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ABSTRACT: This study demonstrates the facile synthesis of ionic polymers using a solid-state mechanochemical ball milling
method, which offers a straightforward, ecofriendly, and broad scope compared to conventional solution polymerization techniques.
Unlike solution polymerization, which is limited by solvent selection and often results in poor efficiency, direct ball-milling
polymerization enables the production of the desired product polymers from a broader range of ionic monomers without solubility
and miscibility constraints. We employed free-radical polymerization of styrene and (meth)acrylic ionic monomers, as well as Ru-
initiated ring-opening metathesis polymerization of norbornenyl ionic monomers, to demonstrate the effectiveness of the
mechanochemical approach. Additionally, the study explored the mechanochemical copolymerization of immiscible monomer pairs
such as sodium carboxylate/pyrene and ammonium sulfone betaine/porphyrin moieties, producing water-soluble porphyrin and
pyrene polymers. Overall, this research showcases mechanochemistry’s versatility and efficiency in synthesizing ionic polymers,
anticipating its use in various applications.

1. INTRODUCTION polymerization methods is further limited when considering
other reaction components such as initiators and catalysts. An
alternative approach involves postpolymerization modifica-
tions, such as quaternization, to introduce ionic functionalities
into the polymer structure.'”"* However, this method requires
additional synthetic steps and is limited in incorporating a
diverse range of ionic species. Herein, we propose the

The synthesis of ionic compounds is limited by their solubility,

as they can dissolve only in highly polar solvents. This poses a

significant problem when attempting to react ionic compounds

with hydrophobic reagents or catalysts, as there is often no

common solvent system. The polymerization of ionic

hmonomers exacerbates this issue, as the resulting ionic polly_lzler mechanochemical solid-state direct polymerization of ionic
as an even narrower range of solvents than monomers.

In modern polymer science and engineering, especially for Oonomers as a s.olutlc?n. ) )
biotargeted applications, it is a requisite for materials to Mechanochemistry is a technique that em1p91’<23(¥ s mechanical
operate in water or water-miscible conditions.’~” Tonic
polymers meet these requirements and have played a crucial
role in various fields such as batteries,®'® metal-ion removal,"' Received: June 21, 2024 Wacromolecul
nonflammable materials,"? drug delivery,13 membranes for oil/ Revised:  August 22, 2024 A
water separation,* and antimicrobial coatings.'>'® To improve Accepted:  September 12, 2024
the performance, we frequently employ copolymerizations. Published: September 23, 2024
However, immiscibility issues arise when dealing with the
copolymerization with hydrophobic monomers. The scope of

force to promote chemical transformations. Collision or
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Scheme 1. Solid-State Mechanochemical Polymerization of Ionic Monomers
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Figure 1. Chemical structure of the ionic norbornenyl monomers la—1g and Grubbs 3rd-generation catalyst (G3).
shearing by ball milling or twin screws can provide enough In this study, we explored the scope of ionomers in
mixing of chemical reagents and activation energy.”"** mechanochemical polymerizations. Radical polymerizations of
Mechanochemistry has offered solvent-free conditions, energy vinyl monomers and ROMPs of norbornenyl monomers under
savings, and increased reactivity.”>”>° Additionally, it has ball milling conditions successfully incorporated a wide range

of cationic, anionic, and zwitterionic monomers (Scheme 1).
Copolymerizing with highly hydrophobic monomers that are
incompatible in polar media demonstrates the potential for
synthesizing highly functional and mechanoexclusive polymers,
thereby advancing copolymer design beyond conventional
polymerization methods.

broadened the scope of chemical synthesis, generating
exclusive chemical products that are inaccessible under
conventional homogeneous solution conditions.*®
stance, the chemical transformation of poorly soluble materials
is possible with ball milling or twin screws.”””® Mechano-
chemistry has also been a solution for the reactions of
orthogonally soluble reagents.””*” These examples prove that 2. RESULTS AND DISCUSSION
the solubility limit in liquid states does not apply to solid-state
mechanochemistry. Narrowing to ionic polymer synthesis,
various polymerization techniques have been realized in solid-
state ball milling, including radical polymerization of ionic
sodium acrylate,”’ mechanoexclusive multiblock copolymer
synthesis using heterogeneity of sodium acrylate and

For in-

2.1. Synthesis of lonic Homopolymers. 2.1.1. Ru-
Alkylidene-Initiated ROMP of lonic Norbornenes. ROMP
using ruthenium alkylidene is one of the ubiquitous tools in
functional polymer synthesis. Especially, chemically robust Ru-
carbene scaffolds bear a wide range of functionalities.” 35-37
Most Ru-ROMP has been carried out in a single phase with

acrylamide,”” and atom transfer radical copolymerization of monomers and Ru-alkylidene. Modification has been practiced
vinyl styrene and sodium vinyl sulfonate.** Recently, our group when polymerizing orthogonally soluble monomers. For ionic
reported examples of mechanochemical ring-opening meta- polymerization, the ruthenium complex was modified by
thesis polymerizations (ROMPs) using norbornenes with introducing hydrophilic ligands. For example, the Grubbs
ammonium sulfone betaine and sodium sulfate.** group developed a water-soluble ruthenium with a pendant

9409 https://doi.org/10.1021/acs.macromol.4c01451

Macromolecules 2024, 57, 9408—9418


https://pubs.acs.org/doi/10.1021/acs.macromol.4c01451?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.4c01451?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.4c01451?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.4c01451?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.4c01451?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.4c01451?fig=fig1&ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.4c01451?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Macromolecules

pubs.acs.org/Macromolecules

Table 1. Monomer Scope in Mech-ROMP*”

G3 (1.0 mol%)

S
=
(000\ Zr 10mL jar, Zr 8mm ball x 3 .
N~y 30 min, 30 Hz, N, @
M, Myl Dl Conv.[!
Entry Monomer LAG (kg/mol) (kg/mol) (MM (%)
1 A i GNP none 4.2 8.4 1.97 85
2 1a H20 384 58.8 1.53 99
3 ﬁb/\o’s";'w none N/A N/A N/A <l
4 1ble] DMF 46.9 62.7 1.26 99
5 7 ° none N/A N/A N/A 9
N\/\'!‘*/
|
6 ° Lo DMF 14.1 18.8 133 94
7 ; 0 none 3.4 4.1 1.17 31
LN
8 ° ! DMF 7.6 122 1.60 98
1d
9 7 ° none 2.7 33 1.25 39
N~
|
10 ° le DMF 54 8.2 1.55 81
11 e none N/A N/A N/A 22
N\/\':‘VYO\/
o
12 " ° H>0 17.3 22 1.29 99
S .
13 |+ TsO none 33 4.1 1.22 88
Ab)ko/\/\‘
14 1g H>0 103 14.1 1.37 99

Al reactant was loaded into a Zr 10 mL vessel with three Zr 8 mm balls and milled for 30 min at 30 Hz. "LAG additive = 20 yL, 7 = 0.4
[solvent(uL)/ monomer(mg)]. “GPC condition for polyla and polylb: 0.03% NaNj; in H,O, GPC condition for polylc to polylg: NaOAc 0.50
M/AcOH 10% in H,0, GPC is calibrated with PEO standards. 9Conversion was calculated by 'H NMR in D,0. ‘Milling time = 10 min.

ammonium ionic group’® and reported ROMP of ionic
monomers in 1998.% Afterward, ionic monomers were
polymerized with various modified ruthenium catalysts in a
polar solvent, including methanol, water, trifluoroethanol, and
phosphate buffer solution.*”*' The reports included some
copolymerizations but only miscible combinations.

We recently reported an example of mechanochemical
ROMP (mech-ROMP) between an ionic monomer and
hydrophobic Ru-species, Grubbs third generation catalyst
(G3).” Unmodified G3 successfully threaded ionic monomers
la and 1b efficiently employing solid-state ball milling,
promising a simplified ionic polymer synthesis. Further scope
is explored in this report, including cationic, anionic, and
zwitterionic moieties (Figure 1 and Table 1).

The study revealed that liquid-assisted grinding (LAG) has a
striking effect on mechanochemical ionic ROMP. Neat
polymerization of zwitterionic monomer la with an
ammonium cation and sulfonate anion exhibited 85%
conversion (entry 1); however, the molecular weight just
passed an oligomeric range (M,pc) = 4.2 kg/mol). We
speculated that mechanical chain degradations were se-
vere.” ™ Previously, our group discovered that LAG can
selectively slow down degradations, thus allowing high-
molecular weight polymer synthesis.””** The lubrication effect
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loosened the chain-to-chain interaction; thus, chains could
move upon external force and avoid chain scission. LAG with
water (20 uL to 50 mg solid) improved the efficiency (99%)
and molecular weight (M, gpc) = 38.4 kg/mol) (Table 1, entry
2).

Polymerization of sulfate monomer 1b exhibited almost no
neat polymerization (entry 3). On the other hand, DMF LAG
(20 uL to SO mg of the solid mixture) promoted the full
conversion to the corresponding polymer with a high
molecular weight (M, Gpc) = 46.9 kg/mol) (entry 4). We
speculated that the strong lattice energy of ionic compounds
might not allow contact with G3. In addition to the lubrication
effect of polymer chains, LAG mitigated an intermolecular
interaction, and facile molecular movements provided
sufficient mixing of 1b and G3.

Next, we explored the polymerization of quaternary
ammonijum salts containing norbornene with various counter-
anions, iodide (1c), bromide (1d), and chloride (1e) (entries
5—10). While all monomers exhibited low conversions under
neat conditions, we observed a deviation by anions. Neat
polymerization of norbornene with halide counteranions
showed lower conversion from chloride to iodide, 1c (9%,
entry ), 1d (31%, entry 7), and le (39%, entry 9). The
reactivity deviation from that of halide anions on ROMP was

https://doi.org/10.1021/acs.macromol.4c01451
Macromolecules 2024, 57, 9408—9418
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Table 2. Molecular Weight Control of Polyla in Mech-ROMP*"”

G3, H,0 (20 pL)

0
| -
Ai\/)LO/\/\NV\/\S%
| A

\ Zr 10mL jar, Zr 8mm ball x 3
30 min, 30 Hz, N,

\
| -
0/\/\7*7\/\503

1a ~
entry [1a]/[G3] M, posy” (kg/mol) M, (kg/mol) M, (kg/mol) p? (M,/M,) conv.® (%)
1 50 13.4 46.3 77.9 1.69 99
2 100 19.3 38.4 58.8 1.53 99
3 200 44.0 30.9 49.3 1.60 99
4 300 61.5 23.1 354 1.53 99

@All reactant was loaded into a Zr 10 mL vessel with three Zr 8 mm balls and milled for 30 min at 30 Hz. YLAG additive = 20 ul, n =04
[solvent(uL)/ monomer(mg)]. “M,,posy Was obtained by DOSY using PEO standards (see Figure S4). 9GPC condition: 0.03% NaN; in H,O and

PEO standards. “Conversion was calculated by "H NMR in D,0.

previously discussed regarding Ru halide exchange reactions.
Initial Ru—Cl, species undergo fast halide exchange to Ru—Br,
or Ru—I,; resulting Ru-complexes exhibited retarded prop-
agation.%’47 This might affect our observation. The resulting
low molecular weights could be due to low efficiency and chain
degradation. However, those effects were not vivid under the
LAG conditions. LAG with DMF (20 gL to SO mg solid)
improved polymerization efficiency to 94, 98, and 81%. The
halide effect was unclear, and le even exhibited the lowest
conversion.

To evaluate broad applicability, norbornene monomers
containing an ammonium bromide unit in the center of the
side chain (1f) and a bulky tosylate anion (lg) were
investigated (entries 11—14). Polymerization of 1f and 1g
without LAG resulted in lower conversion and molecular
weight (entries 11 and 13); water LAG improved conversions
to polymers with higher molecular weights (M, pc) = 17.3 kg/
mol and 10.3 kg/mol, respectively) (entries 12 and 14).

Upon selective retardation of chain degradation by LAG,
molecular weight control was anticipated. At [1a]/[G3] = 50,
100, 200, and 300, polyla was synthesized with the addition of
20 pL of H,0 to S0 mg of la (Table 2). However, GPC
measurements showed a decrease in molecular weight at high
initiator-to-monomer ratios. We commenced another method
to validate polymer molecular weights, diffusion-ordered NMR
spectroscopy (DOSY). DOSY provides diffusion coefficients
(D) for individual resonances in a 'H NMR spectrum, offering
insights into the hydrodynamic radius of molecules and
providing weight-average molecular weight information.**~>°
While GPC depends on the hydrodynamic volume and
interaction with column-packing materials,’' ™>* DOSY eval-
uates only hydrodynamic volume in solution conditions.”* >
The diffusion coeflicients of polyla synthesized at various
initiator-to-monomer ratios were obtained as D = 4.908 X
107" t0 2.016 X 107! m* s~ in deuterated water (Figure S7).
These D values were applied to the viscosity-corrected PEO
calibration curve to calculate M, posy (Figure $4).°” The
resulting M, posy of polyla exhibited a linear increase from
134 to 61.5 kg/mol (Figure 2). Thus, it confirmed that
mechanochemical synthesis of ionic polymers can achieve
molecular weight control.

As the ROMP of norbornene monomers with G3 has been
known for well-controlled polymerization, its mechanochem-
ical ionic examples here exhibited a broader dispersity. In
addition, we evaluated its block copolymerization of 1a and
1b; however, the second block formation was always sluggish.
It is important to address the fact that kinetic information
derived from solution or liquid states is not entirely valid in

9411

70
60
50
40
30

20

M., posy (kg/mol)

10

100 150

[1a]/G3]

200 250 300

Figure 2. M, nosy Vs monomer-to-initiator plot.

solid states. We are currently working on understanding the
kinetics of solid polymerization, which would lead to living
mech-ROMP.

Further, we evaluated the mechanical impact of comparing
high-speed ball milling vs mechanical agitation by a stirring bar
(Table SS and Figure S8). The same reaction mixture as in
entry 1, Table 1, was placed in a test tube (10 mL) (Figure
S9). A stirring bar rotation (10 mm X 3 mm PTFE spin bar) at
500 rpm produced no polymers, but 1500 rpm stirring for 30
min exhibited 59% conversion. It is difficult to compare the
stronger force between high-speed ball milling at 30 Hz and
1500 rpm stirring. Still, we can conclude that the level of
mechanical force is directly related to reaction efficiency.

The scalability was checked with a gradual increase to 100,
350, and 500 mg scales. Regardless of the scale, all
polymerizations of 1a exhibited >98% conversions. Molecular
weights and dispersity values lay in comparable ranges (50 mg:
M, = 38.4 kg/mol, D = 1.53; 100 mg: M, = 41.6 kg/mol, b =
1.29; 350 mg: M, = 35.7 kg/mol, D = 1.28; and 500 mg: M, =
42.9 kg/mol, D = 1.41) (Table S6 and Figure S10).

2.1.2. Free-Radical Polymerization. Mechanochemical
radical polymerizations of ionic monomers consisted of the
early development of ball-milling polymerizations. The first
report b?r Kargin in 1959 presented sodium acrylate polymer-
ization.”’ Kuzuya’s modern study in the 90s investigated the
copolymerization of sodium acrylate and acrylamide.”
Recently, Bielawski reported the copolymerization of sodium
styrenesulfonate and 1-vinyl naphthalene.*® In this report, we
commenced a scope study on free-radical mechanochemical
polymerizations with a series of ionic monomers that have
styrenic and (meth)acrylic groups (Figure 3).

https://doi.org/10.1021/acs.macromol.4c01451
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Figure 3. Chemical structure of ionic vinyl monomers 2a—2e.

Table 3. Monomer Scope in Radical Polymerization®"”

X Mechanical Activation
>
( \ Zr 10mL, Zr 8mm x3
n
100 mg N 1 hr, 30 Hz, N,
M,lel \ 0 Pl Conv.[d]
Entry Monomer LAG (kg/mol) (kg/mol) (Mw/Ma) (%)
1 N o none 42238 477 1.12 98
Z SO3Na
200
2 2a 3610) > limit > limit > limit 99
3 /\©\ none 50.6 537 1.06 90
SO;Na"
4 2b H20 52.8 71.5 1.35 12
5 N O N none 332 37.7 1.13 99
/\Ic])/
6 2¢ H20 > limit > limit > limit 83
7 )Tow e none 54.5 62.9 1.16 97
8 2d H20 > limit > limit > limit 99
9 )Yow»:r\" none 42 48 113 97
(o)
10 2e H20 75 1.1 1.46 77

“Zr 10 mL vessel with three Zr 8 mm balls, 1 h at 30 Hz. LAG additive = 40 uL, 5§ = 0.4 [solvent(uL)/ monomer(mg)]. “GPC condition for
poly2a to poly2d: 0.03% NaNj in H,0, GPC condition for poly2e: NaOAc 0.50 M/AcOH 10% in H,0, and GPC was calibrated with PEO

standards. “Conversion was calculated by 'H NMR in D,0.

High-impact energy can polymerize activated vinyl mono-
mers directly without an external initiator.””**~®" Self-
initiation of monomers or electron transfer from the collision
of jars and balls would promote radical polymerizations. We
successfully synthesized ionic polymers by introducing 100 mg
of the monomer into the milling vessel (Zr 10 mL) with three
balls (Zr 8 mm) and vibration for an hour at 30 Hz (Table 3).

Neat polymerization of sulfonate monomers (2a and 2b),
possessing an acrylamide- and styrene-based structure, was
successfully achieved (entries 1 and 3). Both monomers

9412

exhibited good efficiency over 90% conversions and high
molecular weight compared to the PEO standard (Mn(GPC) =
42.8 and 50.6 kg/mol, respectively). When polymerized with
the addition of water (40 4L to 100 mg of solid), monomer 2a
exhibited an extremely high molecular weight, surpassing a
GPC standard limit (entry 2). However, the DOSY measure-
ment of poly2a showed M, posy = 4.6 kg/mol (neat) and
M,,posy = 16.5 kg/mol (LAG), which were significantly lower

than the GPC data (Table S8 and Figure $12). The molecular
weight from GPC seemed to be overestimated due to fast

https://doi.org/10.1021/acs.macromol.4c01451
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Figure 4. DSC curve and T, values according to monomer compositions (reproduced from ref 34. with permission from the Royal Society of
Chemistry).

Table 4. Copolymerization of Immiscible Monomers®

Water-Soluble TPP containing polymer

@ (o) ran ran
| -
MO/\/\TV\/\S‘M o o
0 0
Monomer 3a o 0.99 J 0.01 o 0.99 d 0.01

Monomer 1a (99 eq)
G3 (1 mol%)

( Zr10 mL, Zr8 mm x 3
§o 30 min, 30 Hz, N, o8 Q O 0,8 O @ O

Aad H,O/THF(9/1) 20 pL

Monomer 3b

poly(1a/3a) O poly(1a/3b)

entry copolymerb solvent® M, (kg/mol) M7 (kg/mol) p? (M, /M,) conv. of 1a° (%)
1 poly(1a/3a) THF/H,0 (9/1) 36.5 512 141 99
2 poly(1a/3b) THF/H,0 (9/1) 219 287 131 99

9All reactant was loaded into a Zr 10 mL vessel with three Zr 8 mm balls and milled for 30 min at 30 Hz. *[1a/3a] = 99/1 and [1a/3b] = 99/1,
total monomer mass = 50 mg, 1 mol % of G3. 20 uL of THF/H,0 = 9/1 mixture was used as a LAG solvent, 7= 0.4 [solvent(uL)/
monomer(mg)]. 9GPC condition: 0.03% NaN; in H,O. “Conversion was calculated by 'H NMR in D,O.

elution caused by repulsive interactions with the negatively kinetic information on initiation, propagation, termination, and
charged GPC column. These results confirmed that chain chain degradation steps under solid conditions.

degradation is severe under neat conditions and that LAG 2.2. Copolymerization of Immiscible Pairs. 2.2.1. Co-
alleviated it. Conversely, styrene-based monomer 2b demon- polymerization of Norbornenyl Ammonium Sulfone Be-
strated a reduced conversion (12%) compared to the neat taine/Porphyrin Monomers. Conventional polymerization has

limitations in the range of copolymers because it is affected by
the solubility of the monomers. On the other hand, solubility
issues in mechanochemistry can be neglected.”® Our previous
study investigated the copolymerization of norbornene
derivatives containing a hydrophilic ammonium sulfone
betaine monomer and a hydrophobic benzyl monomer.”*
Our findings demonstrated that molecular-level mixing was
achieved. Single glass transition temperature (T ) was observed

grinding product (entry 4); its cause is unclear at this moment.
The carboxylate 2¢, ammonium sulfone betaine 2d, and
ammonium monomers 2e were also assessed through
polymerization with or without liquid assistance (entries S—
10). The resulting polymers obtained by adding water
demonstrated higher molecular weights than those obtained
by neat grinding, indicating the effectiveness of LAG in

achieving higher polymerization levels by preventing chain and dictated the copolymer compositions (Flgure 4). The
degradation. Overall, mechanochemical free-radical polymer- single T, implied that there are no locally populated block-type
ization exhibited unexpectedly low dispersity compared to units and two orthogonal monomers are statistically dis-
conventional ones. It is unclear at this point due to the lack of tributed. Further, we attempted to copolymerize highly
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hydrophobic porphyrin norbornene with ionic norbornene,
expecting water-soluble porphyrin-containing polymers.

The direct copolymerization of ammonium sulfone betaine
la (99 equiv) and either tetraphenyl porphyrin (TPP) 3a (1
equiv) or zinc-coordinated TPP (Zn-TPP) 3b (1 equiv) was
realized in the ball-milling setup with G3 (1 mol %) (Table 4).
Contrary to the homopolymerization of 1a, a different LAG
composition, H,O/THF = 9:1, was used. It exhibited better
porphyrin incorporation than using only H,O (Figure S15).
The resulting polymers exhibited molecular weights compara-
ble to those of homopolymer polyla (M, oiy(1a/3) = 36.5 kg/
mol and M, ,oiy(1a/36) = 21.9 kg/mol vs M, o1, = 38.4 kg/
mol). The incorporation of porphyrin units was confirmed by
ultraviolet—visible spectroscopy (UV—vis) measurements in
water (Figure S5). While the water-insoluble porphyrin

1
0.8
0.6

0.4 x 25 .j/\/\bl‘ /\L~
- LY AN\ VoS
450 550 650 750

0.2

Abs

Wavelength (nm)

poly(1a/3a) poly(1a/3b)

Figure 5. UV—vis absorption spectra of poly(1la/3a) and poly(1la/
3b) (conc.: 10 mg/mL in H,0).

monomers have no UV—vis signal in water (Figure S19), the
copolymers, poly(1a/3a) and poly(1a/3b), exhibited typical
UV-—vis absorption patterns of porphyrins in water. The

absorption peaks at 380—400 nm (Soret band) and four peaks
at 450—700 nm (Q-band) confirmed TPP and Zn-TPP units
of poly(1a/3a) and poly(1a/3b). Upon increasing the organic
solvent (THF), ionic polymers became insoluble (Figure 6).
As the portion of THF increased, the polymer solution became
cloudy (Figure 6a), which resulted in a decrease in UV—vis
absorption intensity (Figure 6b).

Next, we evaluated the efficiency of mech-ROMP compared
to solution-based ROMP in the copolymerization of
immiscible monomers (Table S10). A mixture of monomers
la and 3a in 99:1 molar ratio was dissolved in water and
methanol, targeting 0.5 M concentration. While monomer 1la
exhibited good solubility in both solvents, 3a showed only a
slight solubility in methanol, indicated by the pale-reddish
color of the solution (Figure S17). Interestingly, hydrophobic
catalyst G3 facilitated rapid polymerization of la in both
solvents. However, the significantly reduced UV absorption of
the polymer product from the water solvent indicated poor
incorporation of hydrophobic 3a in water owing to insolubility
(Figure S18). In contrast, the copolymer synthesized in
methanol displayed a UV absorption intensity comparable to
that of the mech-ROMP product, suggesting better incorpo-
ration of 3a. However, GPC revealed the advantage of mech-
ROMP. The poly(1la/3a) copolymer synthesized in methanol
showed a bimodal molecular weight distribution, whereas the
product from mech-ROMP exhibited an unimodal distribution
(Figures S13 and S16). This difference was attributed to the
quick precipitation of polymer products during polymerization
in methanol, leading to uneven kinetic profiles. Facile synthesis
of the water-soluble porphyrin-containing polymer was realized
in mechanochemical methods, and its application under
physioloégically relevant conditions is currently under inves-
tigation. hoz

2.2.2. Incorporation of Pyrene into the Hydrogel. We
employed mechanochemical free-radical polymerization to
embrace the hydrophobic pyrene moiety into the ionic-
polymer gel. Three monomers, sodium acrylate 2¢ (100 mg, 98
equiv), pyrene acrylate 3¢ (6.3 mg, 2 equiv), and poly(ethylene
glycol) diacrylate cross-linker (24.3 mg, 2 mol %), with 40 uL
of H,O/THF(9/1) mixture were directly copolymerized
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Figure 6. (a) Photographic images of cuvette cells according to solvent mixture ratios and predicted image of polymer chain coagulation depending
on the solubility. (b) UV—vis absorption spectrum of poly(1la/3a) differing in the H,O/THF ratio (conc.: 10 mg/mL).
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Figure 7. (a) Mechanochemical synthesis of the water-soluble pyrene-containing polymer gel and photographic emission images of poly(2¢/3c)
upon UV radiation under various solvent mixture ratios. (b) UV—vis absorption spectra of poly(2c/3c) differing in the H,0O/THF ratio (1 mg/mL
in a solvent mixture). (c) Fluorescent emission spectra of poly(2c/3c) differing in the H,O/THF ratio (360 nm excitation, 1 mg/mL in a solvent

mixture).

without an initiator (Figure 7). We conducted polymerization
using H,O as the sole LAG solvent; however, the
incorporation of pyrene was significantly lower compared to
that of the H,O/THF mixture (Figure S22). The crude
product, soluble in water, underwent purification through
dialysis in deionized water. Upon dissolving the obtained
polymer in water and subjecting it to UV irradiation at 365 nm,
we observed the emission of blue light throughout the solution
(Figure 7a). Further absorption and fluorescence spectral
studies of poly(2c/3c) were conducted under varying H,O and
THEF ratios. Four absorption peaks attributed to pyrene were
identified in UV—vis (Figure 7b).°** Subsequently, the
absorption intensity decreased as the proportion of the
relatively hydrophobic THF increased. In the emission study,
the fluorescence spectrum displayed distinct single pyrene
emission peaks at 385 and 402 nm and an excimer emission
peak at 480 nm simultaneously with excitation at 360 nm
(Figure 7c). This implies that a portion of hydrophobic
pyrenes are aggregated in a hydrophilic polymer network, while
some pyrene units are placed solely. As the THF ratio
increased to 50%, a slight increase in fluorescence intensity was
detected from both a single unit and a stacked excimer.
However, in pure THF, poly(2c/3c) was insoluble, leading to
the inability to detect any emission peaks. These copolymer
pyrene/ionic monomers exhibit applications at the fluorescent
sensor in aqueous medium, organic electronics, and graphene
or carbon nanotube dispersion via 77—z interactions with
pyrene 5568

3. CONCLUSIONS

Through the utilization of mechanochemistry, this study
pioneers a novel approach to synthesize ionic polymers,

9415

offering a sustainable and efficient alternative to conventional
solution-based methods. By employing solid-state ball-milling
ROMP and radical polymerization, we successfully synthesized
ionic homopolymers and mechanoexclusive copolymers, over-
coming solubility limitations and enabling the incorporation of
diverse monomers. The versatility of this method was
exemplified through copolymerizing immiscible monomer
pairs and integrating hydrophobic functional groups, such as
porphyrin and pyrene, into water-soluble ionic polymers. In
addition, LAG offered a chance for high-molecular weight
polymer synthesis and molecular weight control by selectively
limiting chain degradations. This study emphasizes the pivotal
role of mechanochemistry in advancing polymer synthesis
methodologies, offering avenues for future research and
development.

4. EXPERIMENTAL SECTION

4.1. General Information. All solvents were obtained as high-
performance liquid chromatography (HPLC) grade and dried over
preactivated 3 A molecular sieves and neutral alumina. Sodium 4-
vinylbenzenesulfonate (90% technical grade, Alfa Aesar) and 2-
acrylamido-2-methyl-1-propanesulfonic acid sodium salt solution (in
water, SO wt %, Sigma-Aldrich) were dissolved in water and purified
by precipitation in acetone. After filtration, the monomer powder was
dried by a freeze dryer for 1 day. Other reagents from commercial
sources were used without further purification. All polymerization
experiments were prepared under a nitrogen atmosphere using a
glovebox. Then, the assembled jar was transferred to a Retsch Mixer
Mill MM 400 instrument for designated ball milling. The milling was
conducted in a thermostated container at 30 °C to minimize the outer
temperature effect.

4.2. Instruments. '"H NMR and "H DOSY spectra were obtained
by using a Bruker AVANCE III HD-400 MHz Fourier transform
NMR spectrometer at the Future Energy Convergence Core Center
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(FECC). 'H DOSY experiments were performed with reference to
the following paper.”” All 'H DOSY experiments were run without
spinning to avoid convection. The poly(ethylene oxide) (PEO)
standards were prepared at 1 mg/mL in D,0. '"H DOSY spectra were
measured at 298 K with the ledbpgp2s pulse program using 2 spoil
gradients. Pulse gradients were used with a relaxation delay (D1) of
30 s. The number of gradient steps (TD) was set to 32. Before
measuring 2D-DOSY, two separate 1D-DOSY experiments are
measured with the set gradient pulse at minimum (2%) and
maximum (95%) gradient strengths. The pulse strength (P;, =
1000 to 3000 us) and diffusion time (D,, = 0.05 to 0.5 s) were
adjusted so that the difference in the minimum/maximum gradient
strength was 20 to SO times. After completing the 2D-DOSY
experiment, Topspin 3.6.4 was used for data acquisition and
processing. The GPC system was composed of a Waters 2414
differential refractive index detector, a Waters 1515 isocratic pump,
and a column heating module to determine the relative number-
average molecular weight (M,) and the weight-average molecular
weight (M,,). Aqueous system GPC: Shodex GF-S1I0HQ_ columns
were eluted with an HPLC-grade solvent at 40 °C and 1.0 mL/min. A
calibration curve was obtained with 12 monodispersed poly(ethylene
oxide) standards (Agilent, EasyCal). UV spectroscopy studies were
performed in H,O or THF at 0.001 to 10 mg/mL using 10 mm-path
length quartz cuvettes with Teflon stoppers using a Varian Cary 3500
UV—vis spectrophotometer equipped with a compact Peltier
apparatus. Fluorescence spectroscopy studies were carried out in
H,0 or THF at 1 mg/mL using an FP8300 spectrofluorometer
(JASCO) and cuvettes (JASCO ]/3 type, material Q 10 mm X 10
mm).

4.2.1. Representative Procedures of Mechanochemical Ring-
Opening Metathesis Polymerization. A monomer was added to a
ZrO, milling vessel (10 mL) with 8 mm ZrO, balls (3 ea). The G3
stock solution in THF was added to the top closure. This part was left
for 1 min to allow the THF to evaporate, leaving the designated
amount of G3. The LAG solvent (20 uL, 7 = 0.4) was added to the
milling vessel. The main vessel and top closure were assembled. The
assembled milling apparatus was placed on the MM 400 and milled
for 30 min, at 30 Hz in a thermostat at 30 °C. The milling apparatus
was opened and a few drops of ethyl vinyl ether were added to quench
the polymerization. The polymer powder inside the container was
dissolved by adding water and collecting it three times using water.
Afterward, a few drops of the crude product were collected, and NMR
and GPC analyses were performed to determine the conversion and
molecular weights.

4.2.2. Mechanochemical Free-Radical Polymerization. Monomer
and the LAG solvent (H,O 40 uL, 7 = 0.4) were added to a ZrO,
milling vessel (10 mL) with 8 mm ZrO, balls (3 ea). The main vessel
and top closure were assembled. The assembled milling apparatus was
placed on the MM 400 and milled for 60 min at 30 Hz in a thermostat
at 30 °C. The milling apparatus was opened and quenched with air.
The polymer powder inside the container was dissolved by adding
water and collecting it three times using water. Afterward, a few drops
of the crude product were collected, and NMR and GPC analyses
were performed to determine the conversion and molecular weights.
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