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We show the remarkable effect of using static (DC) and alternating
(AC) electric fields to control the free-radical polymerization of
methyl methacrylate (MMA). The magnitude and/or frequency of
the applied electric field (up to 154 kV cm™%) were found to control
the molecular weight, dispersity, and stereochemistry of the pro-
duced polymers.

Almost three decades ago, controlled radical polymerization
(CRP) methods had been developed, completely revolutionizing
the field of polymer science. In fact, these strategies have
become the most powerful tools for producing polymers of
high functionality and almost infinite variety, significantly
influencing the properties they provide. However, CRPs, unlike
inherently uncontrolled free radical polymerization (FRP), have
some limitations, one of the greatest being the necessity of
adding additional often toxic catalyst/reagents, the require-
ment to conduct the reaction in the inert gas atmosphere or,
finally, complicated and sometimes even impossible synthesis of
polymers with very high molecular weight (M,,) and low dispersity
(P)." Fortunately, the key to overcoming the last CRP barrier was
using external factors such as light,3 ultrasound,* microwave
irradiation,” pressure,® geometrical constraints,” or electric® and
magnetic’ fields that, in most cases, successfully induced the
production of higher M,, polymers with low D.

Remarkably, some of these stimuli, i.e., pressure and 2D
confined spaces, were also very effective in less rigorous FRP
(that does not require additional reagents), allowing the
production of polymeric materials with very high M, and
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Stereoregulation, molecular weight, and dispersity
control of PMMA synthesized via free-radical
polymerization supported by the external high
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low/moderate .’ What is more, both these externally-
supported FRPs allowed controlling polymer microstructure
(tacticity).”” In fact, studying this aspect seems particularly
important as differences in macromolecule stereospecificity
may strongly influence their melting point, degree of crystal-
linity, viscosity, or mechanical strength. It is also interesting
because, in general, unlike anionic/coordination polymeriza-
tions, in free radical processes, it is much more challenging to
control the polymer tacticity. This difficulty is related to the
nature of free radicals showing only the slight variation
between their electrophilicity/nucleophilicity, which, in conse-
quence, strongly limits their selectivity. Indeed, several FRP
strategies based on chemical modification of polymerizing
systems are actively being utilized to enhance our ability to
control polymer stereoregularity. Interestingly, being alterna-
tives to externally-regulated processes, these protocols require
manipulating the conditions (temperature, monomer concen-
tration) and implementing additional reagents as Lewis acids,
solvents, or chiral auxiliaries.'*'* Moreover, keeping in mind
that there is constant pressure from synthetic strategies that are
very well suited to vinyl monomers polymerization, especially in
the preparation of stereoregular polymers, searching for inex-
pensive, simple, and environmentally friendly methods is of
great need.

Here, to meet the expectation of modern polymer chemistry,
we proposed and developed a unique and innovative FRP
strategy supported by the high electric field. Noteworthy, so
far, polymerizations utilizing electric fields were implemented
mainly for electrolytic processes, electropolymerization, elec-
trografting in various electrolyte-containing solutions, or elec-
trochemically mediated atom transfer radical polymerization
(eATRP).®**™'” Nevertheless, understanding the effect of the
electric field on the polymerization kinetics and the properties
of obtained materials has been generally overlooked. We envi-
sage that using a static (DC) and alternating (AC) electric field
as the additional external stimulus for thermally-induced FRP
would enable us to control M,,, P, and, most excitingly, tacticity
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Fig. 1 (a) Dielectric loss spectra collected during polymerization of MMA/

AIBN. Data were recorded at the temperature T = 333 K under the DC field
of E = 154 kV cm™2. Inset shows the evolution of conductivity as a function
of time. Data were collected during polymerization in the presence (E =
154 kV cm™) and absence of the DC bias at the temperature T = 333 K.

of produced polymers. We also believe that the proposed by us
methodology could enrich the toolbox of free radical processes
with relatively high stereoselectivity.

To demonstrate our concept, we have selected first methyl
methacrylate (MMA) as a model monomer and 2,2’-azobis(2-
methylpropionitrile) (AIBN) as a thermoinitiator and performed
the bulk MMA FRP (at 333 K, ie. 60 °C)) in the presence of the
electric field. The electric field magnitudes applied in this study
are up to 154 kv cm™?, significantly beyond any previous
investigation. Our studies were supported by real-time tracking
of the reaction kinetics provided by dielectric spectroscopy
(DS). We also performed throughout characterization of result-
ing poly(methyl methacrylate)s (PMMAs) using 'H NMR
spectroscopy, DSC and SEC-LALLS. Experimental details and
results of control experiments are provided in the ESL

Fig. 1 shows the representative time evolution of the ima-
ginary part of the complex dielectric permittivity ¢”, recorded
upon MMA/AIBN polymerization in the presence of the DC
electric field of E = 154 kv cm ™. At the initial stages, the dc-
conductivity associated with the charge transport dominates in
the dielectric loss spectra. As time passes, dc conductivity shifts
towards lower frequencies. This effect is related to increased
viscosity due to growing polymer chains. Then, at some point,
we also start to observe a broad relaxation process that enters
the experimentally accessible frequency window. It is due to
overlapped segmental and secondary relaxations.'®* The reac-
tion was assumed to be completed when no further changes in
the dielectric spectra were observed.

In the inset of Fig. 1, we have plotted the corresponding
evolution of the conductivity, o. Data were collected at zero-
field and in the presence of the DC field (E = 154 kV cm ™). As
shown, ¢ values decrease and reach the minimum value once
the polymerization process is completed. A drop of the dielec-
tric signal upon polymerization comes from replacing polar
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Table 1 Characteristics of PMMAs produced by free-radical polymeriza-
tion under different electrical field

Field magnitude Myspcpates”

(kv em™) Conversion” (%) (g mol™") pP

DC field

1 0 >99 916 900 1.90
2 26 95 759400 1.55
3 77 >99 573100 1.65
4 104 98 497 850 1.56
5 154 97 402 388 1.65
AC field

1 77 (50 Hz) >99 574 800 1.90
2 77 (1 Hz) >99 425700 2.45
3 77 (0.01 Hz) >99 410500 1.78

“ Determined by 'H NMR spectroscopy (CDCl;). * Determined by SEC-
LALLS (DMF + 10 mmol LiBr), estimated dn/dc = 0.0608.

monomer molecules with less polar or non-polar polymer
fragments. In this way, polymers are generally characterized
by much lower dipole moment and conductivity values com-
pared to their parent monomers. By looking at the results, we
see that polymerization rates for DC fields of 0 kV em™"
154 kV cm ™" are comparable. A similar finding, we have also
observed in the presence of AC fields.

After completing the reaction, obtained materials were
purified and isolated by multiple-step precipitations. Then,
all polymers were characterized by NMR spectroscopy and
SEC-LALLS. These results are summarized in Table 1 (SEC
chromatograms and NMR data are in ESI{). A high degree of
monomer conversion (>95%) was achieved for all MMA/AIBN
polymerization experiments carried out at 333 K in the
presence of a high electric field. Moreover, conversion is almost

and

the same as for the zero-field case. We have also confirmed no
degradation of the reagents at high fields based on NMR
results. Thus, the high-field-assisted FRP could be an effective,
safe, and clean alternative for other synthetic methods.

The results summarized in Table 1 demonstrate that apply-
ing an electric field during polymerization generally yields
polymers with lower molecular weights compared to the sample
synthesized without using DC bias. The molecular weight of
produced PMMA decreases with increasing the field
magnitude, from M, = 916900 g mol™" at 0 kV cm ™' to M,, =
402388 ¢ mol " at 154 kV cm™'. So, by changing the field
amplitude, it is possible to control the length of the polymer
chains. We have also noticed that using the external electric
field during MMA/AIBN polymerization affects the dispersities
of produced polymers. In the case of the static electric field, all
PMMA samples are characterized by lower dispersities
(P = 1.55-1.65) compared to the zero-field reference (b =
1.90). In contrast to the molecular weight, its distribution does
not show any clear trend with increasing the field amplitude.

In addition to static fields, we have also tried polymerization
of MMA/AIBN using an AC field (E = 77 kV em ™) of different
frequencies. The properties of PMMA samples obtained in this
way are also listed in Table 1. As can be seen, an alternating
electric field, just as a static field, induces changes in the
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properties of the produced polymers. The molecular weight of
PMMA obtained at 77 kV em™" with v = 50 Hz is almost twice
lower than that produced in the absence of an external electric
field. Moreover, it depends on the frequency of the applied AC
field. The polymer material generated using exceedingly low
frequencies of AC field is characterized by lower molecular
weight. For the PMMA sample obtained at 77 kV em ™' and
v = 50 Hz, the molecular weight is M,, = 574 800 g mol . This is
almost the same as for static fields of the same field magnitude.
When the AC field frequency (77 kV em™") is decreased to
v = 0.01 Hz, we get polymer with M, = 410500 g mol . The
samples synthesized using AC bias fields have relatively higher
dispersities than for dc bias (P = 1.78-2.45). Hence, the length
of the growing PMMA polymer chain can be additionally
controlled by the frequency of the applied AC field, while DC
fields provide better control of dispersity.

To gain more insight into the properties of PMMA samples
produced at high electric fields, we have analyzed their stereo-
regularity. For this purpose, we use collected NMR data shown
in ESL{ Surprisingly, we found that the presence of an electric
field upon MMA/AIBM polymerization affects the tacticity of
the produced polymers. Fig. 2(a) evaluates the content of the
isotactic, syndiotactic, and atactic triads for all considered
samples. Results for the zero-field sample are also shown as a
reference. In the absence of a high electric field, syndiotactic
rich PMMA polymer is preferred. However, isotactic alignment
becomes more preferential when using the DC electric field.
The data presented in Fig. 2(b) show a pronounced increase in
the proportion of isotactic triads with increasing the DC field
magnitude. In parallel, a significant decrease of a syndiotactic
and atactic fraction is observed. The tacticity of PMMA samples
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Fig. 2 (a) Triad fraction [%] of a-CHsz in PMMAs estimated via *H NMR
spectroscopy (CDClz, 500 MHz). Data were collected for five samples
obtained by polymerization under the DC fields (0, 26, 77, 104,
154 kV cm™Y). (b) The degree of isotacticity plotted as a function of the
electric field amplitude for PMMA samples. Triad fraction [%] of a-CHsz in
PMMAs estimated via 'H NMR spectroscopy (CDCls, 500 MHz). (c) Data
were recorded for samples synthesized under the AC field of E =
77 kV cm~t with various frequencies. (d) Data were collected for samples
obtained using the DC and the AC (v = 0.01 Hz) fields of E = 77 kV cm™2.
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obtained in the presence of an AC electric field was also
analyzed. Fig. 2(c) demonstrates changes in the isotactic,
syndiotactic, and atactic triad as a function of the field fre-
quency. As shown, AC bias with v = 0.01 Hz results in a
significant isotacticity increase. On the other hand, the tacticity
of PMMA samples generated using electric fields of 77 kv em ™"
and frequencies 1 Hz or 50 Hz are almost the same. In Fig. 2(d),
we have compared the content of particular triads in the
samples polymerized at static and alternating (v = 0.01 Hz)
fields of the same field amplitude (E = 77 kV cm™'). PMMA
produced at low-frequency conditions is characterized by a
relatively higher content of isotactic structures than that
synthesized in the presence of the DC field. In this case,
increased isotacticity is accompanied by well-controlled mole-
cular weights and lower dispersities. This is the first evidence
that the tacticity of the polymer could be finely tuned by the
amplitude and/or frequency of the applied electric field.

As a final point, we have also investigated the glass transi-
tion dynamics of produced PMMA samples. Dielectric relaxa-
tion and calorimetric measurements were carried out for three
samples obtained at high DC fields: 0 kV em™*, 77 kV em ™,
and 154 kV em ™. The representative dielectric loss spectra for
PMMA produced in the presence of a DC electric field can be
found in ESLf These results demonstrate that the segmental
dynamics of PMMA polymers obtained at high fields are faster
compared to the sample synthesized at no electric field. In line
with that, for the samples obtained in the DC field with
77 kv em ™" and 154 kV em ™", the calorimetric glass transition
temperature is 394 K and 386 K, respectively. Thus, increasing
the field amplitude upon high-field polymerization decreases
the glass transition temperature of the obtained polymer. For
PMMA with M, > 11000 g mol ', T, does not depend on the
molecular weight. In this way, the spatial configuration, not
the molecular weight effect, is the main factor influencing the
glassy dynamics of produced PMMA samples (for details, please
look at ESI¥).

As already noted, literature data show that radical polymer-
ization allows obtaining polymers with narrow dispersities,
defined topography, and molecular weight.”>>” However, con-
trolling tacticity in the free radical processes remains a
challenge.'” One strategy is to use metal cation catalysts, which
is more practical and efficient than anionic and coordination
polymerizations."> Attempts have been made to control the
tacticity of PMMA by combining ATRP with Lewis acid and
fluoroalcohol.”>**?® Reversible addition-fragmentation chain
transfer (RAFT) polymerization in the presence of Lewis acid is
also one of the strategies. Nevertheless, these methods are quite
time- and energy-consuming.>® Some of these approaches often
use metallic catalysts or complex mediators; thus, they are
expensive to implement. The use of high-electric field stimuli
is straightforward and does not require multi-step reactions; it
requires only a monomer, an initiator.

This new concept requires further studies to elucidate the
exact role of the electric field. Nevertheless, it is reasonable to
suppose that a high electric field favors a particular chain
alignment upon polymerization, especially when monomer
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units are highly polar. Just like, it drives the conversion from
the ring- to chain-type hydrogen-bonded structures in mono-
hydroxy alcohols.*® Our finding opens up new possibilities for
field-induced stereocontrol that can be easily established for
other polymer systems and synthesis routes.

To sum up, in this work, we have successfully performed free
radical polymerization of methyl methacrylate in the presence
of high electric fields. The reaction conditions were very simple,
and the process did not require catalysts or solvents (AIBN was
only used as the initiator). We found that applying a high
electric field, both AC and DC, significantly affects the proper-
ties of the obtained polymer. Namely, molecular weight
decreases with increasing the amplitude of the DC field or
either decreasing the frequency of the AC field. In addition to
that, PMMAs synthesized at high electric fields were character-
ized by lower dispersities. Interestingly, it is also possible to
affect the tacticity of the synthesized polymers at high electric
fields. Increasing the field magnitude or decreasing the fre-
quency of the applied AC field stimulates changes in the
tacticity. Isotactic rich structures seem to be more preferred.
Using dielectric spectroscopy (DS) and differential scanning
calorimetry (DSC), we have also characterized the glass transi-
tion dynamics of the obtained materials (see ESIt for further
results). The molecular weights of polymers materials
obtained in high electric fields are above the entanglement
point, meaning their T, values are not affected by the molecular
weight. This proves that tacticity affects the segmental
dynamics of produced polymers. Increased isotacticity leads
to faster o-relaxation and lower glass transition temperature.

The present study demonstrates a straightforward and ver-
satile approach that employs an external electric field to control
the bulk polymerization of the modeled polymer system. This
method ensures high monomer conversion and good control of
the properties of produced polymers (molecular weight, dis-
persities, and tacticity). Given the “green chemistry” require-
ments and the difficulties in obtaining polymers with a specific
architecture, molecular weight, or stereoregularity, it is also
extremely promising. We envisage that an external electric field
can be successfully implemented into other polymerization
mechanisms and verified for more complex systems/proble-
matic monomers. In addition to that, it can be easily extended
for other systems, giving countless opportunities to design new
methods and novel functionalized materials.
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