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Abstract: A new polymerization termed proton (H)-transfer
polymerization (HTP) has been developed to convert dimeth-
acrylates to unsaturated polyesters. HTP is catalyzed by
a selective N-heterocyclic carbene capable of promoting
intermolecular Umpolung condensation through proton trans-
fer and proceeds through the step-growth propagation cycles
via enamine intermediates. The role of the added suitable
phenol, which is critical for achieving an effective HTP, is
twofold: shutting down the radically induced chain-growth
addition polymerization under HTP conditions (typically at
80–120 8C) and facilitating proton transfer after each monomer
enchainment. The resulting unsaturated polyesters have a high
thermal stability and can be readily cross-linked to robust
polyester materials.

The field of organocatalysis[1] using inherently sustainable
small-molecule organic compounds as efficient and selective
catalysts has risen to prominence in synthesis and thrived over
the last decade, thanks to its versatile synthetic utilities
developed for the efficient “greener” synthesis of pharma-
ceuticals and fine chemicals[2] and biorefining products[3] as
well as polymeric materials.[4] As an important class of organic
catalysts, N-heterocyclic carbenes (NHCs)[5] have attracted
ever increasing attention due to their unique reactivity and
selectivity observed in many different types of organic
reactions.[6] Hedrick and Waymouth[7] pioneered the utility
of the NHC-mediated reactions in polymer synthesis.[8] The
predominant NHC-mediated polymerization method is the
ring-opening polymerization (ROP) of heterocyclic mono-
mers, such as lactides,[9] lactones,[10] epoxides,[11] cyclic carbo-
nates,[12] cyclic (carbo)siloxanes,[13] and N-carboxyl-anhy-
drides.[14] NHC-mediated step-growth polymerization has
been reported as well.[15] NHCs have also been used as
alternative nucleophilic catalysts[16] in the chain-growth
polymerization of a,b-unsaturated esters such as methyl
methacrylate (MMA), through the classic group-transfer
polymerization (GTP) initiated by silyl ketene acetals.[17] In
addition, such acrylic monomers can be rapidly polymerized
by frustrated Lewis pairs consisting of bulky NHC bases, such
as the Arduengo carbenes 1,3-di-tert-butylimidazolin-2-yli-

dene (ItBu) and 1,3-di-mesitylimidazolin-2-ylidene (IMes),[18]

and the strongly acidic, sterically encumbered Al(C6F5)3 via
zwitterionic imidazolium enolaluminate intermediates.[19]

The exquisite selectivity of the structures of NHCs and
substrates (specifically an important class of Michael accep-
tors, a,b-unsaturated esters or acrylic monomers) for the five
types of reactions—single addition, dimerization, cyclodime-
rization, cyclotetramerization, and polymerization—is high-
lighted in Scheme 1. Fu et al.[20] reported the first intra-

molecular Umpolung of a,b-unsaturated esters carrying a w-
pendant leaving group to form b-alkylation/cyclization prod-
ucts, catalyzed by triazolylidene carbenes such as TPT (1,3,4-
triphenyl-4,5-dihydro-1H-1,2,4-triazol-5-ylidene).[21] With
simple methacrylates, such as MMA, we found that IMes
reacts with the substrate to form only the single-addition
product, an enamine;[22] the formation of the enamine, or the
deoxy-Breslow intermediate[23] analogous to the Breslow
intermediate[24] involved in the benzoin condensation reac-
tion,[25] was proposed to proceed through the initial conjugate
addition of the IMes to MMA to form the corresponding
enolate that undergoes proton transfer. Glorius[26] and
Matsuoka[27] discovered that TPT, which was estimated to
be 103 times less nucleophilic than IMes,[28] catalyzes the tail-
to-tail dimerization (intermolecular Umpolung) of MMA and

Scheme 1. Highlighted known reaction pathways involved in the reac-
tion of NHCs and acrylic monomers and the proposed new HTP to
convert dimethacrylates to unsaturated polyesters.
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other methacrylates typically at 80 8C, whereas the common
imidazolylidene carbenes are ineffective. Subsequently, anal-
ogous dimerization of methacrylonitrile[29] and styrenes[30] has
also been recently realized by the Matsuoka and Glorius
groups, respectively. Switching to IiPr (1,3-di-isopropylimida-
zolin-2-ylidene), Taton et al. recently found that MMA is
cyclodimerized to an imidazolium enolate cyclodimer.[31] On
the other hand, IMes catalyzes the cyclotetramerization of
acrylates, as recently showed by Matsuoka.[32] Intriguingly,
ItBu polymerizes MMA in dimethylformamide (DMF) at
room temperature (RT) to produce PMMA with a Mn of
33.2 kg mol�1 and a polydispersity index (�) of 1.99.[22] We
also revealed that the ItBu-mediated polymerization of
a cyclic analogue of MMA, the biomass-derived g-methyl-a-
methylene-g-butyrolactone (MMBL), is extremely rapid,
converting quantitatively 1000–3000 equiv of MMBL in
1 min at RT to the corresponding bioplastics.[33] Buchmeiser
et al. showed that MMA can also be polymerized by the CO2-
protected NHC latent precatalyst, ItBu-CO2.

[34]

It is clear from the above concise overview that although
suitable NHCs such as ItBu can directly polymerize acrylic
monomers, the polymerization proceeds through a chain-
growth mechanism by conjugate addition, producing exclu-
sively the vinyl-addition polymers, namely poly-
(meth)acrylates. We hypothesized that, if a dimethacrylate
(DMA) monomer is treated with a selective NHC catalyst,
such as TPT, that promotes intermolecular Umpolung
condensation through the proposed step-growth propagation
cycles, consisting of repeated [conjugate addition/proton
transfer/NHC release] fundamental steps as outlined in
Scheme 2, a new polymerization reaction termed proton
(H)-transfer polymerization (HTP) could be established and
its end product would be an unsaturated polyester
(Scheme 1). Such resulting unsaturated polyesters are of
scientific and technological interest for producing tailor-made
polyester materials through postfunctionalization and cross-
linking.[35] However, accomplishing this new polymerization

requires effective strategies to meet two key challenges:
shutting down the conventional chain-growth pathway
through either NHC-mediated conjugate addition via the
zwitterionic enolate intermediate or through radically
induced vinyl-addition processes under HTP conditions
(typically at 80–120 8C), and promoting effective proton
transfer after each monomer enchainment. Reported herein
is the first successful HTP that utilizes the NHC catalyst to
directly polymerize dimethacrylates into unsaturated polyes-
ters with Mw up to 28 kg mol�1.

Considering the observed exquisite selectivity of TPT
towards methacrylates for tail-to-tail dimerization through
intermolecular Umpolung[26, 27] over chain-growth polymeri-
zation through conjugate addition (preferred by ItBu),[22, 33] we
initially investigated the reactivity of TPT towards a dimeth-
acrylate, 1,4-butanediol dimethacrylate (BDMA). At RT, the
reaction of TPT and BDMA (in various mole ratios) in
toluene resulted in only enamine formation (i.e., the TPT–
BDMA adduct or single-monomer addition product),[36]

similar to the reaction of TPT with the monomethacrylate
MMA.[33] However, unlike MMA, which is not polymerized
by TPT in toluene or DMF at RT or 80 8C up to 24 h, heating
a mixture of TPT and BDMA (20 equiv, 1.6m in toluene) to
80 8C for 24 h yielded a mixture of polymer products. The
product mixture (Figure S1b) can be separated by solvent
fractionation with diethyl ether into two fractions: the
insoluble white solid (60 wt %) and light yellow viscous oil
(40 wt %). The solid was shown by NMR (Figure S1c) to be
the vinyl-addition polymerization product, presumably due to
thermally induced radical polymerization of one methacrylate
double bond followed by some cross-linking through the
other (which contributed to the poor solubility of the
polymer). Switching the solvent to DMF and 1,4-dioxane
(DOX) or lowering the temperature to 60 8C did not prevent
the vinyl-addition polymer formation. More significantly, the
1H NMR spectrum of the ether-soluble polymer (Figure S1d)
indicated that it is an unsaturated polyester consisting of the
unique [-C(Me)1.83(s)=CH6.69(t)�CH2

2.51,2.30(m)�CH2.60(m)-
(Me)1.18(d)-] linkage, clearly a result of the intermolecular
Umpolung through proton transfer; these characteristic
NMR features are consistent with the same structural motif
observed in the MMA tail-to-tail coupling product.[26, 27]

These initial results showed it is indeed possible to
produce an unsaturated polyester from the dimethacrylate
monomer by TPT. However, they also presented the chal-
lenge of developing a strategy to effectively shut down the
vinyl-addition chain-growth pathway at a relatively high
temperature (80 8C or higher), which is due to radically
initiated processes, while maintaining the catalytic activity of
TPT. After having screened several commonly used radical
inhibitors, we arrived to 4-methoxyphenol (MP) and catechol
(COL) that showed the ability to not only shut down the
radically induced vinyl-addition polymerization but also to
enhance the activity of the step-growth polymerization
catalyzed by TPT. Hence, in the presence of 0.1 mol% (or
0.02 equiv relative to TPT) of MP or COL, the polymerization
of BDMA by TPT (5 mol%) in toluene at 80 8C led to the
exclusive formation of the unsaturated polyester PBDMA
with Mw = 17.6 kgmol�1 and � = 1.90 (run 1, Table S1) or

Scheme 2. Proposed possible mechanistic scenario for HTP of dimeth-
acrylates to unsaturated polyesters.
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Mw = 10.9 kg mol�1 and � = 1.72 (run 2), without formation of
any detectable amount of the vinyl-addition polymer. The
resulting structure of the unsaturated polyester (E/Z = 96:4),
-[(C=O)O�(CH2)4�O(C=O)�C(Me)=CH�CH2�CH(Me)]n-,
was confirmed by 1H–1H COSY (Figure 1) and 1H–13C
HMQC (Figure S2) NMR correlation spectra, the molecular
weight (MW) by GPC (Figure S4), and the end groups by
MALDI-TOF MS (Figures 2 and S16). Most notably, the

NMR features of the polyester are the unique Umpolung
linkage -[C(Me6)=CH1�(CH5)2�CH4(Me9)]- and the ester
linkage -[(C=O)O�(CH2)2�(CH7)2�(CH8)2�(CH3)2�O(C=

O)]-, the correct connectivity of which was clearly demon-
strated by correlation of the peaks marked in Figure 1.

The present HTP was further explored under different
conditions (solvent, time, and temperature). Switching the
solvent from toluene to DOX lowered the conversion to
70.3% and the polymer Mw to 12.8 kg mol�1 (run 3). When
DMF was used, the polymerization not only became more
sluggish (run 4 versus 1) but also afforded a mixture of the
polyester and the vinyl-addition polymer, thus exhibiting

a bimodal molecular weight distribution (run 4). By fixing the
solvent (toluene), the BDMA/TPT/MP ratio (35:1:0.035), and
the temperature (80 8C), the polymerization was stopped at
different times, from 6 h to 24 h (runs 5–8). The observed
polymerization features (Figure S5)—including a small grad-
ual increase of the MW with an increase in conversion,
followed by a much larger increase in MW when approaching
quantitative conversion, and the continued growth of the MW
beyond quantitative monomer conversion (run 8 versus 7),
whereas the MW distribution increases monotonically with
conversion—are characteristic of condensation polymeri-
zation by a step-growth mechanism. Lastly, raising the
temperature with a fixed BDMA/TPT/MP ratio of 100:1:0.1
and time (48 h) from 80 8C to 100 8C (runs 9, 14, and 10)
enhanced the conversion and the polymer MW. Raising the
temperature further to 110 8C brought about a significant
increase in activity, achieving quantitative conversion in 24 h
to produce PBDMA with a Mw of 27.3 kg mol�1 (run 11).
However, the polymerization at an even higher temperature
of 120 8C became uncontrolled and gelled in 3 h, producing
PBDMA with a low MW, plus the vinyl-addition polymer
(run 12).

The following studies uncovered the dual role of the
added phenol (MP or COL): acting as the radical inhibitor to
shut down the vinyl-addition chain-growth polymerization
and enhancing the step-growth polymerization activity. The
radical inhibition role was clearly shown above, whereas the
activity enhancement role was demonstrated by the following
set of experiments. For the BDMA polymerization by TPT at
80 8C without the phenol, the conversion was only 35.7%
after 12 h (Figure S6a). In contrast, the conversion was
enhanced significantly to 83.3 % in the presence of COL
(2 mol%) for only 3 h (Figure S6b). The polymerization in
the presence of MP was even faster, achieving more than 99%
conversion in 3 h (Figure S6c); the higher MW and higher �
polymer produced by MP relative to that by COL (run 1
versus 2) is due to this activity difference. This pronounced
(> 10-fold) polymerization activity enhancement can be
attributed to the facilitated proton transfer processes by the
phenol (a Brønsted acid), a phenomenon that has also been
observed in other NHC-mediated catalytic processes through
NHC/Brønsted acid cooperative catalysis.[29, 37] In comparison,
aliphatic alcohols such as iPrOH and MeOH effected neither
activity enhancement nor radical inhibition, thus producing
a product mixture containing both the vinyl-addition polymer
(21–25%) and the desired polyester in low yield (27–38 %).
TPT can form two different types of adducts with aliphatic
and aromatic alcohols; with MeOH, TPT forms a stable
TPT(OMe)H[21] which can release MeOH to regenerate TPT
at 80 8C (Figure S7), whereas with MP, TPT forms a hydrogen-
bonded adduct[38] TPT-HOAr (Figures S8–S11). Upon addi-
tion of 2 equiv of BDMA to this adduct, the peak at 8.83 ppm
for the H-bonded proton (C··H�O) disappeared and the
characteristic peaks attributed to the single-addition product
(Figure S12b) emerged. It is noteworthy that the peaks
corresponding to PBDMA did not show up at RT, which is
consistent with the fact that nucleophilic addition of the
enamine to the incoming monomer occurs only at higher
temperature (� 80 8C or higher). Different from the hydro-

Figure 1. 1H–1H COSY NMR spectrum (CDCl3) of PBDMA (run 1,
Table S1).

Figure 2. MALDI-TOF mass spectrum of a low MW PBDMA (run 9)
and structures of polymer chain ends.
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gen-bonded TPT-MP adduct, the TPT(OMe)H adduct is
robust at RT and not reactive towards BDMA (Figure S7b).
Hence, the added aliphatic alcohol such as MeOH can
effectively trap the reactive TPT catalyst, thus suppressing its
polymerization activity. However, the direct use of TPT-
(OMe)H (1 mol%) for the polymerization of BDMA in the
presence of MP (0.1 mol%) in toluene at 100 8C led to
a similar polymerization performance compared to that by
TPT, achieving quantitative conversion after 48 h to produce
PBDMA with Mw = 21.2 kg mol�1 and � = 1.80 (versus
PBDMA with Mw = 24.1 kg mol�1 and � = 1.70 by TPT
under the same conditions). The practical significance of
this result is that, thanks to the air/moisture stability of
TPT(OMe)H, this polymerization can be more conveniently
handled than that using the more sensitive TPT catalyst.[39]

Because the added phenol doubly benefits the step-
growth polymerization for producing the desired polyester,
we examined the influence of the amount of added MP on the
polymerization behavior by fixing the BDMA/TPTratio (100)
and reaction conditions (toluene, 90 8C, 48 h), while varying
the MP amount from 0.05 to 1 equiv (relative to TPT, runs 13–
16). The results, summarized in Figure S13, showed that the
polymerizations with only a small amount of MP (0.05 to
0.1 equiv) achieved a quantitative conversion, whereas a fur-
ther increase in the MP amount to 0.5 or 1 equiv significantly
reduced the conversion to only 67% or 59 %, respectively. On
the other hand, the MW of the resulting polymer initially
increased on going from 0.05 to 0.1 equiv of MP and then
decreased on further increasing the MP amount to 0.5 and
1 equiv. These results suggested that the polymerization
activity (thus monomer conversion and polymer MW) is
enhanced by the increased MP amount (0.05 to 0.1 equiv),
due to the facilitated proton transfer processes (see above),
but the higher amount of MP in the system significantly
reduces the polymerization activity, due to trapping the active
propagating species (the enamine) by MP. The latter reason-
ing was confirmed by the observed facile addition of MP
across the polarized enamine double bond in adducts
(enamine and bisenamine) formed between BDMA and
TPT, as shown in Figure S14, thereby deactivating the
propagating enamine species.

The generality of HTP was addressed by extending the
monomer to other dimethacrylates, ethylene glycol dimeth-
acrylate (EDMA) and 1,6-hexanediol dimethacrylate
(HDMA), which should reveal the effect of the spacing
between the two methacrylate moieties on polymerization.
Indeed, the polymerization of EDMA by TPT (1 mol %) in an
EDMA/TPT/MP ratio of 100:1:0.1 at 100 8C in toluene
reached a quantitative conversion in 24 h to form the
corresponding polyester PEDMA (E/Z = 96:4, Figure S3)
with Mw = 28.4 kg mol�1 (run 17). In contrast, BDMA and
HDMA polymerizations under the same conditions needed
48 h to reach quantitative conversion (runs 10 and 19).
However, the polymerization of EDMA at a lower catalyst
loading of 0.5 mol % at 100 8C became less controlled and
gelled in 12 h with formation of the vinyl-addition polymer;
this problem can be easily overcome by employing more MP
(EDMA/TPT/MP = 200:1:0.4), thereby affording the homo-
geneous polyester with Mw = 22.8 kgmol�1 (run 18). HDMA,

with a longer (six) methylene chain separating the two
methacrylate moieties, is much less reactive, but the polyester
PHDMA (E/Z = 96:4, Figure S3) with a Mw of 16.1 kg mol�1

can be achieved by raising the temperature to 110 8C and
using COL as the radical inhibitor (run 20).

The proposed HTP�s step-growth mechanism outlined in
Scheme 2 predicts the presence of possible three types of
chain structures (A, B, and C) carrying different end groups
(Figure 2). Indeed, the analysis of a low MW polyester sample
(run 9) by MALDI-TOF MS that also depicts linear plots of
m/z values (y) versus the number of BDMA repeat units (x)
for the observed three series of peaks (Figure S16) clearly
showed that the polyester exhibits three types of chain ends:
doubly and singularly TPT-capped methacrylate ends (A,
Mend = 820; B, Mend = 523 gmol�1) as well as methacrylate
ends (C, Mend = 226 + 23(Na+) gmol�1). These results are
consistent with the results obtained from the control reactions
between BDMA and TPT that yielded the bisadduct BDMA-
(TPT)2 (i.e., bisenamine A) for the 1 (BDMA):2 (TPT)
reaction, or a mixture containing the bisadduct, the mono-
adduct, and the unreacted monomer (i.e., a mixture of A, B,
and C) for the 1:1 reaction (Figures S14 and S15).[36]

The thermal properties of the unsaturated polyesters
obtained by TPT-mediated HTP were examined by differ-
ential scanning calorimetry (DSC) and thermogravimetric
analysis (TGA) analyses, showing a decrease in the glass
transition temperature (Tg) with an increase of the methylene
unit (x) in the monomer structure: �51 8C for PEDMA (x =

2), �55 8C for PBDMA (x = 4), and �60 8C for PHDMA (x =

6) (Figure S17). No melting transitions were detected under
current DSC conditions, contributable to the disruption of the
polyester crystallization by the double bond segment on the
main chain. TGA and derivative thermogravimetric analysis
(DTG) curves of the polyesters (Figure S18) showed the high
thermal stability of the polyesters that exhibited a sharp, one-
step degradation profile with a high onset degradation
temperature (Td, defined by the temperatures of 5% weight
loss) of approximately 360 8C and a high maximum degrada-
tion temperature (Tmax) of about 410 8C. In sharp contrast, the
BDMA vinyl-addition polymer exhibited a three-step degra-
dation profile with a Tmax of only 247 8C for the first
degradation step (Figure S19).

Preliminary investigations into cross-linking of the result-
ing unsaturated polyesters examined two different
approaches: in situ self-cross-linking (through chain-end
double bonds) and ex situ copolymerization (through both
chain-end and main-chain double bonds). In the first
approach, the polymerization with a BDMA/TPT/MP ratio
of 100:1:0.1 was first carried out at 100 8C for 48 h to produce
a linear unsaturated polyester; the temperature was subse-
quently raised to 130 8C, and at this temperature MP loses the
ability to prevent vinyl-addition polymerization by radical
pathways, resulting in rapid cross-linking (gelation, Fig-
ure S20) between the methacrylate chain ends in different
polyester chains. As shown in Figure S21, the self-cross-linked
PBDMA exhibits an essentially identical FTIR spectrum to
that before the cross-linking, except for the anticipated poor
solubility. Accordingly, the Tg of �37 8C (Figure S22a) for the
cross-linked polyester is noticeably higher than that of the
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uncross-linked PBDMA (Tg =�55 8C). Moreover, the cross-
linked PBDMA displays a one-step degradation profile with
Td = 345 8C and Tmax = 415 8C (Figure S23), the thermal deg-
radation behavior of which is the same as PBDMA but differs
from that of the vinyl-addition polymer (a three-step degra-
dation profile). Intriguingly, a much more convenient self-
crosslinking is achieved through microwave heating. Hence,
heating the polymerization mixture consisting of BDMA/
TPT(OMe)H/MP = 200:1:0.2 to 100 8C for 15 h in a micro-
wave reactor achieved quantitative monomer conversion and
afforded the cross-linked polyester gel that is essentially the
same as that produced by the above two-stage thermal
heating process, as confirmed by FTIR (Figure S21c), DSC
(Figure S22b), and TGA/DTG (Figure S23). The 1H NMR
spectrum of the cross-linked PBDMA by microwave heating
is also the same as that of PBDMA, except for its poor
solubility due to cross-linking; it is also noteworthy that the
resonances at 6.10 and 5.56 ppm, attributed to the retained
double bond in the vinyl-addition polymer, were not
observed, indicating that the cross-linking reaction under
microwave heating occurred in the late stage of polymeri-
zation after all BDMA monomer was polymerized into
polyester. In the second approach, the unsaturated polyester
PBDMA was copolymerized with styrene (S) in different feed
ratios (3:7 and 7:3 by weight) initiated by benzoyl peroxide
(BPO). Thus, heating the mixture at 100 8C for 1 h formed
a cross-linked gel (Figure S24). It is apparent from FTIR
spectra (Figure S25) of the PBDMA/PS cross-linked poly-
mers that new absorption bands attributed to the stretching
vibration modes of PS at 3060, 3025, 1598, 1554, and
1494 cm�1 appeared and the intensity of such absorptions
increased with increasing styrene in feed (Figure S25c versus
S25b), while at the same time, the intensity of the absorption
at 1648 cm�1, attributed to the stretching vibration of the
interior double bond (>C=CH-) of the starting unsaturated
polyester, decreased accordingly, demonstrating the success-
ful cross-linking between styrene and the interior double
bonds of PBDMA.

In summary, we have developed a new polymerization
termed HTP to convert commercially available dimethacry-
lates uniquely into unsaturated polyesters by an NHC catalyst
that selectively promotes intermolecular Umpolung conden-
sation through proton transfer. Several lines of experimental
evidence obtained to date suggest that HTP proceeds through
the step-growth propagation cycles consisting of repeated
[conjugate addition/proton transfer/NHC release] fundamen-
tal steps. Keys to success in this development rest on the
selectivity of the NHC for the proton-transfer pathway,
following the zwitterionic enolate initially generated from the
addition of the NHC to the monomer, to form the enamine
propagating species, rather than continued conjugate addi-
tions which would produce the conventional chain-growth
addition polymer (i.e., polymethacrylates), and the dual role
of the added phenol that shuts down the radically induced
vinyl-addition polymerization under HTP conditions (typi-
cally at 80–120 8C) and facilitates effective proton transfer
after each monomer enchainment. The resulting unsaturated
polyesters have a Tg between �51 8C and �60 8C and high
thermal stability with a Tmax of approximately 410 8C (versus

247 8C for the vinyl-addition polymer�s first degradation step),
and they can be readily cross-linked to robust polyester
materials either by in situ self-cross-linking through chain-end
double bonds or ex situ copolymerization through both chain-
end and main-chain double bonds. HTP can also be conven-
iently executed using the air/moisture-stable alcohol adduct
of an NHC such as TPT(OMe)H. The current HTP process is
only achieved by the selective NHC (TPT) that can mediate
the enamine formation/Umpolung coupling (through proton
transfer) rather than the conjugate vinyl addition. As there is
no loss of small molecules in HTP, this new polymerization
method produces condensation polymers with quantitative
atom efficiency. The well-known method of the metal (Ru,
Mo)-mediated acyclic diene metathesis (ADMET), which is
highly effective in the condensation polymerization of a,w-
dienes to yield unsaturated polymers, is not suitable for the
homopolymerization of electron-deficient conjugated diole-
fins such as diacrylates and especially the more sterically
demanding dimethacrylates.[40] Hence, we anticipate that
HTP will open up new avenues in the synthesis of functional
polymers, inaccessible by other polymerization methods, from
multifunctional monomers, not just limited to di- or oligo-
methacrylates.
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