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(n-hexyl methacrylate)-b-
poly(methyl methacrylate) via anionic
polymerization with t-BuOK as the initiator at
ambient temperature

Anna Zheng, Ling Su, Zheng Li, Guijin Zou, Xiang Xu* and Yong Guan*

To break through the industrial development bottlenecks of anionic polymerization in the field of polar

monomers, poly n-hexyl methacrylate (PHMA) was prepared at 0 �C, 30 �C, and 60 �C with potassium

tert-butoxide (t-BuOK) as the initiator in tetrahydrofuran (THF) and the conversions were almost complete.

Gel permeation chromatography (GPC) analysis of poly n-hexyl methacrylate indicated that t-BuOK

existed in numerous states when dissolved in THF, including different types of association and ion-pairs. A

series of block copolymers of n-hexyl methacrylate (n-HMA) and methyl methacrylate (MMA), PMMA-b-

PHMA (Mn 8200–16 200) and PHMA-b-PMMA (Mn 19 100–9500) were synthesized at 0 �C, and

conversions were close to 100%. The results of dynamic mechanical analysis (DMA) indicated that there

were two glass transition temperatures, �10 to 0 �C for the PHMA block and 100 to 110 �C for the PMMA

block. Furthermore, the competing behaviors of n-HMA and MMA in copolymerization were investigated

by one-shot feeding of two types of monomers at 0 �C, 30 �C, and 60 �C. The kinetics curves and 13C-

NMR analysis of the copolymers indicated that the polymerization of n-HMA in the copolymerization was

significantly dominant over that of MMA at set temperatures. The results in this study provided the

possibility to realize anionic polymerization of methacrylate esters on a commercial scale.
Introduction

Anionic polymerization has unique advantages in synthesis of
block copolymer for fast initiation and propagation, almost no
chain transition and termination.1,2 Based on this, a series of
block copolymers have been synthesized in industrial scale like
SBS, SIS and (SB)4R.3–7 However, a bottleneck was encountered
in synthesis of block copolymers containing methacrylate
involving severe side reactions.8–11

To solve the problem, extreme low temperature and complex
inhibiting ligands were used in recent studies. Varshney et al.12

prepared poly(methyl methacrylate)-b-poly(tert-butyl acrylate)
(PMMA-b-PtBA) di-block copolymer at �78 �C in THF. Kim
et al.13 synthesized polystyrene-b-poly(methyl methacrylate) di-
block copolymer (PS-b-PMMA) with high molecular weight in
ow tube reactor using THF as the solvent at�78 �C. Ren et al.14

prepared poly(1,3-pentadiene-b-poly(methyl methacrylate)) di-
block copolymer (PEP-b-PMMA) at �78 �C. Lee et al.15 ob-
tained the polystyrene-b-polyisoprene-b-poly(methyl methacry-
late) tri-block copolymer (PS-PI-PMMA) by anionic
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polymerization, in which the PS-b-PI di-block was prepared in
toluene at room temperature at rst and then the reactor was
cooled down to �78 �C for PMMA block. Baskaran et al.16

researched the polymerization behaviors of MMA at �40 �C in
THF and �78 �C in toluene/THF (9/1 v/v) using 1,1-diphe-
nylhexyl lithium (DPHLi) as the initiator and lithium perchlo-
rate (LiClO4) as the additive. Wang et al.17 elevated the
temperature to 0 �C for polymerization of MMA with DPHLi as
the initiator and LiCl as the additive in pyridine. Kitayama
et al.18 successfully prepared PMMA-b-polybutylacrylate (PMMA-
b-PBA) copolymer using tert-butyllithium/bis(2,6-di-tert-butyl-
phenoxy)ethylaluminum (t-BuLi/EtAl(ODBP)2) as the composite
initiators. Vinogradova et al.19 adopted t-BuOK as the initiator
and directly synthetized PMMA in ethylene oxide at 0 �C without
any ligands. However, the initiation efficiency was relatively low.

In order to further understand the initiation and side reac-
tion mechanisms of anionic polymerization and broaden the
types of monomers, researchers in our laboratory performed
a lot of studies and made some progress. For example, Guan
et al.20–22 researched the initiation mechanism of n-butyllithium
(n-BuLi) during the association and dissociation processes.
Zheng et al.23,24 synthesized a compound called “P-Complex”,
which can be dissolved in polar solvent and control side reac-
tions in anionic polymerization of MMA and its copolymers.
Shu et al.25 successfully prepared PMMA-b-
This journal is © The Royal Society of Chemistry 2017
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polybutylmethacrylate di-block copolymer (PMMA-b-PBMA) at
40 �C using DPHLi as the initiator and t-BuOK as the additive
through counter ion exchange from Li+ to K+. Li et al.26 used
cyclohexane as the solvent to prepare PS-PI-PMMA tri-block
copolymer by two step-polymerization. PS-b-PI di-block copol-
ymer was polymerized at 50 �C at rst by sequential feeding of
monomers and then the system was cooled down to 0 �C for the
polymerization of MMA.

Based on these ndings, we used t-BuOK as the initiator and
THF as the solvent. PHMA and PMMA-b-PHMA/PHMA-b-PMMA
di-block copolymers were prepared at ambient temperature
with nearly complete conversion. Furthermore, the initiation
mechanism of t-BuOK was investigated. The results in this
study contribute to further understanding of initiation mecha-
nism of anionic polymerization and provide the possibility to
realize anionic polymerization of methacrylate esters on
a commercial scale.
Experimental
Materials

Argon (Ar, 99.99999%) was puried by owing through two
connected cylinders lled with 4 Å molecular sieves. Tetrahy-
drofuran (THF, AR, Sinopharm Chemical Reagent Co., Ltd.,
China) was reuxed with sodium at 66 �C for 24 h, distilled and
soaked with sodium. N-Hexyl methacrylate (n-HMA, AR,
Shanghai Aladdin Bio-Chem Technology Co., Ltd., China) and
methyl methacrylate (MMA, AR, Lingfeng Chemical Reagent Co.,
Ltd., China) were puried by distillation in a vacuum system at
80 �C and 30 �C, respectively, aer stirring with calcium hydride
for 48 h and soaked with 4 Å molecular sieves for more than 24 h
before use. N-Butyl lithium (n-BuLi, 2.5 mol l�1 in n-hexane, J&K
Chemical Co., Ltd., Shanghai, China) was used as received. 1,1-
Diphenylethylene (DPE, 98%, TCI, Japan) was used as received.
Potassium tert-butoxide (t-BuOK, 99%, Sinopharm Chemical
Reagent Co., Ltd., China) was used as received. The moisture of
all the reagents through rening was less than 10 ppm.
Characterization methods

Themoisture of the reagents was determined bymoisture meter
(KF831, Switzerland). The determination range is from 10�5 g to
�10�3 g and the measurement accuracy is �3 � 10�6 g.
Table 1 Polymerization of n-HMA with t-BuOK in THF

Samplea Temp (�C)
t-BuOK
(mmol)

nHMA
(mmol)

1 0 5.2 26
2 0 5.2 52
3 0 5.2 78
4 0 2.6 26
5 0 10.4 26
6 30 5.2 26
7 60 5.2 26

a 45 ml of THF, reaction time 30 min. b Mn was calculated by mole ratio o

This journal is © The Royal Society of Chemistry 2017
The molecular weight and its distribution (MWD) were
determined by multi-detector gel permeation chromatography
(Water 1515 system, Waters corporation, USA), equipped with
an 18 angles laser scattering detector (LS signal) and a refractive
detector (RI signal) using THF as the eluent at a ow rate of 1.0
ml min�1 at 25 �C.

1H-NMR and 13C-NMR spectra were measured by a BRUKER
AV400 spectrometer with deuterated chloroform (CDCl3) as
solvent and tetramethylsilane (TMS) as the internal reference.

Dynamic mechanical spectrometer (Q800, TA Co., USA) was
used to study the dynamic mechanical properties of the copol-
ymer. The samples were made into rectangular lms with size of
20 � 10 � 2 mm, tested with single cantilever bending mode
and heated from �100 �C to 150 �C, at heating rate of
5 �C min�1 and frequency of 1 Hz in a nitrogen atmosphere.

Synthesis of PHMA

All the polymerizations were carried out in glass reactors which
were amed under vacuum, then purged with Ar and passed
through 4 Å molecular sieves. THF, DPE and n-BuLi were
transferred into the glass reactor using rubber septa and stain-
less glass syringes. A known amount of t-BuOK was added into
the glass reactor and dissolved completely through stirring. The
solution was then cooled or heated to the set temperature and
kept for 15 min, followed by addition of monomers demanded.
The product was quenched by degassed methanol and the nal
solution was concentrated before being precipitated into an
excess of 90/10 (v/v) methanol/water mixture under stirring. The
crude product was vacuum dried at 80–100 �C for 12 h.

Synthesis of copolymers of MMA and n-HMA

The glass reactors were treated in the same way as that of
homopolymerization. THF was transferred into the glass reactor
by using rubbery septa and stainless glass syringes. A known
amount of t-BuOK was added into the glass reactor and dis-
solved fully through stirring. The solution was then cooled or
heated to the set temperature and kept for 15 min, followed by
addition of the rst monomers. Aer a certain amount of time,
a small amount of solution was taken out for homopolymer
analysis and then the second set of monomers were added.
Post-treatment of the copolymer obtained was the same as
above.
Mn � 10�3 Mn � 10�4

MWDc
Conversion
(%)Calb Obsc

0.90 1.26 1.88 >99.9
1.80 2.37 1.95 >99.9
2.70 3.31 1.94 >99.9
1.80 1.49 1.83 >99.9
0.45 0.97 1.82 >99.9
0.90 1.04 1.70 >99.9
0.90 0.56 1.54 96.0

f n-HMA to t-BuOK. c Mn and MWD were determined by GPC.

RSC Adv., 2017, 7, 53996–54001 | 53997
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Competing behaviors of MMA and n-HMA

The glass reactors were treated in the same way as that of
homopolymerization. THF was transferred into the glass reactor
using rubbery septa and stainless glass syringes. A known
amount of t-BuOK was added into the glass reactor and dis-
solved fully through stirring. The solution was then cooled or
heated to the set temperature and kept for 15 min, followed by
addition of the two types of monomers at the same time. A
certain amount of reaction solution was taken out at set inter-
vals and the conversion of the each monomer calculated
through 1H-NMR.
Fig. 2 GPC curves of sample 1, 2, 3 after purification (MWDswere 1.40,
1.43, and 1.52 for sample 1, 2, and 3, respectively).
Results and discussion
The initiation mechanism of t-BuOK

The results of homopolymerization are summarized in Tables 1
and 2. The conversions of samples 8 and 9 were less than 10%,
because severe side reactions between the negative carbonyl
and the counter ion Li+, which causes inactivation of the active
centre. In sharp contrast, all the polymerizations initiated by t-
BuOK proceeded with conversion more than 90% and were
almost complete for samples 1–6, indicating the reaction
centres were active during polymerization. It should also be
noted that all the polymerizations showed a broad MWD, which
narrowed with the rise in temperature. Moreover, the actual
molecular weight was much higher than the calculated value
based on the mole ratio, which differs from the classical theory
of anionic polymerization.

GPC curves of samples 1–3 are shown in Fig. 1. The molec-
ular weight of the polymer in GPC main peak increased almost
proportionally to the amount of monomers. There also existed
two small peaks, whose molecular weights were in the range of
Fig. 1 GPC curves of sample 1, 2, and 3.

Table 2 Polymerization of n-HMA with n-BuLi in THF at 0 �C

Samplea
n-BuLi
(mmol)

n-HMA
(mmol)

Mn � 10�3

MWD Conversion (%)Calb Obs

8 2.5 25 1.80 — — 3.4
9 2.5 25 1.80 — — 5.2

a Sample 8 was initiated by n-BuLi and sample 9 was initiated by DPHLi
45 ml of THF, reaction time 30 min. b Mn was calculated by mole ratio of
n-HMA to n-BuLi.

53998 | RSC Adv., 2017, 7, 53996–54001
1000–2000 and could be removed through 2–3 purication
cycles (we dissolved the vacuum dried polymer with suitable
amount of THF. Cyclohexane was added drop wise to the solu-
tion with stirring until turbidity. Then, we continued to add
a small amount of cyclohexane to precipitate the product with
relatively bigger molecular weight.27). The new GPC curves are
shown in Fig. 2. As apparently observed, the two small peaks
disappeared and the MWDs became narrower.

It was already revealed that t-BuOK possessed several states
in THF containing association state.19 Actually, it was found in
previous studies that associated initiator could also initiate
polymerization.20–22,28,29 Combined with the results above, we
Fig. 3 Initiation mechanism of t-BuOK in polymerization of n-HMA.

Fig. 4 GPC curves of sample 1, 6, and 7.

This journal is © The Royal Society of Chemistry 2017
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infer that t-BuOK exists in different types of associations and
ion-pairs when dissolved in THF. All states of t-BuOK can
initiate polymerization, but the reactivity for small association
state and ion-pairs is much faster than that of big association
state because of steric effect (Fig. 3). This explains why the
Scheme 1 Reaction pathways in synthesis of block copolymers.

Table 4 Sequential block copolymerization of n-HMA and MMA with t-

Samplea Polymer Time (h)

10 PMMA 3
11 PMMA-block-PHMA 3 + 0.5
12 PHMA 0.5
13 PHMA-block-PMMA 0.5 + 3

a MMA 28 mmol, HMA 42 mmol, t-BuOK 5.2 mmol, 50 ml of THF. b Mn a

Table 3 Relationship between the efficiency of initiator and its mass
concentration

Sample Concentration of initiatora/% Efficiency of initiatorb/%

4 0.65 12.1
3 1.11 8.1
2 1.21 7.6
1 1.29 7.1
5 2.55 4.6

a Concentration of initiator based on mass ratio of t-BuOK to the whole
system. b Efficiency of initiator calculated by ratio of Mn cal to Mn obs.

Fig. 5 GPC curves of sample 1, 4, and 5.

This journal is © The Royal Society of Chemistry 2017
actual molecular weight is much higher than the theoretical
value as well as the broad MWDs. To verify the speculation,
reactions were conducted at different temperatures and the
results are illustrated in Fig. 4. With the increase of tempera-
ture, the main peak shied to the lower molecular weight
region and the two small peaks weakened gradually. This is
attributed to the increase in the number of small association
states or ion-pairs derived from dissociation of aggregated t-
BuOK.

For sample 1, 4, and 5 (Table 1), the decrease of molecular
weight is not proportional to the increasing amount of the
initiator (Fig. 5). Moreover, the two small peaks declined
clearly with increase in concentration of the initiator. In order
to research the phenomenon further, the relationships
between efficiency of initiator and mass concentration of
sample 1–5 are arranged in Table 3. Apparently, the efficiency
of initiator reduced with increase in concentration probably
because t-BuOK is more likely to associate at higher concen-
trations. As mentioned above, the initiator in ion-pairs or
small association states dominates the initiation process;
therefore, while their proportion decreases, the initiation
efficiency will decline.

It was commonly perceived that cyclic ketone was formed
during the polymerization of methacrylate by the bite back
reaction, which would terminate the propagation of the poly-
mer chain. However, conversions shown in Table 1 indicated
that there are few side reactions in polymerization initiated by t-
BuOK. It could be considered that the radius of the counter ion
K+ is much larger than that of Li+. Therefore, the charge density
of K+ is signicantly lower than that of Li+, which accounts for
relatively lower reactivity and less side reactions. This explains
the high conversion of the polymerizations.
BuOK in THF at 0 �C

Conversion (%)

Mn
b MWDbMMA n-HMA

99.0 — 8200 1.38
— >99.9 24 400 1.41
>99.9 — 19 100 1.44
— >99.9 28 600 1.45

nd MWD were determined by GPC.

RSC Adv., 2017, 7, 53996–54001 | 53999
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Sequential block copolymerization of n-HMA and MMA

Block copolymers of n-HMA and MMA were prepared by
sequential feeding of monomers (Scheme 1). The results are
concluded in Table 4. The conversions of the two synthetic routes
were almost complete. GPC curves of sample 10–13 are shown in
Fig. 6 (the part in product with lowmolecular weight was removed
through several rening processes). For both of the synthetic
routes, the homopolymer of the rst monomer presented
a unimodal peak, while the nal block copolymer showed an extra
small shoulder peak located nearly at the same position as the
original homopolymer. This is because a small amount of active
centres diminished due to the impurities in the following addi-
tion and sampling processes. As a result, a small part of homo-
polymer remained in the system. This also explains why theMWD
of the copolymer is slightly broader than that of homopolymer.
The results of DMA analysis are shown in Fig. 7. Two glass tran-
sition temperatures are observed,�10 to 0 �C for the PHMA block
Fig. 7 Dynamic mechanical curves of PMMA-PHMA (a) and PHMA-
PMMA (b).

Fig. 6 GPC curves of block copolymers of MMA and n-HMA.

54000 | RSC Adv., 2017, 7, 53996–54001
and 100 to 110 �C for the PMMA block. This demonstrated the
existence of micro-phase separation of the block copolymers.30,31
Competing behaviors of n-HMA and MMA

The results of polymerization with one-shot feeding of the two
types of monomers are summarized in Table 5; the conversions
of the three samples were all nearly complete. The polymeri-
zation kinetics curves determined by 1H-NMR (Fig. 8) suggested
that n-HMA tended to complete polymerization preferentially.
At 0 �C, the conversion of n-HMA was nearly 100% when the
reaction was carried out for 15 min while that of MMA was only
about 15%. The polymerization rate increased clearly with
increase in temperature. The results of 13C-NMR analysis of
sample 14–16 are shown in Fig. 9. As shown in the gure, peak
splitting and displacement clearly did not exist. The spectra of
the copolymers were very simple and almost identical to those
of mixtures of the corresponding homopolymers, which indi-
cated that the copolymer consisted of long blocks of each
Table 5 Copolymerization of n-HMA and MMAwith t-BuOK in THF by
one-shot feeding of monomers

Samplea Temp (�C) Time (h)

Conversion (%)

MMA n-HMA

14 0 3 98.4 >99.9
15 30 3 >99.9 >99.9
16 60 3 >99.9 >99.9

a n-HMA 26 mmol, MMA 47 mmol, t-BuOK 5.2 mmol, 50 ml of THF.

Fig. 8 Time courses of sample 14 (a), sample 15 (b), sample 16 (c).

This journal is © The Royal Society of Chemistry 2017
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Fig. 9 13C NMR spectra of homopolymer of n-HMA and MMA and
their copolymers. PMMA initiated by t-BuOK (a), PHMA initiated by
t-BuOK (b), sample 14 (c), sample 15 (d), sample 16 (e).
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monomer and no evident alternate polymerization. This result
is consistent with the kinetic curves and it provides a new
method to synthesize some block copolymers.

Conclusion

A series of PHMA were prepared through anionic polymerization
using t-BuOK as the initiator and THF as the solvent. The
conversion was nearly up to 100% even at 60 �C. GPC analysis of
PHMA indicated that t-BuOK exits in numerous states when dis-
solved in THF, including different types of association and ion-
pairs. All the states can initiate polymerization with different
reactivity because of the steric effect. Based on this, the sequential
block copolymers were synthesized with almost complete conver-
sion. Furthermore, the kinetics curves and 13C-NMR of the
copolymer prepared by one-shot feeding of two types ofmonomers
indicated that the polymerization of n-HMA in the copolymeriza-
tion was signicantly dominant over that of MMA at set temper-
atures, although the total conversion could almost reach 100%.
The results in this study not only indicated the initiation mecha-
nism of t-BuOK but also provided the possibility to realize anionic
polymerization of methacrylate esters at a commercial scale.
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