C., Davidson F.: Macromolecules 1996, 29,

6475. [22] Yang H., Zhao J., Yan M., Pispas S., Zhang G.: Polym. Chem. 2011, 2,

2888. [23] Illy N., Boileau S., Penelle J., Barbier V.: Macromol. Rapid Commun.

2009, 30, 1731. [24] Illy N., Boileau S., Buchmann W., Penelle J., Barbier V.: Ma-

cromolecules 2010, 43, 8782. [25] Illy N., Boileau S., Winnik M. A., Penelle J., Bar-

bier V.: Polymer 2012, 53, 903. [26] Zhang L., Nederberg F., Messman J. M., Pratt

R. C., Hedrick J. L., Wade C. G.: J. Am. Chem. Soc. 2007, 129, 12610. [27] Zhang

L., Nederberg F., Pratt R. C., Waymouth R. M., Hedrick J. L., Wade C. G.: Ma-

cromolecules 2007, 40, 4154. [28] De Winter J., Coulembier O., Gerbaux P.,

Dubois P.: Macromolecules 2010, 43, 10291. [29] Jaffredo C. G., Carpentier J.-F.,

Guillaume S. M.: Macromol. Rapid Commun. 2012, 33, 1938. [30] Yang H., Xu J.,

Pispas S., Zhang G.: Macromolecules 2012, 45, 3312.

[31] Helou M., Miserque O., Brusson J.-M., Carpentier J.-F., Guillaume S.

M.: Chem. Eur. J. 2010, 16, 13805. [32] Brignou P., Priebe Gil M., Casagrande O.,

Carpentier J.-Fo., Guillaume S. M.: Macromolecules 2010, 43, 8007. [33] Yang H.,

Yan M., Pispas S., Zhang G.: Macromol. Chem. Phys. 2011, 212, 2589. [34] Pie-

tzonka T., Seebach D.: Angew. Chem. Int. Ed. 1993, 32, 716. [35] Börner H. G.,

Heitz W.: Macromol. Chem. Phys. 1998, 199, 1815. [36] Baskaran D., Müller A. H.

E.: Macromol. Rapid Commun. 2000, 21, 390. [37] Chen Y., Fuchise K., Narumi

A., Kawaguchi S., Satoh T., Kakuchi T.: Macromolecules 2011, 44, 9091. [38] Ka-

kuchi T., Chen Y., Kitakado J., Mori K., Fuchise K., Satoh T.: Macromolecules

2011, 44, 4641. [39] Zhao J., Schlaad H.: Macromolecules 2011, 44, 5861. [40]

Zhao J., Alamri H., Hadjichristidis N.: Chem. Commun. 2013, 49, 7079.

[41] Förster S., Krämer E.: Macromolecules 1999, 32, 2783. [42] Floudas G.,

Vazaiou B., Schipper F., Ulrich R., Wiesner U., Iatrou H., Hadjichristidis N.:

Macromolecules 2001, 34, 2947. [43] Schmalz H., Knoll A., Müller A. J., Abetz V.:

Macromolecules 2002, 35, 10004. [44] Raynaud J., Ciolino A., Baceiredo A., Des-

tarac M., Bonnette F., Kato T., Gnanou Y., Taton D.: Angew. Chem. Int. Ed. 2008,

47, 5390. [45] Raynaud J., Gnanou Y., Taton D.: Macromolecules 2009, 42, 5996.

[46] Raynaud J., Liu N., Gnanou Y., Taton D.: Macromolecules 2010, 43, 8853.

[47] Esswein B., Möller M.: Angew. Chem. Int. Ed. 1996, 35, 623. [48] Schmalz H.,

Lanzendörfer M. G., Abetz V., Müller A. H. E.: Macromol. Chem. Phys. 2003,

204, 1056. [49] Hans M., Keul H., Moeller M.: Polymer 2009, 50, 1103. [50] Joso

R., Reinicke S., Walther A., Schmalz H., Müller A. H. E., Barner L.: Macromol.

Rapid Commun. 2009, 30, 1009.

[51] Schacher F., Müllner M., Schmalz H., Müller A. H. E.: Macromol.

Chem. Phys 2009, 210, 256. [52] Rexin O., Mülhaupt R.: J. Polym. Sci., Part A

2002, 40, 864. [53] Teng C. J., Weber W. P., Cai G.: Macromolecules 2003, 36, 5126.

[54] Kawalec M., Coulembier O., Gerbaux P., Sobota M., De Winter J., Dubois

P., Kowalczuk M., Kurcok P.: React. Funct. Polym. 2012, 72, 509. [55] Xu J., Yang

H., Zhang G.: Macromol. Chem. Phys. 2013, 214, 378. [56] Yan M., Yang H., Xing

X.: Polym. Bull. 2013, 70, 467. [57] Yang H., Xu J., Zhang G.: Sci. China Chem.

2013, 56, 1101. [58] Zhao J., Jeromenok J., Weber J., Schlaad H.: Macromol. Bio-

sci. 2012, 12, 1272. [59] Pispas S.: J. Polym. Sci., Part A. 2006, 44, 606. [60] Toy A.

A., Reinicke S., Müller A. H. E., Schmalz H.: Macromolecules 2007, 40, 5241.

[61] Siebert M., Keul H., Möller M.: Des Monomers Polym. 2010, 13, 547.

[62] Groenewolt M., Brezesinski T., Schlaad H., Antonietti M., Groh P. W., Iván

B.: Adv. Mater. 2005, 17, 1158. [63] Zhao J., Mountrichas G., Zhang G., Pispas S.:

Macromolecules 2009, 42, 8661. [64] Zhao J., Mountrichas G., Zhang G., Pispas

S.: Macromolecules 2010, 43, 1771. [65] Zhao J., Zhang G., Pispas S.: J. Polym. Sci.,

Part A 2010, 48, 2320. [66] Vasilenko N. G., Rebrov E. A., Muzafarov A. M.,

Eßwein B., Striegel B., Möller M.: Macromol. Chem. Phys. 1998, 199, 889. [67]

Paulasaari J. K., Weber W. P.: Macromolecules 2000, 33, 2005. [68] Paulasaari

J. K., Weber W. P.: Macromol. Chem. Phys. 2000, 201, 1585.

POLIMERY 2014, 59, nr 1 59



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.5
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket true
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Preserve
  /UsePrologue true
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /PLK ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


