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A Tandem Controlled Radical Polymerization
Technique for the Synthesis of Poly(4-
vinylpyridine) Block Copolymers: Successive
ATRP, SET-NRC, and NMP

Yin-Ning Zhou, Zhi-Chao Chen, Chuan Wei,* Zheng-Hong Luo*

Poly(methyl methacrylate)-block-poly(4-vinylpyridine), polystyrene-block-poly(4-vinyl pyri-
dine), and poly(ethylene glycol)-block-poly(4-vinylpyridine) block copolymers are synthesized
by successive atom transfer radical polymerization (ATRP),

single-electron-transfer nitroxide-radical-coupling (SET-NRC)
and nitroxide-mediated polymerization (NMP). This paper
demonstrates that this new approach offers an efficient fi =
method for the preparation of 4-vinylpyridine-containing Oo; --------------------------------- 4

copolymers.

1. Introduction

Poly(4-vinylpyridine) (P4VP)-based block copolymers
have received great attention due to their unique prop-
erties and applications in various fields.[!! These well-
defined pyridine-based polymers have usually been
prepared by living anionic polymerization.[*P<] How-
ever, such experimental work should be conducted
under extremely strict conditions, such as ultra-low
temperatures, rigorous anhydrous, and anaerobic envi-
ronment. In contrast, controlled radical polymerization
(CRP) conducting under moderate conditions experi-
ences a period of remarkable development, and has had
a profound influence on polymer chemistry in recent
years.?l Three well-known CRP techniques, namely
atom transfer radical polymerization (ATRP),2-dl
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reversible addition—fragmentation chain
(RAFT) polymerization,®*8] and nitroxide-mediated
polymerization (NMP),3 have proven to be efficient
tools for the synthesis of copolymers with desired
molecular weights and narrow molecular weight
distributions.[?!

As for pyridine-based monomer (i.e., 4-vinylpyridine
(4VP)), ATRP technique has been successfully employed in
some cases,1942] but it requires rational selection of ini-
tiating/catalytic systems to control the polymerization
because of the strong metal catalyst coordinating ability
of both 4VP and P4VP[*"! Moreover, although RAFT poly-
merization has also been carried out for 4VP[2efl the chal-
lenge remains to conserve the end functionality of chain
during the polymerization of basic monomers in aqueous
media.®2l In addition, the RAFT end group can be an
another impact factor on polymer properties.5><! There-
fore, NMP technique is considered as an efficient tool for
controlled polymerization of 4VP['8] However, the poly-
merization of MMA with controlled manner cannot be
satisfied by NMP because of side reactions happen at high
polymerization temperature.l’! For example, Shoji et al.
prepared poly(vinylpyridine) block copolymer through
stepwise ATRP and NMP using a novel bifunctional
initiator.[”]
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In this work, we introduce an efficient tandem con-
trolled radical polymerization (TCRP) technique for pre-
paring P4VP block copolymers without the complex syn-
thesis process of a bifunctional initiator. Single-electron-
transfer nitroxide-radical-coupling (SET-NRC) as a rapid
and highly efficient method for functionalizing bromide
end-groups bridges the gap of ATRP and NMP, as well as
a powerful tool for the synthesis of diblock copolymers.[®]
Additionally, both the ATRP and the NMP systems are gov-
erned by the persistent radical effect (PRE),®] where active
radicals undergo a reversible activation—deactivation pro-
cess. Consequently, the TCRP technique presented here
not only permits the polymerization of 4VP proceeding in
broader monomer range, but also follows similar kinetic
behavior (power-law system).[!

Here, the new strategy for the synthesis of P4VP-con-
taining block copolymers is represented in Scheme 1.
Starting with ATRP, poly(methyl methacrylate) (PMMA)
with bromine end groups (—Br) was prepared. Sub-
sequently, SET-NRC was utilized to functionalize the
first block polymer chain end with 2,2,6,6-tetrameth-
ylpiperidine 1-oxyl (TEMPO). Finally, polymerization of
4-vinylpyridine monomer was carried out by the NMP
technique for the resulting block copolymer (PMMA-b-
P4VP). To extend the scope of copolymers involving P4VP
blocks, polystyrene-block-poly(4-vinyl pyridine) (PSt-
b-P4VP) was also prepared via TCRP and poly(ethylene
glycol)-block-poly(4-vinylpyridine)  (PEG-b-P4VP) was
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synthesized through successive bromination, SET-NRC,
and NMP in this work.

2. Results and Discussion

ATRP of MMA (M) was conducted using ethyl 2-bro-
moisobutyrate (Eib-Br, I) as initiator and CuBr (C)/1,1,4,7,7-
pentamethyldiethylenetriamine (PMDETA, L) as catalyst in
toluene at [M]:[1]:[C]:[L] = 100:1:1:2 and 90 °C. The PMMA-
Br macroinitiator was confirmed by 'H NMR as shown in
Figure 1A (bottom, red line). The degree of polymerization
(DP,) calculated through the ratio of the integral area of
methoxyl protons at §=3.55—3.65 ppm (peak a) to that
of CH3;CH,0— protons at &=4.00-4.20 ppm (peak d) is
approximately 55, namely MH,NMR = 5710 g mol? (see
Supporting Information for calculation process). The GPC
result for PMMA-Br displayed in Figure 2 is 5930 g mol?,
which agrees with 1\_/In,m\,;R within allowable error. The
narrow polydispersity (P = 1.17) of the resulting polymer
(PMMA-Br) implies the polymerization was conducted in a
controlled manner.

Subsequently, the macroinitiator with the Br end
group synthesized by ATRP was functionalized by SET-
NRC. Under moderate experimental conditions (25 °C),
PMMA-alkoxyamine (PMMA-TEMPO) was obtained after
15 min (see Supporting Information for details). The H
NMR spectra of PMMA-TEMPO is shown as the green
line in Figure 1B. In addition, the molecular weight and
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B Figure 1. "H NMR spectra of PMMA-Br (A), PMMA-alkoxyamine (TEMPO) (B), and PMMA-b-P4VP (C).

its polydispersity obtained by GPC are 5840 g mol™! and
1.17, respectively. It should be pointed out that the experi-
mental temperature has a great influence on the effi-
ciency of NRC reaction for PMMA-Br, which significantly
decreases with the increase of temperature.l’?! Previous
studies showed that there is a side reaction happening
during the high-temperature PMMA-Br NRC reaction or
CRP of MMA in the presence of TEMPO.!*! During such
reactions, the active B-hydrogen of methyl in PMMA can
be captured by nitroxide radicals, leading to form PMMA
chain with a double bond in terminal unit, which is
usually confirmed by *H NMR signals at 5.50 and 6.20 ppm
(characteristic of olefinic methylene protons).'%1 From
the spectrum of PMMA-TEMPO in Figure 1B, no signal due
to the olefinic methylene protons was found, which indi-
cates that the functionalization of PMMA-Br with TEMPO
may be feasible under SET-NRC conditions.

The resulting PMMA polymer terminal with TEMPO
was then used as macroinitiator (I) for the NMP of 4VP
(M) in dimethyl formamide (DMF) at [M]:[I] = 400:1
and 130 °C. As depicted in Figure 1C (top, blue line), the
characteristic signals at 6=810-8.80ppm (peak g) and
§=6.00—6.80 ppm (peak h) are assigned to —CC,H,N pro-
tons. According to the ratio of the integral area of peak g
to that of peak a, the DP, of P4VP block is approximately
70. Therefore, the M,y of block copolymer (PMMA;5-b-
P4VP,,) yielded by the chain extension of macroinitiator
PMMA;5-TEMPO is 13140 g mol~ by *H NMR. In addition,
compared with the GPC trace of PMMA;;—TEMPO, the
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diblock copolymer shifted to higher molecule weight direc-
tion with M, g = 15700 g mol™ and D = 1.25 (Figure 2).
The broad polydispersity implies that the irreversible rad-
ical termination happened during reaction.

On the other hand, the polymerization kinetics of 4VP
are displayed in Figure 3. First, the pseudo-first-order
kinetics in Figure 3A indicate the nearly constant con-
centration of radicals in the polymerization system and
the evolution of M, has a linear increase with conver-
sion. Both features show a typical and successful con-
trolled radical polymerization. Although the M,/M,

——PMMA-Br
~ = — PMMA-TEMPO
. - - - PMMA-b-P4VP

. : : . : )
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Figure 2. GPC traces of PMMA-Br, PMMA-alkoxyamine (TEMPO),
and PMMA-b-P4VP.
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B Figure 3. Kinetic plot (A) and GPC traces with monomer conversion (B) for the synthesis of PMMA-b-P4VP.

of copolymer is higher than that of PMMA-TEMPO, the
values remained below 1.30. The deviation of M, . from
the theoretical value might be attributed to the difference
between the resulting copolymers and the narrow PMMA
standards. Second, Figure 3B demonstrates the retention
time in GPC for copolymer decreases monodirectionally
with increasing reaction time, indicating the increment
of molecular weight. However, there is a slight tailing
toward low molecular weight, indicating the inefficient
initiation or/and the formation of dead chains.

Another two diblock copolymers containing 4VP were
also prepared by NMP using PS-TEMPO and PEG-TEMPO
macroinitiators (see Supporting Information for details).
The GPC traces and H NMR spectra of the resulting
copolymers are shown in Figure 4, and Figure S1 and S2
in the Supporting Information. As shown in Figure 4,
GPC traces for both polymerization systems show a shift
from low molecule weight to high molecule weight side,

——PS-Br
— — PS-TEMPO
- - - PS-b-P4VP

PS-Br 5790

Polymer |M, - (g/mol) M, /M,

indicating a successful chain extension of macroiniti-
ator. The polydispersity of both resulting copolymers is
1.32 and 1.29 for PS-b-P4VP and PEG-b-P4VP, respectively,
which remain about 1.30 and feature the nature of con-
trolled polymerization. A slight tailing toward low molec-
ular weight indicates the formation of dead chains.

3. Conclusion

Three different P4AVP-containing block copolymers were
prepared by the TCRP technique in a controlled manner
for the first time. In particular, the synthesis of PMMA-b-
P4VP copolymer was well controlled under the present
conditions, which was confirmed by a kinetics study. It is
firmly believed that this new approach offers an efficient
method for the preparation of 4-vinylpyridine-containing
copolymers.
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B Figure 4. GPC traces of PS-Br, PS-TEMPO, and PS-b-P4VP (A); PEG-Br, PEG-TEMPO and PEG-b-P4VP (B).
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