N
N

N

HAL

open science

Microwave-Assisted Nitroxide-Mediated Radical
Polymerization of Acrylamide in Aqueous Solution

Julien Rigolini, Bruno Grassl, Laurent Billon, Stephanie Reynaud, Olivier

Francois Xavier Donard

» To cite this version:

Julien Rigolini, Bruno Grassl, Laurent Billon, Stephanie Reynaud, Olivier Francois Xavier Donard.
Microwave-Assisted Nitroxide-Mediated Radical Polymerization of Acrylamide in Aqueous Solu-
tion.  Journal of polymer science. Part A-1, Polymer chemistry, 2009, 47, pp.6919-6931.

10.1002/pola.23731 . hal-00469605

HAL Id: hal-00469605
https://hal.science/hal-00469605

Submitted on 1 Apr 2010

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-00469605
https://hal.archives-ouvertes.fr

Microwave-Assisted Nitroxide-Mediated Radical Polymerization
of Acrylamidein Aqueous Solution

Julien Rigolini, Bruno Grassl *, Laurent Billon,epthanie Reynaud and Olivier F.X. Donard

Université de Pau et des Pays de I'Adour, IPREM UGNRS/UPPA 5254, Hélioparc Pau
Pyrénées - 2 Avenue du Président Angot - 64053Bdex 09, France

* Corresponding author (e-mail: bruno.grassl@uraw:fr)
Abstract:

The present work describes a combination of mick@naradiation as a heating source and
water as a solvent for carrying out a living/cotié® polymerization of acrylamide.
Reasonable results were obtained for a nitroxiddiaed radical polymerization (NMP) with
a combination of a conventional hydrosoluble rddicdtiator and ag-phosphonylated
nitroxide. The microwave enhancement of the polyna¢ion was found to depend on the
mode of irradiation, i.e., either a DYN mode or&®S mode. The former mode corresponded
to a dynamic control of the temperature by way bfgh initial microwave power, and in this
case, no specific microwave effect was observedth@rother hand, in the SPS mode, which
is a pulsed power mode, the result showed a s@ooeleration of the polymerization process
(> 50 times) without the loss of the living/conteal polymerization characteristics which is
relevant with a re-initiation of the polyacrylamideacroinitiator even after 100% of

conversion.

Keywords. microwave acrylamide, controlled/living polymerization, Nikiole Mediated

Polymerization.



1. Introduction

Controlled radical polymerization (CRP) is a wetiekvn route for preparing (co)polymers
with controlled functionalities and topologies, asll as targeted molar masses with low
polydispersities. The CRP process requires sebpationditions that allow, or create, a
dynamic equilibrium between a low concentrationaofive propagating chains and a large
number of dormant chains, which are unable to pmafe or self-terminate. There exist
several CRP processes based on this fundamentatstanding and the techniques that have
received the most attention include Atom TransfadiBal Polymerization, (ATRP); Stable
Free Radical Polymerization (SFRP), e.g., Nitroxutiediated Polymerization (NMP) and
OrganoMetallic Radical Polymerization (OMRP); Degrtive Transfer (DT) processes, e.g.,
Reversible Addition Fragmentation Transfer (RAF&pd Macromolecular Design via the
Interchange of Xanthates (MADIX).

Microwave-assisted polymer chemistry is a rapidigvgng field of research. In the last few
years, various examples of reaction acceleratiselgctivities, and higher yields have been
reported®® Overviews on microwave-assisted polymerizationsehaecently been provided
by Ritter'®**as well as Schubert and co-work&$? whereby special attention was given to
microwave-assisted CRP. tasumé the polymerization rates were found to be cletabter
under microwave (MW) irradiation than under claakithermal heating at identical
polymerization temperatures and under controlledditmns. This was true for NMP of
styrene in bulk’, and methyl acrylate artdrt-butyl acrylate in a relatively polar solvent (1,4-
dioxane)!® for RAFT polymerization of methyl methacryldfe,vinyl acetaté; and
styrene!”'® and for ATRP of methyl methacrylaf&® and acrylonitrile in refluxing
tetrachloromethan®. The effectiveness was seen to depend essentialtheo method used
for performing the MW-assisted polymerization. E¥aster polymerization rates have mostly
been obtained under MW irradiation. It is indeefliailt to compare the results due to the
great variety of experimental conditions descrilveithin the studies. Results have been
obtained with a domestic or monomode MW oven andoua modes of irradiation.
Demonceal! showed that a microwave effect was noted duringRRTof methyl
methacrylate; an effect that strikingly dependedoth the temperature and the method used,
e.g., conventional microwave synthesis (CMS) oragaled microwave synthesis (EMS), in
the monomode MW oven. Their results differed frdmse reported by Schubert and co-

workers? for the microwave-assisted ATRP of MMA using a pepbased system, thereby



demonstrating the absence of any ‘microwave efiackTRP, in contrast to several literature
reports®? but without a consistent comparison of the iméidn method in terms of power
and energy supplied to the reaction medium.

Microwave effects are obviously the subject of ¢desable current debate and controversy,
and extensive research efforts are necessarylyoumnderstand these and related phenomena.
On the other hand, the combined use of microwaeelimtion as a heating source and water
as a solvent for synthetic organic transformatigna relatively new approach, as recently
reported by Kappe eal.® Nevertheless, to the best of our knowledge, wankolving
microwave-assisted CRP in aqueous media has ya fmublished. Recently, Erdmenggsr

al. have used water as solvent for the microwave{assiee radical polymerization of
styrene®”.

Thus, the issue of microwave effects on the coleflotadical polymerization in water is the
primary focus of this work. For that, the choiceswaade to carry our microwave-assisted
NMP of acrylamide at high concentrations (40 wti%)a purely aqueous solution, using a
combination of a conventional hydrosoluble radicailtiator (Vazo56) and ap-
phosphonylated nitroxide, SG1. Evidence of a lil@ogtrolled nature of the polymer is
presented and the effects of the employed MW iatawh method are described.

Unlike other polyacrylamide derivatives that ardubte in common organic solvents,
poly(acrylamide) PAM is only soluble in water, dithylsulfoxide and glycerol. Moreover,
the monomer is a powder, which inhibits the bulkypeerization from being considered at a
reasonable temperature. Under such constraints;ahieolled radical polymerization, CRP,
of acrylamide in aqueous solution seems to belestieaoute, as both monomer and polymer
are highly soluble in water up to 40 wt%, and resplee environmental benefits associated

with microwave-assisted aqueous polymerizatf3r8.

2. Experimental section
2.1 Materials

Acrylamide (AM) (purity >99%) was purchased from @GR, and 2,2-azobis (2-
methylpropionamidine) dihydrochloride, denoted VAZB) was obtained from Dupont
Chemicals. N-tert-butyl- N-[1-diethylphosphono-(@iinethylpropyl) nitroxide] (DEPN),
also called SG1, was kindly provided by Arkema arstd as the counter radical. All



chemical products were used as received. Deionzdr, with an electrical conductivity of

18.3 MQ.cm at 25°C, was filtered through a 022 Millipore filter prior to use
2.2 Polymerization

A bimolecular system, based on Vazo56 (initiator) &ee SG1 (counter radical) was used to
run polymerizations of AM at 40 wt%. The molar caf5G1}/[Vazo56} was kept constant at
1.8 according to previous optimizations carried éut acrylamidé’ and organosoluble
monomer®#°
([AM] o/2[Vazo56}p=500) were purged with nitrogen for 5 min direcity a 15-mL Pyrex

culture tubewith a screw-capor in a standard 10-mL Pyrex microwave process lwdbre

Monomer solutions, containing a constant amount wifitiator

being heated in an oil bath or through microwavadiation. A total amount of 4.5 mL and 3
mL were heated conventionally in an oil bath and vigy of microwave experiments,
respectively. The polymerization was terminatedcbgling in an ice bath (for the case with
conventional heating in an oil bath) or with congsed air (for the microwave experiments)
and the reactive medium was sampled for size exciushromatography coupled with light
scattering detector (SEC-MALS). For the kinetic esiments, the same reaction mixture has

been used to prepare several tubes and each tgbeithdrawn at different time intervals.

2.3 Size exclusion chromatography coupled with multi-angle light scattering (SEC-MALYS)

The number-average molar mass,\Mbolydispersity (Ip), and polymer conversion @bthe
polyacrylamide (PAM) samples were determined by ®xclusion chromatography (SEC)
using a Waters Alliance 2690 (USA) chromatographigaed with two Shodex OHpak
columns (SB-804HQ, and SB-802.5HQ) and two onlieectors: a differential refractometer
and a DAWN’ HELEOS™ || utilizing a 120-mW solid-state laserepating at 658 nm and
fitted with a K5 cell. A 0.1-M solution of NaNfwas used as the eluent at a flow rate of 0.5
mL/min. Samples were prepared by diluting approxetya20 times the reaction mixture in
0.1M NaNQ and then filtering with a 0.4pm filter (Millipore) after about 1 hour of stirring
Samples of 25 to 7AL of these solutions were injected. The number-ayemolar mass and
polydispersity were obtained from data collectedl amalyzed using the ASTRA SEC-
software (version 5.3, Wyatt Technology Corp., USA)e calculation of molar mass was
carried out according to the Zimm fit method. Thiedential molar mass distribution was
carried out according to the common form: x(M)= d¥y/dlog(M), where W(M) is the
cumulative distribution (the weight fraction of gale having molar mass less than M). The

refractive index increment, dn/dc, was determinedbe respectively 0.184+0.001 and
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0.144+0.001 mL/g for polyacrylamide and acrylamabeording to the method described in
the literature®®3*
Figure 1. SEC-MALS results for a typical experiment: CH ra20°C, t = 20, 40 and 50 min

(see Table 1). a) Chromatograms (top), and b) mukss distribution (bottom). The three
peaks on the left of the top figure correspondtothree peaks in the bottom figure.
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Figure 1 present a typical trace from SEC experisy@m reactive media, displaying two
characteristic peaks of the PAM polymer and acrid@n(AM) monomer. With knowledge of
the refractive index increment of acrylamide andyporylamide in 0.1 mol.tt NaNG;



solution, the polymer conversion, p, could be coregudrom the surface areas of the PAM

and AM peaks, respectively:

p = Sav/(dn/dcham / (Seam/(dn/dcham+Sam/(dn/dchwm) 1)

Here, $av, Sam and (dn/dgam, (dn/dchw are respectively the surface area and the refecti

index increment of PAM and AM.

The coupling of SEC with multi-detectors, such asfeactometer (RI) or a multi-angle light
scattering detector, was performed in order tordetes both the polymer conversion and the
molar masses of PAM with decent accuracy. It istivaoting that systematic errors occurred
due to the incorrect values of dn/died to the refractometer calibration factor, k. Effects

of RI calibration on the polymer conversion and anghass were found to be proportional to
k™: the effects of dn/dc on p and Mw were respecjiyebportional to dn/dc and (dn/dk)
For the p and Mw values, these systematic erroumdcbe prevented by using the same
refractometer detector for determining dn/dc andhe error limits of 4% and 8% for p and
Mw, respectively, were based on the averages aaddatd deviations from multiple
experiments. The random errors inherent to eachrarpnt were due to baseline fluctuations

of each detector.
2.4 Viscometric measurements of polymer solutions

The steady shear rheological properties of therpetysolutions were measured with a Bohlin
CVOR150 rheometer in controlled stress mode wittoae-plate geometry (radius = 20.0
mm, angle=0.096 rad, gap=0.150 mm). Stepped shemss/alues were selected in order to
allow shear rates ranging from 0.01 to 150 Ehe systems were allowed to reach steady state
at each shear stress prior to registering the medstalues. The temperature was controlled
with a Peltier plate system and was set to 20.0€0.1

2.5 Microwave Methods (DYN and SPS)

The NMP of acrylamide in aqueous solution was perém either in a Discover single-mode
microwave synthesizer (from CEM Corp.) using theND&nd SPS modes, or in an oil bath
with conventional heating, denoted CH. The DYN modegesponds to a dynamic control of
the temperature by use of a high initial microwgver, and the SPS mode is a pulsed
power mode. In each case, the volume ratio betweeneaction mixture and the reactor was
maintained unchanged to provide a constant pressumi@g the polymerization process.

Microwave-assisted polymerizations were carriediogtandard Pyrex vessels (total capacity
10 mL) sealed with a Teflon septum cap. The temperaprofiles of the polymerization
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(power control) were monitored using a calibrataftared temperature control mounted
beneath the reaction vessel. The reaction parasn@éenperature, power, cooling, stirring...)
were set with a laptop and the SYNERGY softwaredoa 1.35 from CEM Corp.). Each
mode of irradiation corresponded to a specificadgharameters. For the pulse mode (SPS),
these parameters included the power output (IWO@AB, the reaction time, the average
temperature and the difference between this teryerand the lowest or highest bulk
temperature (in our experiments +2°C) and the marirpressure allowed, i.e. the pressure at
which the apparatus should stop the synthesis &t htall experiments). The cooling system,
based on a flow of compressed air at ambient teatyer, and the stirring needed to be set at
the beginning of the reaction (speed set to higtgr the dynamic mode (DYN), the
parameters were the bulk temperature, the maximaepoutput allowed (300W), the pre-
reaction time of stirring (0 sec), the ramp time,,ithe maximum time during which the
apparatus was allowed to reach the desired bullpdesture (O min), the reaction time, the
stirring (speed set to high), the cooling systermw@ Max off) and the maximum pressure

allowed (17 bar in all experiments).

In the DYN mode, a dynamic control of the tempemtwas implemented by using a high
initial microwave power, as shown in Figure 2a. Timenitored temperature increased
rapidly, i.e., in less than a few dozens of secptalthe desired set pointp. THowever, upon
reaching this temperature, the microwave poweredsad or was shut off completely in
order to maintain the target temperature withouteexing it. Compared to a non-polar
solvent or monomer such as styrene, thevas reached much faster: more precisely, to reach
T, = 105°C, the required time was 35 s for acrylamitien water solution and 350 s in

styrene.

The SPS mode corresponded to a pulsed power madeich the reaction temperature +2°C
was set, and attained by irradiation power. Theger®mental conditions were achieved by
using a cooling feature consisting in compressedAs shown in Figure 2b, in this mode,
when the top limit of the targeted temperature veeshed, the microwave power was shut
off, the temperature decreased, and as soon dewee instruction limit of the temperature
was attained, the microwave power was reactivadedulsed MW power could thereby be
obtained, providing an oscillation of the temperataround a set point. It is worth noticing
that when the temperature instruction was T+2°€ ekperimental conditions did not exceed
T+4°C (Figure 2a), and this feature was mainly tu¢he inertia of the systems for one to
three hours of irradiation, in the power range @3®0W. On the other hand, the applied MW



power could be perfectly controlled. In the SPS epdbe supply of microwave energy to the

reaction mixture could thus be obtained by theofeihg equation:

Evmw=tuw. P (2)

where tw is the time during which the nominal MW powerj$applied. This corresponds to

the surface area under the power fit, as showrigar& 2b (integration is used for the DYN

mode).

Figure 2: Profiles for temperature and power during micregvaradiation in DYN (top) and

SPS (bottom) modes.

Power (W)
o o o
< N o o [=] o o
- - - (=] © < N o
£ T T T T T T T 3
F ! 3
o ' ]
. ]
i i
! i
1
1
= 1 i
| I
q
H
v
’
T
1
- L
=
]
]
H
H
14
1
1
= A\
F H
{
[
s
Seel
1
P | 1 1 1
o (= o [=] o o
N o o © < N
-~ -

(9,) @anyesadwal

1000 10* 10°
Time (s)

100

10

Power (W)
[=] o o
< N o o o o o
-~ ~ - 0 o < N (=]
T T T T laecamlaene - L S Q) EL L S AP NG L Jy J
[
[
e L
||||||||||||||||||||||||||||||
[
||||||||||||||||||||||||||||| [
L -
B T
[
fmmmmm—— - —————————————
|||||||||||||||||||||||||||| |
| [
|||||||||||||||||| L
e ——————
|||||||||||||||||||||||||||| |
B | 4
||||||||||||||||||||||||||||| L
L e e e e L e Ty Sy ——
[
[
||||||||||||||||||||||||||||||
L
[
E ey
P L LLLLLEE e
||||||||||||||||||||||||||||| f
[
||||||||||||||||||||||||||||| [
e mmcmcmmccccccccmmmmmmmm— e
[
[
= == =
||||||||||||||||||||||||||||||
[
|||||||||||||||||||||||||||| =
i g S S S A SR
[
[
||||||||||||||||||||||||||||| i
L I I PR 1
o o o o o o o
N o © © < N
~ ~

(9,) @anjesadwa)

800 850 900 950 1000

750

Time (s)



3. Results and discussions

3.1 Conventional heating (CH) versus dynamic mode (DY N)

132 and Phanet al®*® demonstrated that the polymerization in

Recently, Nicolayet a
homogeneous aqueous solution was possible belowbdiieg point of water by using
second-generation nitroxides, namely N-tert-butyl-N-(1-diethylphosphono-2,2-
dimethylpropyl) nitroxide (SG1). SG1 exhibits a lmgy activation/deactivation equilibrium
constant than TEMPO as well as a good solubilitgancentrated solutions of water-soluble
monomers (> 16 mol/L in 40 wt-% of acrylamide, for example). Otivise, very few water-
soluble alkoxyamines have been described, and ariyapf studies concerning NMPs in
dispersed aqueous media have involved bicomponentmonocomponent initiating
systems*®’ Recently, it was shown that reasonably controlleiiroxide-mediated
polymerization of acrylamide could be achieved ipuae water solution at 120°C and high
monomer concentration (40 wt%), using a bicompoigtitating system, i.e., a conventional
hydrosoluble radical initiator (Vazo56) in combiisat with SG1%” The strategy adopted to
prevent the loss of control of the polymerizatiomdats lack of reproducibility involves
adding an excess of scavenging nitroxide befoggering the polymerization. Usually in
NMP, the amount of free nitroxide radicals pressnhe NMP equilibrium can be calculated
from the equilibrium constant between active andrdmt chains, K={k., the rate constant
of self-termination, kt, and the rate constantmigagation, kp®

K . Kg
PAM “— PAM + SG1 ——— &+ PAM-SG1

K
®+AM

Since these constants were unknown, the experiinamditions were determined according
to previous worlké’ the molar ratio r = [AMJ/2[Vazo56] = 500 for a constant acrylamide AM
concentration of 40 wt% in water and a constantamtio [SG1§/ [Vazo56} of 1.8. These
conditions were far from optimized, but neverthsgesith such a system, a good compromise
between kinetics and polymerization control wasaot&d, as can be seen from the discussion

below.

Figure 3 displays the kinetic results and the bvamaracter of the polymerization for the CH

and DYN modes, within a temperature range of 9020°C (Table 1). The concentration of
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active species remained constant regardless axperimental conditions as evidenced from
the straight semi-logarithmic plots (Figure 3a). rstaver, neither an induction period nor a
steepening with the increasing conversion couldobgerved. Control over the growth of
polymer chains was furthermore shown by the sttaigie of the molar mass versus
polymerization yield (Figure 3b) along with unimédequeous SEC chromatograms. The
polydispersities followed the expected tréhahd decreased with increasing conversion, with
a final Mw/Mn < 1.1 for all studied polymerization¥he downward curvature that was
observed at low conversion in Figure 3b could re@tributed to the SEC separation since
the MALS detector provides absolute molar massekck of linearity at the early stage of
the polymerization may be discussed. One poss#ialean could be a slow initiation resulting
in the formation of fewer chains at low conversidn.the case of the azo-initiator, the
production rate of primary radicals was dominatgdtlire thermal decomposition and the
initiator efficiency can be defined as the fractioh radicals produced in the homolysis
reaction initiating polymer chains. The disappeaearate of the initiator can be expressed in
terms of the initiator half time 4(), defining the time it takes for the concentratminthe
initiator to reach half of its original value. Thatiator half time is temperature dependant
and, for VAZO-56, it was calculated to a value ofmthutes at 90°C and 109 seconds at
105°C#° However, this was not obvious from the kinetictglas no temperature effect could
be observed in Figure 3b and no upward curvatudicating an increase in [PAN

occurring in case of slow initiation is observed-igure 3a.
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Figure 3:

a) Kinetic plots of In([AM]J/[AM]) vs. reaction time for the NMP polymerizatioof
acrylamide under conventional heating (CH) and dynamicrowave irradiation (DYN) at
various temperatures: CH (full symbols), 120 @),(115°C @), 105°C @), 90°C (¥);
DYN (open symbols), 105°GX), 97°C (\) and 90°C Y).

b)The dependence of the number-average molar rivagsafid the polydispersity index (Ip =
Mw/Mn ), on the monomer conversion, p. Same symlaslsn (a). The dashed lines are

guides for the eyes.
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Table 1: Temperature (T), polymer conversion (p), reactiomet(t), number-average molar
mass (M) and polydispersity index (Ip) of the NMP of a@wylide in aqueous solution using
conventional heating (CH) and two microwave mod2¥N and SPS): r = [AM]/2[Vazo56]
= 500 for a constant acrylamide (AM) concentrat{dd® wt%) and a constant molar ratio
[SG1)y/ [Vazo56) = 1.8.

CH DYN SPS
=
t Mn | T t Mn | T t P Emw Mn |
o @ T @mn Foco mm o Poomty  Fooco @ W ) P @mey P

120 10 0.056 10700 1.28 105 45 0.084 12900 1.18 105 60 10 35 0.16 16400 1.23

20 0.170 17700 1.20 45 0.128 14600 1.12 60 50 89 0.90 59000 1.18
30 0.210 18600 1.12 75 0.143 16300 1.16 60 100 116 0.97 59800 1.15
40 0.344 27000 111 120 0.271 23200 1.15 60 150 133 0.99 60000 1.20
50 0.482 34400 1.07 150 0.282 25000 1.07 60 200 142 0.99 60100 1.24

60 250 156 0.99 61700 1.20

115 10 0.029 7450 128 97 50 0.056 9150 1.29 60 300 168 0.99 61500 1.15
20 0.087 11800 1.23 100 0.069 10400 1.20

30 0.159 15600 1.20 150 0.096 14100 1.16 90 30 150 42 0.10 15800 1.40

40 0.227 21600 1.10 200 0.136 16700 1.16 30 190 49 0.26 35400 1.27

50 0.281 22500 1.13 60 50 60 0.05 8430 1.26

920 45 0.027 5020 141 60 100 72 0.11 13900 1.20

105 60 0.147 15500 1.18 60 0.023 5380 1.24 60 150 81 0.18 19600 1.18

120 0.282 22800 1.07 75 0.041 7160 131 60 160 84 0.33 24000 1.23

180 0.441 30800 1.06 120 0.024 4660 1.34 60 170 86 0.34 23300 1.22

240 0.532 34800 1.06 180 0.046 8000 1.21 60 180 87 0.23 22000 1.28

300 0.602 37700 1.06 240 0.104 12400 117 60 190 118 0.94 60000 1.16

300 0.098 11100 1.18 60 200 119 0.94 56700 1.29

) 100 0.032 5940 1.29 60 250 123 0.95 62700 1.18

200 0.055 8000 1.22 120 150 196 0.95 59600 1.19

300 0.098 10300 1.21 180 150 280 0.98 60600 1.19

300 0.073 9350 1.12 240 150 377 0.99 63600 1.14

300° 150 450 0.99 60400 1.15

80 60 200 64 0.05 8330 1.34
60 250 74 0.10 14600 1.37

60 300 76 0.19 15500 1.37

a) used for chain extension polymerization

As expected, the kinetics depended on the tempergfigure 3a) and the polymerization rate
was significantly higher at 120 °C than at 90 °@dded, the cleavage rate constagt,

depended on the dissociation energy of the alkokyarmbond as well as the Arrhenius
temperature, whereas the cross-combination constantdemonstrated non-Arrhenius

temperature dependenci&sThe time dependence could be approximated asofidgr over a
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significant range of the reaction tima{[AM] o/[AM]) = kappt. The obtained values fordg
(in sY) are reported in Figure 4 where they are alsotedoversus 1/T according to the

following Arrhenius relation,

Here, B is the apparent activation energy of the polynaian and R is the universal gas

constant.

Figure 4 clearly shows that both the CH and DYN a®mgresented similaEa values.
Moreover, the value &£ 140 KJ/mol, was of the same order of magnitudéhas usually
obtained in NMP® This thus demonstrated the absence of specific éffétts in the case of
the DYN mode.

While the plots at 90°C obtained by both the DYN &H modes were in good agreement, a
deviation was noticed at 105°C and was attributethé experimental errors that were also
present in Figure 3a. The absence of MW effectsbmaexplained by the DYN parameters
themselves, i.e., a high microwave power at thenp@gg of the polymerization increasing
the bulk temperature to the set point as quicklypassible. Upon reaching the target
temperature, the microwave power was decreasedropletely shut off in order to maintain
the desired bulk temperature,, Twithout exceeding it (Figure 2a). In the absemde
microwave irradiation, classical thermal chemistakes over, and the full advantage of
microwave accelerated synthesis is lost.

Figure 4: An Arrhenius plot of the NMP of acrylamide undengentional heating (CH®)
and dynamic microwave irradiation (DYKD).
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3.2 Pulsed mode (SPS)

To ensure that a high and constant level of mick@vanergy is applied during the
polymerization, the previously described pulsed en(@8PS) was utilized. As opposed to the
DYN mode, the reaction vessel is, in SPS mode/eally cooled with compressed air, while
microwave irradiation is simultaneously administer€his way, more energy can be directly
applied to the reaction mixture. With DYN, microveairradiation is predominantly used to
reach b faster. SPS mode polymerizations were performeshglwone hour at 80, 90 and 105
°C and the MW power ranged from 10 to 300 W (TableConsequently, the MW energy
varied from 10 to 170 kJ for a constant volumeezation mixture (3 mL). Figure 5 shows
the polymer conversion, p, obtained after one haeoording to kw. At low Euw, the
conversion increased gradually up to a point of Miérgy where the conversion displayed a
jump. After this specific point, the conversion eragain increased gradually up to complete
conversion of the monomer. It seemed that thisiBpexicrowave effect was independent of
the temperature and occurred at aiBf around 90 kJ.

Figure5: The polymer conversion as a function of the mi@egenergy during one hour of

the NMP of acrylamide under SPS microwave irradrait various temperatures: 105°&)(
90°C (@) and 80°C @).
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This series of experiments (carried out at a congt@action time) was completed by two
series performed at constant power (150 and 190W)temperature (90°C). In these cases,
the reaction time was the only variable parameter, the microwave energy. At 190W and
150W, the polymer conversion increased sharply éetwb0 and 120 kJ (Table 1). This could
correspond to a lowering of the concentration ¢foide radicals in the medium. As shown
in Figure 6, the variation of In([AMJ[AM]) vs time was not linear, thereby suggestinpss

of the “living character” of the polymerization. tever, the control over the growth of
polymer chains was evidenced by the linear evaiutb molar masses with conversion as
well as an acceptable polydispersitiy index belovd lnd unimodal aqueous SEC
chromatograms. Figure 7 shows this linear evoluttdnmolar masses, and as can be
evidenced, there was a perfect match to the repudgiously obtained in DYN and CH
modes. One of the differences between the DYN &8 Biodes was the use of air cooling
during the latter. This is known to give rise teignificant underestimation of the temperature
readout of the IR sensor since the air cools maiméy exterior of the reaction vessel. The
effect that the temperature may have on the autel@@tion polymerization is discussed in
the following section.

Figure 6: Kinetic plots of In([AME/[AM]) (full symbols) and polymer conversion, p @p

symbols) vs. the reaction time for NMP of acrylaeithder pulsed microwave irradiation
(SPS) at 90°C and varying power: 150 W (ring) a@dW (square).
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Figure 7: The number-average molar mass,\Mind the polydispersity index (Ip=Mw/Mn),
on the monomer conversion, p, for NMP of acrylamieeler pulsed microwave irradiation
(SPS) at 105°C4), 90°C @) and 80°C @) for the runs presented in figure 5 and 6 (the
dashed lines provide the variation observed infl@@ufor CH and DYN mode).
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The living character of the PAM polymer chains proeld with the vazo-SG1 system has
been further confirmed by chain extension experisevith a second addition of the same
AM monomer. The unpurified PAM formed at high corsien (p=99%) from agueous NMP
in SPS mode (90°C, 150W, 300 min, cf. Table 1) wssd as a macroinitiator for further
chain extension (Mn = 60400 g/mol and Ip=1.15). Teymin extension polymerizations,

denoted E1 and E2, were carried out by a seconiti@ddf acrylamide to maintain the total
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concentration of monomer plus macroinitiator atwt®. For E1 and E2, respectively 0.5 g
and 1.16 g of macroinitiator solution were complety to 3g with a 40 wt% of acrylamide
solution. All other parameters and procedures wegesame as in the NMP procedure in SPS
mode. E1 and E2 were irradiated 120 min at 90°Ceud®0W and 60 min at 90°C under
190W, respectively. The conversions measured by @&® found to be 6% and 42% for
respectively E1 and E2, which corresponded toahgeted PAM molar masses of 77 700 and
100 400 g/mol. The Mand Ip of the chain-extended polymer were increéageto 76 400
and 97 600 g mdi, with Ip = 1.17 and 1.25, respectively for E1 &fi These results indicate
that the PAM homopolymer, used as the macroinitjatk@s effectively functionalized with
nitroxide end groups. After the chain extensionegkpent, the molar mass distribution of the
chain-extended product shifted to higher molar msss compared to that of the initial PAM
macroalkoxyamine (Figure 8). These experimentallteexhibited a good control of PAM
molar masses even at very high polymer conversiengven close to 100%, by Nitroxide
Mediated polymerization under microwave irradiatioraqueous medium.

Figure 8: Molar mass distributions, differential (dashed )irsmad cumulative (continuous
line), for chain extension polymerization: macraator, E1 and E2 (from left to right).
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3.3 Specific microwave effect

Despite the relatively large number of consisteabligations in the area of microwave-
assisted organic/polymer chemistitye exact reasons why microwave irradiation is d@ble
enhance chemical processes remain unkrfidt@ince the start of microwave synthesis, rate-
accelerations and occasional variations in prodisitibutions as compared to experiments
by conventional heating have led to speculationganging the existence of so-called
“nonthermal” or “specific’ microwave effects. Acabing to investigations by Kappge,
Loupy* and coworkers, it can be understood that the réiffees between “nonthermal” and
“specific” microwave effects depend on the scaléhefobservation, which is either micro- or
macroscopic. The existence of so-called “specificrowave effects” is in principle
undisputed since they cannot be reproduced by oioval heating. They should thus be the
result of the uniqueness of the dielectric phenanein microwave heating, i) the
superheating effect of solvents at the atmosplmessure; ii) the selective heating such as
the strong microwave absorption of the heterogemamtalysts or reagents in a less polar
medium of reaction; and iii) the elimination of theall effects caused by the inverted
temperature gradientsn contrast, “nonthermal microwave effects” reresa controversial
subject and have been suggested to result fromeatdnteraction - which is unrelated to a
macroscopic temperature effect - of the electrtdfiwith specific molecules in a reaction
medium®. In our work, the intention was not to enhancerttierowave-heated reaction with a
high temperature reaction that can rapidly be rathi when irradiating polar
materials/reaction mixtures under closed-vesselditions in a microwave field. The
microwave-assisted polymerization in an aqueousgesblwas carried out at a temperature
lower than 105°C and at low pressure. It is worbtiaing that the experimental conditions
used within this study were far from the near-caitior supercritical water conditihwhich
involves T> 150°C, pressure > 4 bar; T> 374°C, p6 Bar.

A microwave enhancement of chemical reactions tgkase only during the application of
microwave energy. This energy source provides actiactivation of the molecules in a
chemical reaction, for which reason it would be esichble to suppress its application as in
the DYN mode. SPS ensures the application of a higth constant level of microwave
energy. It was previously demonstrated that theexpents conducted with the DYN and CH
modes were in good agreement and revealed no sp&bit/ effects. The polymerization
performed in SPS mode, on the other hand, exhilaiteldarp increase in polymer conversion

within 1 hour (Figure 5). As a comparison, the aension, p, was lower than 0.5 for one hour
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of reaction at 120°C in CH mode and below 0.3 &°@0in the DYN and CH modes, i.e., at
least 15°C above the temperature used in the SRI® fextrapolated data of figure 3). The
temperature control as measured by IR sensors #4868 the same in both MW modes and
could not explain the auto-acceleration polymeriaatin fact, the use of IR sensors may be
inappropriate for temperature measurements in mwave-heated reactions. The reason for
this is that they can easily lead to a misintegireh of results since the real reaction
temperatures are unknownin particular for SPS modes where external coolzan
underestimate the reaction temperature. To spetiéy origin of the auto-acceleration
polymerization, a complementary polymerization egmt 80°C was carried out only in SPS
mode (P= 250W), during which the viscosity of eaemple was measured and the pressure

in the vessel was monitored.

In order for the results to be as reliable as bssithe same reaction vessels, reaction
volumes and stirring (speed and magnets) were useadl experiments. Consequently, all
parameters were identical apart from the time rafdiation, and therefore, a fair comparison
based on the polymerization times and conversiandcbe carried out for the experiments
performed solely in the SPS mode. Figure 9 presestgperposition of the kinetic plot results
and the viscosity, and the inset displays the fime@lution of the molar masses according to
the results previously discussed. As can be shersharp rate enhancement of the acrylamide
NMP appeared at 240 min (p = 0.5 angh&>> 90 kJ) and at the same time, the viscosity
displayed a significant increase without raising gnessure inside the vessel. It was possible
that the underestimation of the temperature readice to the IR sensors was even stronger
after gelation of the polymerization mixture sinttee heat transport to the vessel wall
worsened. This could explain the observation ofidden increase in conversion. However,
the auto-accelaration polymerization was not foddwby a significant increase in pressure
within the vessel, according to the precision & fressure sensor as shown in Figure 9. It
could thereby be assumed that the reaction temyerdid not increase excessively after the
gel point. As shown in Figures 6 and 9, the apgatenstant rate of the auto-acceleration
polymerization was estimated to be higher than™7&®, corresponding to a theoretical

temperature above 130°C according to the Arrhemlagion established previously.

An underestimation of the reaction temperature omadat the gel point could thus not be
neglected. However this cannot be the sole expmabehind the auto-acceleration
polymerization. Unfortunately, the CEM microwaveaceor in the present study did not allow
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the measurement of the real temperature insidevdssel during the SPS mode as a

guantification of the reliability of the IR sensor.

Figure 9: Kinetic plots of In(JAM}/[AM]) vs. reaction time for NMP of acrylamiddl) and
the corresponding viscosity of the reaction mixt(#g, under pulsed microwave irradiation
at 80°C and 250W. Inset: the dependence of the awaerage molar mass, Mn, on the
monomer conversion, p®). The lines are guides for the eyes. Below: supstion of
measured pressures for each experiment.
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It should be mentioned that a polymer solutionatoentrations higher than c** enters a so-
called concentrated regime in which each segmetiteopolymer chain lacks sufficient space
2. The chains thus display a greatly reduced mgbig opposed to their counterparts in
dilute (c < c¢*) or semi-dilute (c* < ¢ <c**) soluins, and their viscosity increases very
sharply with the concentration and molar mass efgghlymer:n O ¢* with x= 15/4 in a good
solvent, and) O M? (where c* is the overlap concentration). Typicathe volume fraction of
the polymer at** is between 0.2 and 0.3. For a polymer of a sugftly high molar mass,
there is a broad range of concentrations betwe&feand c**. In the present study, the
monomer concentration was kept constant at 400 ingdmd a polymer concentration higher
than ¢c**=200 mg/mL would correspond to a polymenwersion greater than p= 0.5. For all
microwave experiments, it appeared that the autelamation of the polymerization rate
occurred at a conversion close to 0.5 ( > 0.4gark 5) and with a microwave energy higher

than 30 kJ per gram of reaction mixture.

Thus, for the present work, it can be suggestetl tttea mobility of the long-chain radical
species was significantly reduced as the viscosityeased, i.e., the radicals started
demonstrating difficulties moving. On the other ianonder the sufficiently high energy of
the electric field induced by the pulsed microwavede, the molecules of water, monomers
and counter radicals in the reaction system rotated oscillated at a high speed before
becoming polarized. At this gel point, the readyivof the reaction system seems to be
enhanced, either by increasing the propagationtanhsf the monomer gk and/or by rate-
enhancing reductions of the persistent radical eotation (e.g., hydroxylamine
formation)?® resulting in the considerable acceleration ofghlymerization process without
lack of living/controlled polymerization according the prediction of the persistence radical

effect theory**i.e., the so called Fischer effétt.

The explanation that a microwave effect was indulbgda mobility contrast between the
polymer chain and the dipolar monomer/counter ediom a sufficient microwave energy
is not obvious. Probably, the increase of the teatpee and the mobility contrast arising
from the gelification of the reaction media are @ammitant. Future objectives include
clarifying the respective parts of the rate-enhagcpropagation of monomer, the rate-
enhancing reductions of the persistent radical eotmation and the temperature effect with

the use of an internal sensor.
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In addition, Kappe etl.? recently demonstrated that a multiple fiber-optiobe system was
an accurate temperature measurement device inmigtiowave and conventionally heated
reactors, and that an efficient stirring/agitatioh microwave-heated reactions remains
essential. In contrast to an oil bath experimevénecompletely homogeneous solutions need
to be stirred when single-mode microwave reactore @&mployed. If efficient
stirring/agitation cannot be ensured, temperatuaglignts may develop as a consequence of
inherent field inhomogeneities alongside a singteEen microwave cavity. In the case of
homogeneous polymer synthesis in bulk or in sahytihe medium can become extremely
viscous, thus resembling a pseudo or “physical” ehe disruption of the stirring had given
rise to inhomogeneities alongside the microwave wigh regard to the temperature, the
distribution of the molar masses would have be@&vemted from reaching very high values.
Indeed, the kinetic chain length in radical polyin&tion is a function of the polymerization
rate, which, in turn, depends on the temperaturetod high variation in temperature
alongside the microwave vial would have providetiraad distribution in molar mas$és
which was not observed. Thus, in our experimet¢aice, the temperature along the length
of the reactive medium can be supposed to be hameoges but this feature cannot be

extrapolated to bigger volumes.

4. Conclusions

The present work has demonstrated that the comhisedof microwave irradiation as a
heating source and water as a solvent provideasonable living/controlled polymerization
of acrylamide by NMP. For the reaction, a combwratof a conventional hydrosoluble
radical initiator (Vazo56) and @#phosphonylated nitroxide (SG1) was employed. The
microwave enhancement of the polymerization depegrme the mode of irradiation. The
DYN mode corresponded to a dynamic control of #maperature by use of a high initial
microwave power. In this case, no specific microavaffect was observed. For the SPS
mode, which is a pulsed power mode, a strong aatela of the polymerization process (>
50 times) without any loss of the living/controll@dlymerization characteristics has been
observed. In this case, a relevant efficiency efréginitiation of the PAM macroinitiator has
been demonstrated even after 100% of conversidheofirst block. Moreover, a gelification

of the reaction media has been observed with swdem

The SPS mode seemed to represent a superior méaassaring microwave-assisted
nitroxide mediated (co)-polymerization in water &shieve high conversion and low

temperatureg,e. below 90 °C, as measured with external IR sensors.
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Graphical Abstract:

Microwave-Assisted Nitroxide-M ediated Radical Polymerization
of Acrylamidein Aqueous Solution

Julien Rigolini, Bruno Grassl, Laurent Billon, Skemie Reynaud and Olivier F.X. Donard
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The SPS modes which is a pulsed power mode, rapsesesuperior mean of assuring
microwave-assisted nitroxide mediated (co)-polyaeaion in water at high conversion and

low temperatures, i.e., below 90 °C, as measur#uaxiternal IR sensors.
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Captionsto table and figures

Table 1: Temperature (T), polymer conversion (p), reactiomet(t), number-average molar
mass (M) and polydispersity index (Ip) of the NMP of a@wylide in aqueous solution using
conventional heating (CH) and two microwave mod2¥N and SPS): r = [AM]/2[Vazo056]
= 500 for a constant acrylamide (AM) concentrat{dd® wt%) and a constant molar ratio
[SG1)y/ [Vazo56) = 1.8.

Figure 1: SEC-MALS results for a typical experiment: CH ra20°C, t = 20, 40 and 50 min
(see Table 1). a) Chromatograms (top), and b) mulkass distribution (bottom). The three
peaks on the left of the top figure correspondhothree peaks in the bottom figure.

Figure 2: Profiles for temperature and power during micregvaradiation in DYN (top) and
SPS (bottom) modes.

Figure 3:

a) Kinetic plots of In([JAM]o/[AM]) vs. reaction time for the NMP polymerizatiaf
acrylamide under conventional heating (CH) and dyinanicrowave irradiation (DYN) at
various temperatures: CH (full symbols), 120 ®),(115°C @), 105°C @), 90°C (V¥);
DYN (open symbols), 105°GX), 97°C (\) and 90°C Y).

b)The dependence of the number-average molar magsa(id the polydispersity index (Ip =
Mw/Mn ), on the monomer conversion, p. Same syméasls (a). The dashed lines are
guides for the eyes.

Figure 4: An Arrhenius plot of the NMP of acrylamide undengentional heating (CH®)
and dynamic microwave irradiation (DYKD).

Figure5: The polymer conversion as a function of the mi@egenergy during one hour of
the NMP of acrylamide under SPS microwave irradratit various temperatures: 105°&)(
90°C @) and 80°C @).

Figure 6: Kinetic plots of In([AME/[AM]) (full symbols) and polymer conversion, p @p
symbols) vs. the reaction time for NMP of acrylaeighder pulsed microwave irradiation
(SPS) at 90°C and varying power: 150 W (ring) a@dW (square).

Figure 7. The number-average molar mass,\Mind the polydispersity index (Ip=Mw/Mn),
on the monomer conversion, p, for NMP of acrylamiekeler pulsed microwave irradiation
(SPS) at 105°C4), 90°C @) and 80°C @) for the runs presented in figure 5 and 6 (the
dashed lines provide the variation observed infl@@ufor CH and DYN mode).

Figure 8. Molar mass distributions, differential for chain tewxsion polymerization:
macroinitiator, E1 and E2 (from left to right).
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Figure 9: Kinetic plots of In(JAM}/[AM]) vs. reaction time for NMP of acrylamiddi) and
the corresponding viscosity of the reaction mixt(4e), under pulsed microwave irradiation
at 80°C and 250W. Inset: the dependence of the auanerage molar mass, Mn, on the
monomer conversion, p®). The lines are guides for the eyes. Below: supgtion of
measured pressures for each experiment.
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