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Abstract

The transition toward a circular plastic economy and sustainable chemical industries requires
the development and implementation of green methods of free-radical polymerization. In this
study, the high-speed radical polymerization of N,N-diethyl acrylamide (DEAA) was
achieved in high-temperature water (150 °C, 0.5 MPa) without using potentially
contaminating organic solvents. Precipitation polymerization was completed within 2 min.
The molecular weight of the resulting polymer (27.7 x 10°; dispersity of 1.78) was
comparable to that of polymers obtained by typical polymerization at 70 °C and significantly
exceeding those of polymers obtained by polymerization in high-temperature organic
solvents. This implies that the main factor governing the polymerization rate is a kinetic
effect due to hydrogen bonding between the carbonyl groups and water molecules; under
these conditions, disproportionation termination was suppressed. The polymerization process
developed herein using high-temperature water is offers the benefits of a short reaction time

and low environmental impact, thus holding great promise for industrial applications.
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INTRODUCTION

The increasing awareness regarding global warming and related environmental issues is
changing our view on production processes in terms of, not only cost and efficiency, but also
environmental impact in view of achieving a sustainable society."* The polymeric materials
widely exploited as plastic, fibers, rubbers, and adhesives are invaluable to society. Since the
discovery of chloroprene polymerization,® the radical polymerization of vinyl monomers,
such as styrene, (meth)acrylates, vinyl acetate, and acrylamides, has significantly contributed
to industrial polymer production. In radical polymerization, processing temperature
substantially affects polymer formation kinetics, final molecular weight (MW), and MW
dispersity.* Therefore, temperature control is crucial for obtaining the desired products.
Given that bulk polymerization is exothermic and therefore suffers from excessive heat
release, industrial-scale radical polymerization typically involves the suspension
polymerization of hydrophobic vinyl monomers in water and solution-phase polymerization
in homogeneous systems. To avoid the unfavorable use of organic solvents, supercritical
fluids>® and high-temperature water (i.e., water at 100374 °C and 0.1-22.1 MPa with

controllable dielectric constant and ionic product’~'%) are used in solution polymerization. For
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example, Kinoshita et al.!' conducted the radical polymerization of acrylic acid in high-
temperature water using a flow-type apparatus. Typically, radical polymerization is
performed around the 10-h half-life temperature (710) of the initiator to avoid frequent
termination and MW decrease. Nevertheless, the radical polymerization of acrylic acid in
high-temperature water generates high-MW polymers within several minutes.'!

Although radical polymerization in high-temperature water may contribute to improved
polymer production and thus promote the establishment of a sustainable society, the use of
flow-type reactors in radical polymerization limits the range of applicable monomers,'?
because both the monomers and resulting polymers must be soluble in water to keep the
reaction system homogeneous. In particular, N,N-diethyl acrylamide (DEAA) is soluble in
water, whereas the corresponding polymer is insoluble above the lower critical separation
temperature (LCST) of 32 °C.! Therefore, DEAA is not a suitable monomer for flow-type
reactors. In this study, the radical polymerization of DEAA was performed in high-
temperature water and other solvent in a batch-type reactor under tunable reaction (e.g.
reaction time and temperature). The behavior and mechanism of the polymerization process

in high-temperature water were investigated.
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MATERIALS AND METHODS

DEAA was kindly donated by KJ Chemicals Co. The initiator [4,4'-azobis(4-cyanovaleric
acid), V-501], ethanol (EtOH), and N,N-dimethylacetamide (DMAc) were purchased from
FUJIFILM Wako Pure Chemical Corporation. D-O (100.0 at% D) was supplied from Acros
Organics. 1,4-Dioxane (DO) was purchased from Kishida Chemical Co., and N,N-
dimethylformamide (DMF) was purchased from Yoneyama Yakuhin Kogyo Co., Ltd.

Gas chromatography (GC) was performed using a Shimadzu GC-2014 gas chromatograph
equipped with a flame ionization detector (FID) and an SH-Rtx-5 capillary column (30 m x
0.32 mm, 0.25 pm; Restek) with He as the carrier gas (linear velocity = 30 cm s~ !) and make-
up gas. The vaporization chamber was maintained at the starting temperature of 50 °C for 2
min and subsequently heated to 300 °C at a rate of 20 °C min ™.

MWs and their distributions were determined using size-exclusion chromatography (SEC),
which was performed using a JASCO EXTREMA chromatograph equipped with two SEC
columns (Shodex HK-404L) and ultraviolet (UV-4070, JASCO, 235 nm) and refractive

index (RI-4035, JASCO) detectors. Tetrahydrofuran (Wako Pure Chemical Industries, HPLC
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grade, flow rate = 0.4 mL min ') was used as the eluent at 40 °C. MWs were calibrated using
standard polystyrene samples (TSK-gel oligomer kit, Tosoh, MW = 1.03 x 10°, 3.89 x 10°,
1.82 x 10°,3.68 x 10%, 1.36 x 104, 5.32 x 103, 3.03 x 10%, and 8.73 x 10?).

A 6-mL stainless-steel tube was charged with a solution of DEAA (0.200 g, 1.57 mmol)
and V-501 (5 mg, 17.8 umol) in H>O (3.0 g), immersed into an oil bath held at 150 °C for a
predetermined time (2—180 min), and rapidly cooled to 20—25 °C in a cold-water bath. The
temperature inside the tube was directly measured using a thermocouple. An analogous
procedure was adopted for polymerization at 70 °C, and in other solvents, and in the bulk.

Monomer conversion was determined from the GC-FID peak areas of DEAA before and

after polymerization as

DEAA peak area after polymerization

)x 100. (1)

i (0] — —

Monomer conversion ( /0) - (1 DEAA peak area before polymerization
RESULTS AND DISCUSSION

The heating process affecting radical polymerization* was investigated in a batch-type

stainless-steel reaction tube. Figure 1 (a) shows the internal temperature profiles of the batch

reactor immersed into oil baths heated to different temperature. Given that the reaction started



95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

when the reactor was submerged into the oil bath, the reaction time included the initial
heating period. After a given reaction time, the reactor was removed from the oil bath and
was rapidly quenched in a cold-water bath to cool it to 20-25 °C. The reaction was also
performed without any solvents (bulk polymerization).

At 70 °C, the heating period (2 min) was much shorter than the reaction time (180 min),
thus exerting a modest influence. Conversely, at 150 °C (reaction time 2 min), polymerization
occurred within the heating period, which critically affected the obtained products. Owing to
the high heat capacity of the stainless-steel reactor, the heating processes at 70 and 150 °C
were similar, although the molar heat capacities of water'* and DMF'? at a constant pressure
were different, 75.3 and 146 J K™' mol ™!, respectively. For bulk polymerization, no solvent
was available to dissipate the heat of polymerization, and the temperature rapidly exceeded
the set value (150 °C) because of the autoacceleration of exothermic propagation.'®
Afterwards, the temperature gradually decreased because of the deceleration of the
polymerization reaction due to an increase in viscosity.!” Therefore, the outcomes of bulk
polymerization tests were not influenced by the set temperature, with polymerizations at 70

and 150 °C resulting in similar MW distributions (Figure 2 (a) and Table S1).
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Figure 1. (a) Internal temperature profiles of the reactor over time. (b, ¢) Correlation between

DEAA conversion and reaction time in water and DMF at (b) 70 °C and (c) 150 °C; and

calculated degree of the thermal homolytic cleavage of the initiator.
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Figure 2. Molecular weight distributions of polymers obtained in (a) bulk, (b) water, (c)

deuterated water, (d) N, N-dimethylformamide, (e) N, N-dimethylacetamide, (f) ethanol, and

(g) 1,4-dioxane at 70 and 150 °C.

Figures 1 (b) and (c) show the reaction-time-dependent conversions of DEAA in water (red

circles) and DMF (blue crosses) at the set temperatures of 70 °C and 150 °C, respectively.

At 70 °C, the monomer conversion reached 100% after 30 min in water and after 180 min in

DMF. In contrast, complete monomer consumption at 150 °C in water and DMF were

achieved after 1.1 and 1.5 min, respectively. The average MWs and their dispersity in water

and DMF at 150 °C were almost constant regardless of monomer conversion (Table 1), which

indicated that the steady-state approximation was also valid under boosted polymerization

conditions. Therefore, the accelerated polymerization at 150 °C essentially followed the same

mechanism as the general radical polymerization at 70 °C. Nevertheless, when

polymerization at 150 °C performed in a transparent glass tube, we observed the precipitation

of the resulting polymer, poly(DEAA), in line with its insolubility in water above 32 °C

(Movie S1). Therefore, for lab-scale poly(DEAA) synthesis, batch-type reactors are preferred

11
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to flow reactors. However, flow reactors would be promising for poly(DEAA) production at

an industrial scale.

Table 1. Monomer conversions and molecular weights obtained at different reaction times

in radical polymerization at 150 °C.

Reaction time

Monomer conversion

Solvent (min) o M, (x1073) M, (x107%) D
Water 0.75 30.1 21.4 28.9 1.35
Water 1 33.2 26.8 49.8 1.86
Water 1.08 87.4 21.0 30.9 1.47
Water 2 100 27.7 49.1 1.78
DMF 1.25 77.1 4.6 9.0 1.95
DMF 2 100 3.5 6.6 1.86

The green curves shown in Figures 1 (b) and (c¢) indicate the thermal cleavage degree of

the V-501 initiator at 70 and 150 °C, respectively, estimated by Equation (2):

ke (s™) = 621 x 10" exp (

—1.33><105)
b

RT

)

12
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where kq 1s the rate constant of thermal hemolytic cleavage, R is the universal gas constant,
and T is the absolute temperature. The activation energy and pre-exponential coefficient in
Equation (2) were measured in the temperature range of 40-80 °C'® and were assumed to be
independent of temperature, solvent type, and the monomer presence. At 70 °C, more than
half of the initiator was present even after 180 min. Conversely, at 150 °C, V-501 was almost
completely converted into radicals within 2 min. Therefore, the fast consumption of DEAA
at 150 °C was ascribed to the combined effects of fast propagation and sufficient radical
supply. Concurrently, high radical concentrations typically afford low-MW products because
they result in fast termination reactions and decreased monomer-to-radical ratios. When
organic solvents (DMF, DMAc, EtOH, and DO) were used, the MWs of products generated
at 150 °C were lower than those of products obtained at 70 °C (Figures 2 (d)—(g)). In contrast,
in water (H2O and D»O; Figures 2 (b) and (¢), respectively), polymers with higher MWs were
obtained even at 150 °C, although the values were slightly lower than those for
polymerization at 70 °C. Therefore, in water, the high propagation rate was the main
contributor to the increased termination rate at high temperatures. The fact that polymers

obtained at 70 °C in water had higher MWs than those produced in organic solvents indicated

13
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specific fast propagation. Water molecules formed hydrogen bonds with carbonyl groups,
resulting in fast DEA A polymerization, as previously reported for the polymerization of acryl
monomers.!*2? The difference between the MWs of products obtained at 70 and 150 °C was
smaller in D>O than for water, which was ascribed to the higher strength and temperature
stability of deuterium bonds compared to hydrogen bonds.**

Termination reactions in radical polymerization proceed via disproportionation and
recombination, with the latter mechanism affording products with double the MWs than those
achieved by the former. The unimodal MW distributions of products obtained at 70 °C
(Figure 2, blue lines) featured a main peak with a shoulder in the low-MW region, except for
polymerization in the bulk and in EtOH (Figures 2 (a) and (f), respectively). The main and
shoulder peaks resulted from recombination and disproportionation, respectively. Therefore,
recombination was the main termination pathway at 70 °C. Furthermore, the curves related
to polymerization in DMF, DMAc, and DO (red lines in Figures 2 (d), (e), and (g),
respectively) indicated that a bimodal distribution was obtained at 150 °C. The MW
corresponding to the first peak was twice that corresponding to the second peak, which

indicated that the first and second peaks corresponded to termination by recombination and

14



178  disproportionation, respectively. Conversely, the MW of the product formed in EtOH at 70

179  and 150 °C had a bi- and unimodal distribution, respectively, and was lower than those of

180  polymers formed in other solvents, which suggested that EtOH exerts a unique solvent effect.

181 In contrast to polymerization in organic solvents, the differences between the products

182  formed at 70 and 150 °C in water were negligible, and recombination was dominant at both

183  temperatures. These results highlight the solvent effect exerted via hydrogen bonding, which

184  promoted the propagation reaction, even at 150 °C. Thus, the specificity of water was crucial

185  for enhancing the polymerization reaction.
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Figure 3. Effect of the water/DMF ratio on the (a) molecular weight distribution and (b)

average molecular weights and their dispersity (D) at 150 °C.

To assess the water volume required to promote high-speed polymerization, we conducted

polymerization experiments in water—DMF mixtures of different compositions and examined

the effects of solvent composition on MW distribution, average MW, and MW dispersity at

150 °C (Figure 3). The shape of the MW distribution changed from unimodal to bimodal

with increasing DMF content (Figure 3 (a)), in accordance with the change of the termination

mechanism discussed above. These results also suggest that in water, hydrogen bonding leads

to high-speed polymerization at high temperatures, affording high-MW products and

suppressing disproportionation termination. The MW of the polymer obtained at a DMF

content of 4 mol% was substantially lower than that obtained in pure water (Figure 3 (b)).

Therefore, a small amount of DMF was sufficient to affect polymerization behavior.

The polymerization solvent may also affect the mechanism of chain transfer to the polymer.

In water, when the monomer is soluble and the polymer is insoluble, precipitation

polymerization would occur. On the other hand, in organic solvents, the polymer may

16
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dissolve without precipitating. Thus, chain transfer to the polymer in water could have been
suppressed by precipitation. If such chain transfer occurred in organic solvents, a branched
polymer with a multimodal and broad MW distribution should be formed. However, bimodal
and not multimodal MW distributions were obtained in organic solvents. Therefore, we
believe that chain transfer to the polymer did not occur in either water or organic solvents.

Considering non-isothermal polymerization (Fig. 1), the reactor temperature profile
obtained in water was almost identical to that obtained in DMF. If the bimodal MW
distributions in DMF were due to non-isothermal polymerization, the bimodal peaks should
have also been obtained in water. Therefore, non-isothermal polymerization was not the main
cause of the solvent effect on MW distributions.

A previous study of the radical polymerization of acrylamides at around the 710 of the
initiator** showed that each polymerization stage (initiation, propagation, and termination)
was affected by solvent type, which was attributed to various reasons, including chain
transfer to the solvent and differences in solvent polarity and dielectric constant. In addition,
the radical polymerization of acrylamides in water was significantly faster than that in other

organic solvents, and a higher polymerization rate and MW were observed when water was

17
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added to dimethyl sulfoxide. Herein, we found that the effect of the solvent type at a high

temperature of 150 °C was similar to that at 70 °C. The higher polymerization rate and MW

observed for high-temperature water compared to those observed for organic solvents were

attributed to differences in propagation rate and termination mode, which are influenced by

the solvent polarity and dielectric constant.

CONCLUSIONS

High-temperature water (150 °C, 0.5 MPa) enabled the high-speed radical polymerization

of DEAA, resulting in complete conversion into high-MW products within a short time (2

min). Although the polymers obtained in water precipitated because of their low LCST, pure

water was more favorable than organic solvents, which induced disproportionation and

frequent termination reactions, even when added in small amounts as cosolvents. Further

work is required to elucidate the effect of polymer precipitation in various solvents at high

temperatures. A batch-type reactor was effective for application in such precipitation

polymerization reactions in water. However, given that a short reaction time (within 2 min)

was sufficient in high-temperature water, flow reactors may potentially be used in industrial

18



236

237

238

239

240

241

242

243

244

245

246

247

248

249

settings. High-speed radical polymerization offers the advantage of low environmental

impact and is completed in a short time without the use of any organic solvents. Moreover,

the examined process is promising for application in the polymer industry for reducing its

environmental impact and operating costs by considerably increasing the production rate.
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dimethylformamide; DO, 1,4-dioxane; EtOH, ethanol; FID, flame ionization detector; GC,

gas chromatography; LCST, lower critical separation temperature; MW, molecular weight.

References

(D Rockstrom, J.; Gaffney, O.; Rogelj, J.; Meinshausen, M.; Nakicenovic, N.; Schellnhuber, H. J. A

Roadmap for Rapid Decarbonization. Science 2017, 355 (6331), 1269-1271.

https://doi.org/10.1126/science.aah3443.

20


https://doi.org/10.1126/science.aah3443

265

266

267

268

269

270

271

272

273

274

275

276

277

278

2) Ohno, H.; Sato, H.; Fukushima, Y. Configuration of Materially Retained Carbon in Our Society: A

WIO-MFA-Based Approach for Japan. Environ. Sci. Technol. 2018, 52 (7), 3899-3907.

https://doi.org/10.1021/acs.est.7b06412.

3) Jacobson, R. A.; Carothers, W. H. Acetylene Polymers and Their Derivatives. VIII. a-Alkyl-B-

Vinylacetylenes. J. Am. Chem. Soc. 1933, 55 (4), 1622—-1624. https://doi.org/10.1021/ja01331a050.

@) Kamachi, M.; Yamada, B. Propagation and Termination Constants in Free Radical Polymerization.

In Polymer Handbook; 4th ed.; John Wiley & Sons, 1999; p 11/77.

®)] Tutek, K.; Masek, A.; Kosmalska, A.; Cichosz, S. Application of Fluids in Supercritical Conditions

in the Polymer Industry. Polymers 2021, 13 (5), 1-17. https://doi.org/10.3390/polym13050729.

(6) Cooper, A. I. Polymer Synthesis and Processing Using Supercritical Carbon Dioxide. J. Mater. Chem.

2000, /0 (2), 207-234. https://doi.org/10.1039/a906486i.

(7) Osada, M.; Nishiwaki, M.; Watanabe, T. Environment-Friendly Utilization of Squid Pen with Water:

Production of f-Chitin Nanofibers and Peptides for Lowering Blood Pressure. Int. J. Biol. Macromol. 2021,

189, 921-929. https://doi.org/10.1016/.ijbiomac.2021.08.190.

21


https://doi.org/10.1021/acs.est.7b06412
https://doi.org/10.1021/ja01331a050
https://doi.org/10.3390/polym13050729
https://doi.org/10.1039/a906486i
https://doi.org/10.1016/j.ijbiomac.2021.08.190

279

280

281

282

283

284

285

286

287

288

289

290

291

292

() Osada, M.; Shoji, S.; Suenaga, S.; Ogata, M. Conversion of N-Acetyl-D-Glucosamine to Nitrogen-

Containing Chemicals in High-Temperature Water. Fuel Process. Technol. 2019, 195, 106154.

https://doi.org/10.1016/i.fuproc.2019.106154.

)] Weingértner, H.; Franck, E. U. Supercritical Water as a Solvent. Angew. Chem. Int. Ed. 2005, 44

(18),2672-2692. https://doi.org/10.1002/anie.200462468.

(10)  Aida, T. M.; Oshima, M.; Smith, R. L. Controlled Conversion of Proteins into High-Molecular-

Weight Peptides without Additives with High-Temperature Water and Fast Heating Rates. ACS Sustain. Chem.

Eng. 2017, 5 (9), 7709-7715. https://doi.org/10.1021/acssuschemeng.7b01146.

(11)  Kinoshita, K.; Takano, Y.; Ohkouchi, N.; Deguchi, S. Free-Radical Polymerization of Acrylic Acid

under Extreme Reaction Conditions Mimicking Deep-Sea Hydrothermal Vents. ACS Omega 2017, 2 (6), 2765—

2769. https://doi.org/10.1021/acsomega.7b00293.

(12)  Deguchi, S.; Ifuku, N. Bottom-up Formation of Dodecane-in-Water Nanoemulsions from

Hydrothermal Homogeneous Solutions. Angew. Chem. Int. Ed. 2013, 52 (25), 6409-6412.

https://doi.org/10.1002/anie.201301403.

22


https://doi.org/10.1016/j.fuproc.2019.106154
https://doi.org/10.1002/anie.200462468
https://doi.org/10.1021/acssuschemeng.7b01146
https://doi.org/10.1021/acsomega.7b00293
https://doi.org/10.1002/anie.201301403

293

294

295

296

297

298

299

300

301

302

303

304

305

(13) Kohsaka, Y.; Tanimoto, Y. Synthesis of Thermo-Responsive Polymer via Radical

(Co)Polymerization of N, N-Dimethyl-a-(Hydroxymethyl)Acrylamide with N, N-Diethylacrylamide. Polymers

2016, 8 (10), 374. https://doi.org/10.3390/polym8100374.

(14)  Chase, M. W. J. NIST-JANAF Thermochemical Tables, 4th Ed. J. Phys. Chem. Ref. Data. 1998, p

1323.

(15)  Grolier, J.-P. E.; Roux-Desgranges, G.; Berkane, M.; Jiménez, E.; Wilhelm, E. Heat Capacities and

Densities of Mixtures of Very Polar Substances 2. Mixtures Containing N, N-Dimethylformamide. J. Chem.

Thermodyn. 1993, 25 (1), 41-50. https://doi.org/10.1006/jcht.1993.1005.

(16)  Zhao, L.; Zhu, W.; Papadaki, M. I.; Mannan, M. S.; Akbulut, M. Probing into Styrene Polymerization

Runaway Hazards: Effects of the Monomer Mass Fraction. ACS Omega 2019, 4 (5), 8136-8145.

https://doi.org/10.1021/acsomega.9b00004.

(17)  Trommsdorff, V. E.; Koéhle, H.; Lagally, P. Zur Polymerisation Des Methacrylsduremethylesters. Die

Makromol. Chemie 1948, 1 (3), 169—198. https://doi.org/10.1002/macp.1948.020010301.

23


https://doi.org/10.3390/polym8100374
https://doi.org/10.1006/jcht.1993.1005
https://doi.org/10.1021/acsomega.9b00004
https://doi.org/10.1002/macp.1948.020010301

306

307

308

309

310

311

312

313

314

315

316

317

318

319

(18)  Blackley, D. C.; Haynes, A. C. Kinetics of Thermal Decomposition of 4,4'-Azobis-(4-

Cyanopentanoic Acid) and Its Salts in Aqueous Solution. J. Chem. Soc. Faraday Trans. 1 Phys. Chem. Condens.

Phases 1979, 75 (1), 935. https://doi.org/10.1039/f19797500935.

(19)  Beuermann, S.; Nelke, D. The Influence of Hydrogen Bonding on the Propagation Rate Coefficient

in Free-Radical Polymerizations of Hydroxypropyl Methacrylate. Macromol. Chem. Phys. 2003, 204 (3), 460—

470. https://doi.org/10.1002/macp.200390013.

(20)  Beuermann, S. Impact of Hydrogen Bonding on Propagation Kinetics in Butyl Methacrylate Radical

Polymerizations. Macromolecules 2004, 37 (3), 1037-1041. https://doi.org/10.1021/ma0354647.

(21)  Hirano, T.; Saito, T.; Kurano, Y.; Miwa, Y.; Oshimura, M.; Ute, K. Dual Role for Alkali Metal

Cations in Enhancing the Low-Temperature Radical Polymerization of N,N-Dimethylacrylamide. Polym. Chem.

2015, 6 (11), 2054-2064. https://doi.org/10.1039/C4PY01662A.

(22)  Hirano, T.; Segata, T.; Hashimoto, J.; Miwa, Y.; Oshimura, M.; Ute, K. Syndiotactic- and

Heterotactic-Specific Radical Polymerization of N-n-Propylmethacrylamide Complexed with Alkali Metal lons.

Polym. Chem. 2015, 6 (27), 4927-4939. https://doi.org/10.1039/C5PY00755K.

24


https://doi.org/10.1039/f19797500935
https://doi.org/10.1002/macp.200390013
https://doi.org/10.1021/ma0354647
https://doi.org/10.1039/C4PY01662A
https://doi.org/10.1039/C5PY00755K

320

321

322

323

324

325

(23)  Scheiner, S.; Cuma, M. Relative Stability of Hydrogen and Deuterium Bonds. J. A4m. Chem. Soc.

1996, 118 (6), 1511-1521. https://doi.org/10.1021/ja9530376.

(24)  Kurenkov, V. F.; Myagchenkov, V.A. Effects of Reaction Medium on the Radical Polymerization

and Copolymerization of Acrylamide. Eur. Polym. J. 1980, 16 (12), 1229-1239. https://doi.org/10.1016/0014-

3057(80)90030-0.

25


https://doi.org/10.1021/ja9530376
https://doi.org/10.1016/0014-3057(80)90030-0.
https://doi.org/10.1016/0014-3057(80)90030-0.

326  Graphical Abstract

DEAA
Azo initiator ‘ n
N o7 SN >
H,O K
3 at 150°C & 0.5 MPa

lin

327

328

26



