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Abstract. Self-catalyzed living radical polymerization using quaternary ammonium iodide
(QAI)-containing monomers is reported. The monomer contains a polymerizable methacrylate
or acrylate moiety and QAI as a catalytic moiety at the side chain. Several (functional)
methacrylates and acrylates were successfully co-polymerized with QAI-containing monomers
without additional catalysts, generating QAIl-containing copolymers. The obtained QAI-
containing polymers were further used as catalytic macroinitiators, enabling self-catalyzed block
polymerizations of various monomers without additional catalysts. This self-catalyzed living
radical polymerization was also used to prepare a QAl-containing polymer brush on a solid
surface. This technique is attractive for its wide range of amenable monomers and metal-free
nature. The obtained QAl-containing polymers may find biomedical and antibacterial

applications.



INTRODUCTION

Self-catalysis is a unique process in which a reactant carries a reacting group and also a
catalytic group to trigger a reaction.'™ The reactant is self-catalyzed to convert to the product
without need for additional catalysts. Self-catalysis offers simple purification processes (no need

for the catalyst removal), which is advantageous in practical applications.

Living radical polymerization (LRP), also known as reversible-deactivation radical
polymerization, is widely used for synthesizing well-defined polymers with controlled molecular
weights and narrow molecular weight distributions.”® Our research group has developed an
organocatalyzed LRP using an alkyl iodide (R-I) as an initiator (Scheme 1).>"> The catalysts

include iodide anion (I_),“_13

and I is used in the form of quaternary ammonium iodide (QAI)
such as tetrabutylammonium iodide (BuyN'T"). Mechanistically, the polymer-iodide dormant
species (polymer—I) coordinates the catalyst (I') via halogen bonding to form a complex
(polymer—1I---catalyst). The complex reversibly generates a propagating radical (Polymer’). We

termed this polymerization reversible complexation mediated polymerization (RCMP).'*!" The

use of non-special capping agents and non-metal catalysts are attractive features of RCMP.
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Scheme 1. Reversible Activation in RCMP.

In material chemistry, polymers possessing quaternary ammonium halides such as QAI at the

side chains are widely used for functional materials due to their hydrophilic, antifouling, and



antibacterial properties.'® " Their structures such as block, comb-shaped and brush structures
have successfully been controlled via LRP.*** In many cases, polymers containing tertiary
amino groups are first prepared by LRP, and the subsequent quaternization using alkyl halides
generates polymers with quaternary ammonium halides.”**' Despite the successful synthesis, the
removal of metallic catalysts or odorous capping agents and the time-consuming post-

quaternization may pose possible issues in further applications.

Herein we report self-catalyzed RCMP using QAl-containing monomers (Figure 1). The
monomer contains a polymerizable methacrylate or acrylate moiety and also QAI as a catalytic
moiety, offering self-catalyzed RCMP. The monomer is termed as catalytic monomer (CM) in
this paper. The self-catalyzed RCMP directly yields QAl-containing polymers without post-
quaternization. Furthermore, the obtained QAI-containing polymer can be used as a catalytic
macroinitiator in subsequent block polymerization, offering self-catalyzed block polymerizations
of (meth)acrylates in the absence of additional catalysts. Self-catalyzed RCMP was further
exploited to prepare QAl-containing polymer brushes on a solid surface. Self-catalysis was used
in other polymerizations (ring-opening polymerizations) and polymer degradation.’*>* In the
field of LRP, self-photo-catalytic initiators (not catalytic “monomers”) were successfully

used.”" In the present work, we report the first use of CMs for self-catalyzed LRP.



Catalytic monomers (CMs)

) Nooe _Naoe _N
| | | | |
(DMAEMA) g
(AMAI)
(C.MA) 94%

41%
(CsMAI) (EHMAI) (C6Al)
80% 24% 23%
(C;MAI)
68%

Percentage = synthetic yield of catalytic monomer

(C1.MAI) (C42Al)
45% 42%
Monomers
:§:o =§:o =§:o =§:o ) =§=0 :gzo _>=° ¥°
0 o o] o 0o o o o} o]
A )
Cﬁ § 4 < ¢ § 2
o] 0
© / 785 /
(MMA)  (BzMA)  (BMA) (GMA) (TFEMA) (MEMA) (PEGMA) (BA) (MEA)
Alkyl lodide Initiators Synthesis of Catalytic Monomers
Y
| EtO. 4 R-1(1.5eq)
—I—CN e '\/\/\/\OJKK 0 -
o] THF, 40 °C
(CP-1) (IHE)
2 Y =Hor CH; " I
N R=Akyl AN
(1eq)

Figure 1. Structures of catalytic monomers (CMs), monomers, alkyl iodides used in this work

and the synthesis of catalytic monomers.



RESULTS AND DISCUSSION

Synthesis of catalytic monomers (CMs) containing quaternary ammonium iodide (QAI).
The QAl-containing catalytic monomers (Figure 1) were synthesized via Menshutkin reaction in
high yields (up to 94%) in a simple manner. 2,2-(Dimethylamino)ethyl methacrylate
(DMAEMA) (1 eq) or 2,2-(dimethylamino)ethyl acrylate (1 eq) was reacted with an alkyl iodide
(1.5 eq) in tetrahydrofuran (THF) at 40 °C for 24 h to generate the corresponding CM. Several
CMs with different alkyl chains were synthesized for tuning the solubility of CMs in monomers
and solvents. The structures and abbreviations of the studied CMs are given in Figure 1. A 90
gram scale synthesis of CsMAI (Figure 1) was achieved using DMAEMA and hexyl iodide
(C¢Hy3-1), for example. The purification was simple; namely, the solid CsMAI was rinsed with
cold THF, giving an 80% yield after purification in the mentioned 90 gram synthesis. The use of
1.1 eq of hexyl iodide gave a lower yield (57%) than that of 1.5 eq (yield = 80%). The scalable

synthesis and facile purification are beneficial for practical use.

Self-catalyzed RCMP of MMA and CsMAI. We carried out self-catalyzed RCMP using
methyl methacrylate (MMA) as a main monomer and CsMAI as a co-monomer with different
ratios of [MMA]y/[CsMAI]y ranging from 99/1 to 75/25 (Table 1, entries 1-4). We heated a
mixture of the two monomers (100 eq in total) and 2-iodo-2-methylpropionitrile (CP-I (Figure
1)) initiator (1 eq) at 70 °C. The QAI moiety of C¢sMAI plays a catalytic role to generate
propagating radicals from CP-I and polymer—I. Ethylene carbonate (EC) was used as a solvent to

dissolve C¢MAL for the high CsMAI-content systems ([MMA]y/[CsMAT]y = 90/10 and 75/25).

Figure 2a shows the time-evolution of the conversions of MMA (squares) and CsMAI

(triangles) for [MMA]y/[CcMAI]p = 90/10 (Table 1, entry 3). The rate of the monomer



consumption was very similar for MMA (monomer 1) and CcqMAI (monomer 2), meaning that
the reactivity ratios (7 and r;) are nearly 1. The nearly unity reactivity ratios are reasonable
because both monomers are methacrylates (the same type of monomer). The polymerization was
relatively fast; the total monomer conversion reached 69% for 4 h. The number-average
molecular weight (M,) well matched with the theoretical value, and the dispersity (D = M,,/M,)
was low (1.17-1.34) from an early stage of polymerization (Figure 2b), where M,, is the weight-

average molecular weight. This result shows a good catalytic activity of CsMAL
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Figure 2. Plots of (a) In([M]o/[M]) vs t and (b) M, and M/M, vs conversion for the
MMA/CP-1/C¢MALI system (70 °C): [MMA], = 7200 mM; [CP-I], = 80 mM; [CsMAI], = 800
mM. The M, and M,/M, values are obtained by PMMA-calibrated GPC. The symbols are

indicated in the Figure.



Figure 3 shows the 'H NMR spectrum of the random copolymer (PMMA-r-PCsMAI)
obtained at 4 h (M, = 8800 and P = 1.34) after purification. The methyl (4 in Figure 3) and
methylene (c and e) protons of the quaternary amino group in the CsMALI unit clearly appeared at
3.53 (d), 3.73 (e), and 4.15 (c) ppm, emphasizing the existence of CcMAI moieties in the
copolymer. From the peak areas of the methyl proton (@) in the MMA unit and the ethylene
proton (c¢) in the C¢sMAI unit, the polymer composition (MMA/CsMAI) was calculated to be 92/8,
which matched the feed monomer composition (90/10) and the nearly unity reactivity ratio. This
result means that the fraction of C¢MALI in the copolymer can be manipulated in a predictable
manner by simply tuning the feed MMA/CsMAI monomer ratio. Thus, the self-catalyzed RCMP
using QAIl-containing monomer offers a facile access for preparing well-defined QAI-containing

polymers.

In the preset work, methyl (a in Figure 3) protons in the MMA units are overlapped with the
methyl (d) and methylene (e) protons in the CsMALI units, and therefore we are not able to clearly
observe the terminal monomer unit or evaluate the iodide-chain-end fidelity. Nevertheless, high
chain-end fidelity was clearly demonstrated in the block copolymerizations, as shown below.
Namely, the QAIl-containing polymers were used as macroinitiators in the block
copolymerizations, and a large fraction of the macroinitiator chains extended to block

copolymers. This result demonstrated the high chain-end fidelity of the QAI-containing polymers.
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Figure 3. '"H NMR spectrum of PMMA-7-PC¢MAI (Table 1, entry 3) after purification (400

MHz, 298 K, CDCls).

With an increase in the C¢MALI fraction (ranging the [MMA]y/[C6MAI]) ratio from 99/1 to
75/25 (Table 1, entries 1-4), the polymerization rate reasonably increased because of the higher
catalyst (CcMAI) concentration. The total monomer conversion reached 72% for a short time of
3 h for [MMA]y/[CcMAIT]y = 75/25 (Table 1, entry 4). The homopolymerization of CsMAI was
also performed at 80 °C for 8 h to give PCcMAI with 73% monomer conversion (Table 1, entry 5
and Figure S27). However, the obtained polymer was not able to analyze with gel permeation
chromatography (GPC), because the polymer tended to be adsorbed on the GPC columns. Non-
quaternized DMAEMA (Figure 1) with a tertiary amine also served as a CM to copolymerize
with MMA (Table 1, entry 6). Tertiary amines are known to work as moderately efficient RCMP
catalysts.'” However, compared with QAI-containing C¢MAI (Table 1, entry 3), DMAEMA
provided a 3 times slower polymerization (64% total monomer conversion for 12 h) and a higher

D value (1.46) because of the lower catalytic activity.



Table 1. Self-catalyzed RCMP of Methacrylates and Acrylates with Catalytic Monomers.

T t Conv M,

Entry M CM’  Solvent  [MWICMIWICPTh ooy ) ovient %0 vty P
1 MMA CMAI  none 7920/30/30 70 12 62/59 (Zigg) 1.28
2 MMA CMAI  none 7800/200/30 0 8 7276 (17130000(; 1.29
3 MMA CMAI EC 7200/800/80 70 4 6968 (gggg) 1.34
4 MMA CMAT EC 6000/2000/30 70 3 66/89 (%88) 1.24
5 none CMAI EC 0/8000/30 80 8 /73 (21;1(‘;“;0) NA¢
6 MMA  DMAEMA  none 7200/800/30 70 12 64/59 (2;88) 1.46
7 MMA C:MAI EC 7200/300/30 70 8  61/95 (gggg) 1.26
8 MMA CsMAI EC 7200/800/30 70 8  60/93 (gggg) 1.25
9 MMA  EHMAI  EC 7200/300/80 70 7 818l (181000000) 1.8
10 MMA  CpMAI EC 7200/300/80 0 6 7066 (161300000) 133
1 MMA AMAI EC 7200/300/80 70 8 3137 (451288) 1.19
12 BMA CMAT EC 7200/300/80 70 10 51/55 (2283) 139
13 GMA CMAT EC 7200/300/80 70 4 855 (}gggg) 1.35
14 BzMA  CMAI EC 7200/800/80 70 8 70069 (} 2888) 137
15  MEMA  CMAI  none 7200/800/30 0 7 5257 (3388) 132
16  PEGMA  CMAI  none 7200/800/30" 60 10  56/98 (190900000) 1.40
17 DMAEMA  CMAI  none 7200/800/30° 50 3 93/94 (12888) 139
18 BA CpAl none 7200/800/80 110 48  40/60 (gf‘gg) 117
19 MEA CAl none 7200/800/80 110 24 66/72 (180100000) 118

20° MMA CMAI EC 7200/800/38 60 8 1915 (5(5)88(0)) 1.27

“Main monomer. "Catalytic monomer. The structures and abbreviations are given in Figure 1 ‘EC means dilution
with 25wt% ethylene carbonate (EC). “’H NMR calculated monomer conversion. PMMA-calibrated THF-GPC
values for entries 1-3, 7—15, 18, and 19. PMMA-calibrated DMF-GPC values for entries 4, 6, 16, 17, and 20.
'Theoretical M, calculated with [M]y, [CM]o, [CP—I]o, and monomer conversion. The polymer tended to be
adsorbed on columns in THF and DMF eluents and was not able to analyze with GPC. "Addition of V65 (160 mM).
'Addition of V65 (40 mM).’Addition of I, (5 mM). “Surface-initiated RCMP.



Polymerization of MMA and other CMs. Besides CsMAI, CMs possessing different alkyl
chains (Figure 1), i.e., butyl (C4MAI), 2-ethylhexyl (EHMAI), octyl (CsMAI), dodecyl (C;.MAI),
and allyl (AMALI) chains, were effective for the MMA polymerizations (Table 1, entries 7—11),
yielding low dispersity polymers (P = approximately 1.3). The use of AMAI successfully
provided functional allyl groups in the copolymer chain (Table 1, entry 11, and Figure S28 in
Supporting Information). We also observed that the length of alkyl chains largely affected the
hydrophobicity of QAI-containing polymers. While PMMA-r-PCsMALI (M, = 8800 and D = 1.34,
Table 1, entry 3) (5.0wt%) was dissolved in an acetone/water (40/60) mixture, PMMA-r-
PC,MALI with a longer alkyl chain (M, = 6300 and & = 1.33, Table 1, entry 10) (5.0wt%) was
precipitated even in a more acetone-containing mixture (acetone/water = 46/54). This
observation demonstrates that the hydrophobicity of QAI-containing polymers is tunable through
the side chains in CMs. The facile synthesis and functionalization of CMs is highly beneficial for

practical use and design of functional polymers.

Polymerization of Functional Methacrylates and Acrylates. QAl-containing monomers
were compatible with various functional methacrylates and acrylates (Figure 1). The
polymerization results of butyl methacrylate (BMA), glycidyl methacrylate (GMA), benzyl
methacrylate (BzMA), 2-methoxyethyl methacrylate (MEMA), poly(ethylene glycol) methyl
ether methacrylate (PEGMA), and 2-(dimethylamino)ethyl methacrylate (DMAEMA) with
CsMAI are summarized in Table 1 (entries 12—17). QAl-containing copolymers with low-
dispersity (D < 1.40) was successfully synthesized. The relatively slow polymerization of BMA
could be attributed to the low solubility of CsMALI in the highly hydrophobic BMA (Table 1,
entry 12). While 70 °C was used for hydrophobic monomers (Table 1, entries 1-4 and 6-15), a

milder temperature (50—60 °C) was used for hydrophilic PEGMA and DMAEMA monomers to
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suppress a side reaction (elimination of HI from the polymer chain end to generate a dead
polymer, which is enhanced in polar media) (Table 1, entries 16 and 17). In the two systems, an
azo Iinitiator (2,2’-azobis(2,4-dimethyl-valeronitrile) (V65)) was added to increase the
polymerization rate. Azo initiators are often used to decrease the deactivator concentration and

hence increase the polymerization rate in RCMP and other LRP systems.”!

Table 1 (entries 18 and 19) shows the polymerizations of acrylates. Two QAIl-containing
acrylates, i.e., C;2Al and C¢Al (Figure 1), were used to polymerize butyl acrylate (BA) and 2-
methoxyethyl acrylate (MEA) (Figure 1), respectively, yielding low-dispersity polymers (D =
1.17-1.18). (C;2Al exhibited a good solubility in the hydrophobic BA.) RCMP of acrylates
requires highly active catalysts because of the stronger secondary alkyl C—I bond in an acrylate
polymer than the tertiary alkyl C—-I bond in a methacrylate polymer. The successful
polymerizations of the acrylates demonstrate the high catalytic activities of the QAl-containing

monomers.

Quaternary ammonium halide containing polymers are of great interest in antibacterial
applications. The introduction of QAI in the biocompatible polymers, i.e., MEMA, PEGMA, and
MEA polymers, can significantly increase their antibacterial properties.”>> The self-catalyzed
RCMP is a metal-free, odor-free, and straightforward synthetic route for QAIl-containing
copolymers with quantitative quaternization. The technique does not require post-quaternization

or time-consuming removal of unreacted quaternizing agents from the polymers.

Self-catalyzed Block Polymerization. The obtained QAl-containing polymers were used as
macroinitiators to generate block copolymers in the absence of additional catalysts. The

polymerization is a self-catalyzed system, because the macroinitiator possesses catalysts. Using a

11



purified PMMA-r-PC¢sMAI (M, = 1600 and P = 1.15) as a macroinitiator, the polymerizations of
several methacrylates, i.e., MMA, BzZMA, and 2,2,2-trifluoroethyl methacrylate (TFEMA), were
performed, yielding low-dispersity block copolymers with M, = 9600-16000 and P < 1.10
(Table 2, entries 1-3). A large fraction of the macroinitiator extended to block copolymers,
meaning the high block-efficiency (Figure 4 (a—c)). This macroinitiator was also successfully
used for an acrylate (MEA) polymerization, yielding a methacrylate-acrylate block copolymer
(Table 2, entry 4 and Figure 4d). More hydrophobic PBzMA-r-PCsMAI (M, = 2800 and P =
1.22) and more hydrophilic PMEMA-r-PCsMALI (M, = 1300 and P = 1.20) macroinitiators were
used for MMA polymerizations, giving block copolymers with M, = 5100-9200 and P =
1.23—1.31 (Table 2, entries 5 and 6, and Figure 4 (e and f)). These results demonstrate the

versatility in macroinitiators and monomers and the accessibility to a range of block copolymers.

Table 2. Self-catalyzed block copolymerization.

o Monomer],/[Macroinitiator T t Conv Mnb
Entry Macroinitiator Monomer [ ]00 (EnM) ] CC) () (%)  (Mype) P’
1 PMMA-r-PCqMATY MMA 8000/80 70 6 78 9600 1.10
(9400)
d 11000
2 PMMA-r-PCMALI BzMA 8000/80 70 6 62 (12000) 1.05
3 PMMA-r-PCMAIY  TFEMA 8000/80 70 4 94 ({ 2888) 1.02
4 PMMA-r-PCiMAT MEA 8000/80 110 48 49 (;388) 1.08
5 PBzMA-r-PCMAI* MMA 8000/80 70 8 68 9200 1.31
(9600)
6  PMEMA--PCMAY  MMA 8000/80 70 5 45 (gégg) 1.23

“'H NMR calculated conversion. "PMMA-calibrated THF-GPC values. “Theoretical M, calculated with [Monomer],
[Macroinitiator], and monomer conversion. ‘M, = 1600 and P = 1.15 (MMA/C{MAI = 86/14). °M,, = 2800 and P =
1.22 (BzMA/CsMALI = 88/12). ‘M, = 1300 and P = 1.20 (MEMA/CsMAI = 91/9).

12
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Figure 4. GPC chromatograms before (dashed lines) and after (solid lines) the block

polymerizations in Table 2.

Synthesis of QAl-containing polymer brushes via surface-initiated RCMP. Quaternary
ammonium halide containing polymer brushes on surfaces have been synthesized via post-
quaternization and extensively studied for biological applications.>*>® Such polymer brushes are
obtainable via self-catalyzed RCMP in a simple manner. We performed a one-step synthesis of a
polymer brush using MMA as a main monomer and CsMAI as a CM via surface-initiated RCMP
(Figure 5a). 6-(2-Iodo-2-isobutyryloxy)hexyltriethoxysilane (IHE, Figure 1) was immobilized on
a silicon wafer. The IHE-immobilized silicon wafer was immersed in a mixture of MMA,
CsMALI, a non-immobilized free initiator CP—I, and EC (solvent) and heated at 60 °C to give a
QAI-containing polymer brush (Table 1, entry 20). The M, and D of the free polymers generated
from the free initiators are generally in good agreement with those of the graft polymers.’” The

M, and D of the free polymer were 20000 and 1.27, respectively. The dry thickness of the
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PMMA-r-PC¢MAI copolymer brush was measured to be 6 nm using atomic force microscopy
(AFM) (Figure S2). Assuming an identical M, value for the graft and free polymers, the graft
density (o) was calculated to 0.21 chains/nm’, and the surface occupancy (6*) was 12%. This
surface occupancy is located in the concentrated brush region (6% > 10%).”® The polymer brush
was analyzed with X-ray photoelectron spectroscopy (XPS) (Figure 5 (b—d)). The I 3d (617 and
628 eV) peaks were clearly observed. The observed N 1s peak at 402 eV (Figure 5d) supports the
existence of a quaternary ammonium, because a non-quaternary amine (DMAEMA) has a
different binding energy around 399 eV.*® The abundance of iodide and quaternary ammonium

confirms the successful synthesis of a QAI-containing polymer brush via self-catalysis.
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Figure 5. Synthesis of PMMA-r-PCsMALI brush via surface-initiated self-catalyzed RCMP. (a)
Schematic illustration. XPS (b) survey spectrum, (c) high resolution spectra of I 3ds signal, and

(d) N 1s signal of PMMA-r-PCsMALI brush.
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CONCLUSION

Self-catalyzed RCMP using QAI-containing CMs was developed. QAl-containing CMs are easy
to synthesize, which is attractive for large scale use. The amenable monomers encompassed
MMA, BA, and several functional methacrylates and acrylates. The system does not require
additional catalysts and generates QAl-containing polymers without post-quaternization. The
obtained QAl-containing polymers further worked as catalytic macroinitiators, enabling self-
catalyzed block polymerizations without additional catalysts. The self-catalyzed RCMP was also
used to prepare a QAl-containing polymer brush. The high versatility in amenable monomers
and CMs and the metal-free nature are beneficial aspects, and the obtained polymers may find

biomedical and antibacterial applications.
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