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We investigate the effect of a high electric field on the free-radical polymerization (FRP) of an acrylate
monomer with a large steric hindrance that comes from the isobornyl pendant group. In the presence of
static (DC) fields reaching 140 kV cm™, the polymer product shows reduced dispersity and a remarkable
increase in the molecular weight compared to the zero-field reference. Electric-field assisted polymeriz-
ation of isobornyl acrylate was carried out at 343 K in the presence of 2,2'-azobis(2-methylpropionitrile)
(AIBN) as a radical initiator. Surprisingly, pronounced changes were found in the stereochemistry of the
obtained polymer. There is an increasing trend for the isotactic triad content with increasing field magni-
tude. Depending on the reaction conditions, the isotactic triad content (methine carbon region) could be
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increased from ~16% (0 kV cm™) up to 36% (140 kV cm™). By analyzing the temperature dependence of
the isotactic to syndiotactic diad ratio, we found that high electric fields increase the contribution of the
entropic factor almost three-fold. Our finding provides new opportunities for a simple and versatile
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Introduction

Stereochemistry control (e.g., tacticity or chirality) in radical
polymerization is one of the most formidable future chal-
lenges in polymer chemistry." While this aspect has been well
established by coordination or anionic polymerization, in both
conventional free-radical (FRP) and reversible-deactivated
radical (RDRP) approaches, tacticity control still remains a
non-trivial problem. This is a consequence of the nature of
radicals, which, due to the lack of an asymmetric environment
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stereochemistry control at a level inaccessible so far for conventional radical polymerization.

around planar carbon radicals, results in non-stereoselective
chain propagation. There have been attempts to push forward
stereocontrol in radical polymerization by using particular sol-
vents or additives (e.g., fluoroalcohols, Lewis acids, and chiral
agents/initiators) that change the local conditions around the
radical species.>™'® However, none of that has ever reached the
high level of polymer stereochemical control known from ionic
or coordination methods in which metal-based initiators or
catalysts are used to generate counter cationic or anionic
species at the end of the growing chain. Concerning versatility,
sustainability, and production cost, recent stereoregulation
approaches compiled with a demand for more complex macro-
molecular architectures and tailor-made molecular weights
and dispersities remain challenging to implement.

Luckily, great support for modern polymerization protocols
might come from the benignity of nature providing physical
stimuli such as light, ultrasound, microwaves, pressure, geo-
metrical restrictions, and electric and magnetic fields.""®
Physical stimuli are simple, inexpensive, and environmentally
friendly. Light-mediated polymerization is probably the most
extensively exploited and effectively incorporated into different
polymerization protocols, including tacticity control.'>"°
Effective strategies in controlling the stereochemistry of macro-
molecules upon radical polymerization also include organized
media, so-called inclusion polymerization/soft and hard con-
fined polymerization (micelles, vesicles, liquid crystals, and 2D
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mesoporous materials).>>*" Literature findings also demon-
strate that physical stimuli might profoundly affect polymeriz-
ation kinetics and the polymer product macrostructure. For
example, high-pressure-assisted or hard-confined reversible
deactivation radical polymerization enables overcoming
thermodynamic limitations making it possible to obtain poly-
mers with very high molecular weights (M,) and low dispersi-
ties (D) in a reasonable timeframe. At the same time, externally
triggered FRPs have improved reaction control compared to
conventional FRPs (even with linear growth of M,, with conver-
sion), giving easy access to polymers with very high M, and
moderate p."**>?

We have recently demonstrated that the available pool of
external stimuli successfully incorporated into FRP protocols
can be enriched by using a high electric field, i.e., an external
electric field with field magnitudes 310 kV cm™".** Thanks to
our robust methodology, we produced polymethacrylates of
very high M, and low to moderate . It is worth noting that
the reaction conditions were as simple as possible. FRPs were
carried out in bulk, i.e., without using a solvent or any auxili-
ary control agents (only monomer + thermoinitiator acting as a
radical source). Interestingly, by changing the frequencies and
magnitudes of the applied AC/DC electric fields, we have modi-
fied the tacticity of the resulting poly(methyl methacrylate)s
(PMMAs), at the level inaccessible for FRP.>* Note that the
effect of the external electric field is less explored compared to
other physical stimuli, though it has enormous potential to
affect the polymerization outcome.>*>®

Encouraged by these extremely promising findings, we
demonstrate the great potential of using an external electric
field to support the FRP of a far more challenging monomer.
The monomer selected for this study is isobornyl acrylate
(IBA), with a 5-6 bicyclic saturated carbon side group that
largely hindered the propagation and termination rates of IBA
compared to other acrylate monomers (see Fig. 1). A bulky
pendant isobornyl group provides rigidity, hardness, good
thermal stability, and mechanical properties to the obtained
polymer. Although IBA is not a particularly commonly used
acrylate monomer, we have chosen it for the present study
because of its large bulkiness. Our main goal was to check
whether electric-field assisted FRP of IBA would be as effective
in increasing control over the reaction as in the case of less
sterically hindered methacrylates. We also aim to verify if the
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Fig. 1 Chemical structure of IBA.

3466 | Polym. Chem., 2023, 14, 3465-3478

View Article Online

Polymer Chemistry

external electric field is still in power to change the isotacticity
of the produced poly(isobornyl acrylate)s (PIBAs). For that
purpose, we carried out FRP of IBA in the presence of a DC
electric field of different magnitudes, up to 140 kV cm™" (bulk,
343 K, AIBN as a thermoinitiator). The ongoing FRPs were
monitored via the dielectric technique. In turn, the resulting
PIBA products were characterized via spectroscopic and chro-
matographic methods (nuclear magnetic resonance (**C NMR
and 'H NMR), gel permeation chromatography with multian-
gle light scattering (MALLS) or low angle light scattering
(LALLS), and differential scanning calorimetry (DSC)). We
demonstrate that with increasing field magnitude, the b of the
obtained PIBAs decreases, while its M, remarkably increases
to M, = 366 kg mol™" (at 140 kV em™"), which is far beyond
that achieved by FRP carried out in the absence of a DC elec-
tric field (171.4 kg mol™"). Amazingly, we also found that the
field-assisted polymerization of IBA enables us to control the
tacticity of the obtained polymers. As a result of some degree
of branching induced by the high electric field and changes in
the isotacticity content (an increase by 20%), PIBA produced at
140 kV cm™ was characterized by a glass transition tempera-
ture (T,) 5.5 K lower than that obtained at 0 kv em™" despite
the much higher molecular weight. In this work, we also
provide evidence for the increase in the isotacticity content of
poly(n-butyl acrylate) PnBA (as an example of less bulky acry-
late) and poly(isobornyl methacrylate) PIBMA (corresponding
methacrylate) polymerized under high electric fields.
Therefore, it appears that electric-field-assisted FRP might be a
powerful stereochemistry control strategy. Depending on the
permanent dipole moment value and its orientation with
respect to the growing polymer chain, it is also compatible
with a wide range of monomer families and varying steric
barriers.

Experimental section

Materials

Isobornyl acrylate (IBA, 92.7%), methyl acrylate (MA, 99%),
2,2'-azobis(2-methylpropionitrile) (AIBN, 98%), n-butyl acrylate
(nBA, 99%), isobornyl methacrylate (IBMA, 92.5%) and chloro-
form-d (CDCl3, 99.8 atom% D) were purchased from Sigma-
Aldrich. Methanol (98%) and chloroform (98.5%) were pur-
chased from Chempur. IBA and MA were purified by passing
over a column of activated basic alumina (Sigma-Aldrich) to
remove the inhibitors and stored in a fridge. Other reagents
were used as received.

Procedures

The polymers were prepared by FRP of a reaction mixture com-
posed of IBA and 0.1 or 0.5 wt% AIBN. The reaction mixture
was prepared in a Schlenk flask, degassed by one freeze-pump
cycle, and then purged with nitrogen for 20 min. The polymer
was precipitated in cold methanol (10-fold excess). The final
polymer sample was dried under vacuum to a constant mass,
yielding 0.80-1.25 mg pure PIBA. For control experiments, MA,

This journal is © The Royal Society of Chemistry 2023
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nBA, and IBMA were polymerized in the presence of 0.5 wt%
AIBN and purified by precipitation in cold methanol (10-fold
excess, yield 0.30-0.40 mg). In that case, the electric-field
assisted polymerization conditions were identical to those for
IBA.

High-field experiment

Polymerization experiments in the presence and absence of a
DC electric field were carried out under isothermal conditions
(T = 343 K) for a period of ~4.5 hours with a reaction mixture
held in between a plate-plate capacitor (stainless steel electro-
des with 20 mm diameter each) separated by a Teflon spacer
(thickness: 21 microns). The distance between the electrode
was fixed, while the electrode surface was flat and highly
polished to maintain a homogeneous electric field. The
scheme illustrating reaction conditions can be found in ref. 24
and 26. In each experiment, the capacitor filled with the
polymerization mixture was mounted inside a dielectric
sample cell and placed inside the temperature control cryostat
(liquid nitrogen vapor). DC bias was applied only after reach-
ing the desired polymerization temperature (343 K). The reac-
tion was assumed to be completed when no further changes
were observed in the dielectric loss spectra. Then DC bias field
was switched off. After each polymerization experiment, the
reaction mixtures were removed from the electrodes by dissol-
ving in chloroform-d and taken for "H NMR to obtain [%] con-
version. Further characterization of the obtained polymers,
such as 'H and *C NMR, SEC-MALLS/LALLS, and DSC, was
performed after evaporating chloroform-d, precipitating in
cold methanol, and drying to a constant mass.

Dielectric spectroscopy

In this study, we use a dielectric/impedance analyzer (Alpha
A-Analyzer) in combination with a high-voltage booster
“HVB1000”, both from Novocontrol (Germany). The high
voltage extension boosts the voltages of the Alpha Analyser up
to 500 V (peak voltage). In this configuration, we can cover the
frequency range from mHz up to 10 kHz. A high-voltage unit
combined with the dielectric spectrometer allows not only the
application of a high electric field (AC or DC) to the sample
but also measurement of its dielectric response at the same
time. The idea is that on top of a sinusoidal voltage of E <1 kV
em™' - which is typically used for conventional (low-field)
dielectric measurements — we apply high DC bias. The DC-
field magnitudes reached in this study were as high as 140 kv
ecm™ ', The reaction kinetics is determined by analyzing the
ongoing changes in the complex dielectric permittivity, e* =
¢ — ie", with time. Dielectric spectroscopy was also used to
characterize segmental dynamics of the obtained PIBA
samples (conventional low-field measurements, E < 1 kV
em™'). For that, we have also used plate-plate geometry, as
described above. Before that, the polymer was purified from
the residual impurities and remaining monomers. In all
experiments, a Novocontrol Quatro system was used to control
the temperature of the sample cell, with stability at 0.1 K. The
dielectric spectra recorded upon isothermal polymerization

This journal is © The Royal Society of Chemistry 2023
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measurements (343 K) were in the frequency range from 0.7
Hz to 10" Hz every 100 seconds, while non-isothermal
measurements were carried out on purified polymers within
0.09 Hz to 10° Hz and a temperature range from 343 K to
393 K (upon heating).

DSC measurements

The calorimetric study was performed using a Mettler-Toledo
DSC 1STARe system. The instrument has an HSS8 ceramic
sensor with 120 thermocouples and a liquid nitrogen cooling
station. Zinc and indium standards were used to calibrate the
devices before the measurements. Samples (1.2 mg) sealed in
an aluminum crucible (40 pL) were measured at a 10 K min™"
fixed heating rate. DSC thermograms were recorded in the
temperature range from 293 K to 393 K. The glass transition
temperature T, was determined as the midpoint of the heat
capacity increment. The DSC scans for polymers obtained at 0
kv em ™ and 60 kV cm™ were repeated three times with
similar results. We observed that the value of the glass tran-
sition temperature remains constant, which means that the
polymers are thermally stable when heated up to 393 K. The
DSC experiment was performed after separating the polymeriz-
ation product from the remaining mixture.

NMR measurements

Proton nuclear magnetic resonance (1H NMR) spectra were
recorded using a Bruker Ascend 600 spectrometer operating at
600 MHz in chloroform as a solvent. Standard experimental
conditions and a standard Bruker program were used. The IBA
conversions were calculated by integrating the vinyl protons at
6.32 ppm (CH,=C, monomer) and 5.78 ppm (CH,=C,
monomer) against the methine proton in the polyacrylate
backbone of the polymer at 2.11 ppm (-CH-C=O0-O) (see
Fig. 5). The content of triads for polyacrylates and polymetha-
crylates has been calculated by quantitative '*C NMR using
methine carbon or the carbonyl carbon regions, respectively,
based on the previous literature reports.””””® The 'H and '*C
NMR spectra and peak assignments of PIBAs are presented in
the ESL.}

SEC measurements

Absolute molecular weights (M,,) and dispersities (D) of PIBAs
and PIBMAs were measured using a size exclusion chromato-
graphy (SEC) system equipped with an 1100 Agilent isocratic
pump. ASTRA 4.90.07 8 software (Wyatt Technology
Corporation) was used for data collection and processing. Two
PLGel 5 pm MIXD-C columns were used for separation.
Samples were injected as a solution in methylene chloride at
room temperature with a flow rate of 0.8 mL min~". Molecular
weights (M,) and dispersities (D) of the produced PMAs and
PnBAs were determined using a size exclusion chromatography
(SEC) system with a Viscotec GPC Max VR 2001 and a Viscotec
TDA 305 triple detection containing refractometer, viscosi-
meter, and low-angle laser light scattering. OmniSec 5.12 was
used for data processing. Two D6000M (General Mixed Org
300 x 8 mm) and Dguard (Org Guard Col 10 x 4.6 mm)
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columns were used for separation. The measurements were
carried out in DMF with LiBr (10 mmol) as the eluent at 40 °C
with a flow rate of 0.7 mL min™".

Results
Following polymerization progress by dielectric spectroscopy

In this work, dielectric spectroscopy was used to investigate
polymerization progress in the presence and absence of a
static (DC) electric field. Initially, we carried out thermally-
initiated IBA FRP in the presence of 0.5 wt% AIBN thermoini-
tiator. To verify the effect of the initiator’s concentration on
the properties of the obtained polymer product, we have also
carried out the electric field-assisted polymerization of IBA
using 0.1 wt% AIBN. For the sake of clarity, the results of the
dielectric investigation are presented only for the reaction
mixture containing IBA + 0.5 wt% AIBN. The system was main-
tained at temperature 7 = 343 K, and a DC electric field of
various intensities (60 kV ecm™, 140 kv cm™') was applied.
Fig. 2 shows the representative time evolution of the real
(panel (a), (c), (e)) and imaginary (panel (b), (d), (f)) parts of
the complex dielectric permittivity recorded in the presence
and absence of a DC bias (60 kv cm™" and 140 kV cm™). In

View Article Online
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the dielectric spectra of the real part of complex dielectric per-
mittivity (panel (a), (c), (e)), two regions are observed. At lower
frequencies, a region with a sharp increase of ¢ values was
attributed to electrode polarization. This effect is due to the
accumulation of ions at the sample-electrode interface.

In turn, at high frequencies, in ¢’ spectra, a plateau related
to the static permittivity of the system is observed. In turn, at
the early stages of the reaction, in the dielectric loss spectra
(panels (b), (d), (f)), mainly dc conductivity related to the
charge transport is seen. With time, it shifts towards lower fre-
quencies, reflecting an increase in the viscosity of the system
due to the formation of higher molecular weight polymers.
Then, at some point, a relaxation process related to segmental
mobility enters the experimental window. It moves toward
lower frequencies indicating a slowing down of the polymer
dynamics as it approaches the glass transition. The reaction
was assumed to be almost completed when significant
changes were not observed in the dielectric response as a func-
tion of time. This takes approximately 4.5 h.

In Fig. 3a, we present the time-dependent changes in the
real part of the complex dielectric permittivity recorded during
FRP of IBA with 0.5 wt% AIBN under zero-field conditions and
in the presence of DC bias E = 60 kV cm™" and E = 140 kv

em™'. The data were compared for one selected frequency

IBA + 0.5 wt% AIBN polymerization under different electric fields
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Fig. 2 Representative time evolution of the real (panel (a), (c), (e)) and the imaginary (panel (b), (d), (f)) parts of the complex dielectric permittivity,
recorded during isothermal polymerization of IBA with 0.5 wt% AIBN at T = 343 K under no electric field (reference) (panel (a) and (b)) as well as

under static (DC) electric fields of E = 60 kV cm™ (panel (c) and (d)) and E =
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140 kV cm™ (panel (e) and (f)).
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(a) Time evolution of the real part of the complex dielectric permittivity measured at f = 125 Hz upon FRP of IBA (with 0.5% AIBN) under DC

electric field conditions (0 kV cm™, 60 kV cm™, 140 kV cm™). (b) Comparison of the position of the a-loss peak recorded at the very late reaction

stage.

(f= 125 Hz). As shown, ¢' decreases with time and almost satu-
rates due to viscosity increase which hampers the progress of
the reaction. This happens after approximately ~4.5 hours s.
As can be seen, the presence of an electric field does not sig-
nificantly affect the overall reaction time. In turn, Fig. 3b com-
pares the dielectric loss spectra collected at the very final
stages of the reaction progress. The position of the a-loss peak
is about the same for samples synthesized in the presence and
absence of a high electric field. However, it is worth noting
that the dielectric data presented in Fig. 3b do not represent a
pure polymer response, as they were collected just before puri-
fication, evaluating the degree of monomer conversion.

The properties of polymers obtained by field-assisted FRP

In the next step, the obtained PIBAs were purified and isolated
by multi-step precipitation. All samples were characterized by
NMR spectroscopy and SEC-MALLS. Fig. 4 and Table 1 present
the characteristic properties of the obtained PIBAs.
Interestingly, as shown in Table 1 and Fig. 4a, the monomer
consumption increases with increasing magnitude of the
applied electric field from ayugr = 75.5% at zero-field (Table 1,
entry 1), through ayur = 78.9% at E = 60 kV cm™" (Table 1,
entry 2), up to anur = 84.6% at E = 140 kV cm™" (Table 1, entry
3), which we assume to be the maximum IBA conversion
reached under these polymerization conditions. At this point,
it is worth mentioning that we have previously reported a
decrease in monomer conversion with an increase in the field
amplitude for the electric field-assisted FRP of HEMA.>® On
the other hand, in the case of FRP of MMA carried out in the
presence of a high electric field, we did not observe that the
field magnitude significantly influences the degree of
monomer conversion.>® This suggests that the effect of the
external electric field on the degree of polymerization cannot
be generalized. It seems that it rather depends on the specific
monomer unit used.

Fig. 4b presents SEC-MALLS traces of all produced PIBAs.
Using a MALLS (multi-angle laser light scattering) detector

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 (a) Monomer conversion plotted as a function of the DC field

magnitude. Data were determined based on *H NMR spectra of the final
PIBA samples obtained by high-field polymerization experiments (with
0.5% AIBN). (b) SEC-MALLS traces of PIBA prepared via FRP in the pres-
ence of external electric fields (0 kV cm™, 60 kV cm™, 140 kV cm™). (c)
Changes of M,, and D plotted as a function of the field magnitude.

allowed us to determine the absolute molecular weight of the
obtained polymers. Although recorded chromatograms are
almost indistinguishable at first sight, one should remember
that SEC chromatography separates polymers based on their
hydrodynamic volume rather than their molecular weight. The
hydrodynamic volume of polymers is a complex function of
their molecular weight, structure/architecture, solvency, etc.
Thus, polymers with different molecular weights and architec-
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Table 1 Characteristics of PIBA produced by FRP with and without the presence of a high electrical field

PIBA properties

Electric field Reaction Temperature  Conversion M, b M,
No.  Reaction mixture intensities [kv em™]  durations [h]  [K] anmr “ [%] [gmol™] [gmol™] P° dn/dc
1 IBA + 0.5 wt% AIBN 0 ~4.5 343 75.5 171 400 471 300 2.750 0.1150
2 IBA + 0.5 wt% AIBN 60 ~4.5 343 78.9 395200 965 200 2.442 0.0830
3 IBA + 0.5 wt% AIBN 140 ~4.5 343 84.6 366 000 901 500 2.463 0.0830
4 IBA + 0.1 wt% AIBN 0 ~19.5 343 83.3 280100 676 600 2.416 0.0830
5 IBA + 0.1 wt% AIBN 140 ~19.5 343 85.6 324475 713 850 2.200 0.0130

“ Determined by '"H NMR (CDCl;, 600 MHz). ” Determined by SEC-MALLS (DCM as eluent).

tures may have the same or similar hydrodynamic volumes.
This refers exactly to the case of PIBA. It is also worth empha-
sizing that traces of obtained samples reveal monomodal
shapes with some tailing at lower M,, values regardless of the
absence or presence of a high DC electric field. These results
are in line with the relatively high P = 2.44-2.75 (see Table 1,
entries 1-3), reflecting lower homogeneity of the growing
chains. However, a five-fold reduction in the initial AIBN con-
centration leads to slightly better process control at 140 kv
em™, as evidenced by a lower P = 2.2 (see Table 1, entry 5). At
this point, it should be clearly stated that electric field-assisted
FRP of IBA was a less controlled process than those previously
reported for MMA and HEMA, which were carried out under
similar conditions (bulk, 0.5 wt% AIBN). On the other hand,
one should bear in mind that FRP of IBA similar to other acry-
late monomers, might often be accompanied by the occur-
rence of unwanted side reactions such as (i) intramolecular
chain transfer (i.e., backbiting), (ii) pC-scission reactions and
(iii) intermolecular chain transfer.”?' Notably, backbiting
and PC-scission side reactions can slow down the polymeriz-
ation process, shortening the length of the main chain and
producing macromonomers. However, the electron paramag-
netic resonance (EPR) measurements have revealed that these
reactions are expected to become important at elevated temp-
eratures.>? Thus, to avoid/minimize unwanted side reactions,
we carried out our experiments at a much lower temperature
(343 K) and without using any solvent. The structure of the
obtained PIBA products was confirmed based on *C NMR
spectra, in which signals from vinyl groups (that could be
derived from macromonomers) were not visible. At this point,
it needs to be mentioned that IBA can be controllably polymer-
ized by RDRPs in the temperature range of 323-363 K with
avoidance of unwanted side reactions.**® However, reported
polymers were characterized by M, < 100 kg mol™" with vari-
able conversion.®®*?” On the other hand, the emulsion
polymerization presented by Back and Schork allows obtaining
PIBA samples with a molecular weight of around 1000 kg
mol ".%®

In the next step, we have also attempted to determine the
branching of PIBA. Unfortunately, because the obtained poly-
mers were highly polydisperse, we could not determine
branching in a classical way, i.e., from the radius of gyration.
Nevertheless, we have extracted some valuable information

3470 | Polym. Chem., 2023, 14, 3465-3478

about it by analyzing the relationship between molecular
weight and elution volume (corresponding to changes in the
hydrodynamic volume). The obtained relationship between the
molar mass of produced polymers and the elution volume can
be found in the ESIL{ From that analysis, we found that the
increase in the DC field magnitude results in obtaining poly-
mers with higher molecular weights. However, within the
same hydrodynamic volume, they are more tightly packed,
meaning that there is certainly some degree of branching
induced by a high electric field. Branch polymers are more
compact and might have the same hydrodynamic volume as
linear or less branched polymers with lower molecular
weights. So, the same hydrodynamic volume translates into an
identical elution volume but not essentially the same mole-
cular weight.

In the next step, we aimed to verify if the steric hindrance
factor might be responsible for less control over the reaction.
For that purpose, two control experiments were performed
using methyl acrylate and n-butyl acrylate, which are less bulky
monomers compared to IBA. Electric field-assisted polymeriz-
ation of MA was carried out at 0 kv em™ and 65 kv cm™,
while maintaining a constant temperature of 343 K (0.5 wt%
AIBN). The experimental conditions for nBA were similar,
except that we used higher DC field magnitudes, i.e. 140 kV
em™'. SEC-LALLS traces of produced PMAs and structure con-
firmation by "H and >C NMR analysis are given in the ESLt
Surprisingly, in that case, we have observed a much better
control over MA FRPs than over IBA, both in the presence and
the absence of the DC e-field. More interestingly, poly(methyl
acrylate) PMA produced at 65 kV cm™" reveals that P = 1.42,
which is much lower than that obtained at 0 kV em™ (P =
1.70). At the same time, it is comparable to values reported
previously for PMMAs obtained in the presence of the DC
field. SEC-LALLS traces of PMA samples obtained at 0 kV cm™
and 65 kV ecm™" also revealed more symmetric shapes with
lower tailing at low M, (see the ESIT). The dispersity of PnBA
(being bulkier than MA but still not as sterically hindered as
IBA) synthesized at 140 kV cm™" is P = 1.97, that is, in between
the values reported for MA and IBA. Therefore, we can indeed
presume that the presence of a sterically hindered side group
affects the dispersity of polymers produced under high electric
fields. On the other hand, the results recorded for PnBA
confirm the same trend in M, values as observed for other

This journal is © The Royal Society of Chemistry 2023
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acrylates; namely, the molecular weight of produced polymers
increases with increasing field magnitude (M, = 2870000 g
mol™ at 0 kV em™, and M, = 3820000 ¢ mol " at 140 kv
em™’, see the ESI for SEC traces).

The results presented in Fig. 4c and Table 1 demonstrate
that the increase in the amplitude of the applied electric field
is accompanied by an increase in M,, and a decrease in D of
the obtained PIBAs. Similar findings were also reported for
other acrylates, such as PMAs and nBAs. On the other hand, in
the case of the field-assisted FRP of PMMA and PHEMA M,
was found to decrease with increasing field magnitude.>*® At
the moment, we cannot provide a defined explanation of this
finding. For that, more studies are needed for testing mono-
mers from different families. We assume that several factors
could be responsible for such results. This might possibly
include the difference between the reactivity of acrylates and
methacrylates related to the stability of radicals. Note that acry-
lates form secondary radicals as the propagating end group,
while methacrylates form more stable tertiary ones. The stabi-
lity of the tertiary radical is thought to lower the reactivity of
the propagating end for further polymerization.*® Apart from
that steric effects, the dipole moment value of the monomer
unit and its location with respect to the growing polymer
chain, or the importance of the secondary reactions might
contribute to the final M, of the produced polymer.

In Fig. 5, we compare conversion versus time and the corres-
ponding semi-logarithmic plot obtained for polymerization
experiments carried out in the presence and absence of a high
electric field. As can be seen, conversion and changes of the
monomer concentration (analyzed as In[M]/[M],) with time
show similar evolution for 0 kV em™ and 140 kV cm™.
Nevertheless, to analyze in more detail the kinetics aspects of
electric-field assisted polymerization more detailed studies are
needed in the future.*’

100
m 0kV/iem
o t0kvem o 1 = T25
80 o
m}
o o +20
[ ] [m] —_—
- . O 0kViem
o i
» 60 O 140 kV/cm 15
c T =
K} =
[} =
T 40 ° =
E ® <+ 1,0 E
8 ° £
| |
20 4 5 Los
%
04 m 400
T T T T T
0 1 2 3 4 5
time [h]

Fig. 5 Conversion versus time and corresponding semi-logarithmic
plot obtained for FRP of IBA carried out at 343 K in the presence and
absence of high electric fields (140 kV cm™ and 0 kV cm™).
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As a next step, we have also analyzed the effect of a high
electric field on the stereoregularity of the obtained PIBA
samples. The motivation for this investigation was our pre-
vious finding showing that the tacticity of PMMA can be modi-
fied during the FRP by applying an electric field. In that case,
we have also found that increasing the DC field magnitude
leads to polymers with a higher isotacticity content.>*
Therefore, to evaluate the PIBA microstructure, we have ana-
lyzed samples obtained in the presence of 0.5 wt% AIBN at 0
kv em™" and 140 kV em™" using "*C NMR. It is worth noting
that previously the configurational sequence of PIBA had been
thoroughly determined by one-dimensional ['H, "*C{"H}] and
two-dimensional (HSQC, TOCSY and HMBC) NMR
spectra.’”?® Based on that, we have calculated the mm/mr/
rm/rr triad content assignment to the methine carbon
region from 40.5 to 42.5 ppm. The proportions of isotactic,
syndiotactic and atactic triads in PIBAs obtained at 0 and
140 kv cm™" are presented in Fig. 6a, while the expanded
backbone methine carbon regions for these samples are
shown in Fig. 6b. As shown, the content of isotactic triads
in PIBA samples increases by 20% when the field magni-
tude is increased to 140 kV cm™". These results align with
our previous observations reported for MMA polymerization
under a DC electric field.*® Considering the difficulties
associated with tacticity control in FRP, our methodology is
an excellent alternative to conventional time- and energy-
consuming chemical routes enabling fine-tuning polymer
stereochemistry. It is as simple as possible, does not require
any solvents, expensive reagents, or multi-steps, and, more
importantly, can be easily adapted to various monomers. At
the current stage of our investigation, we cannot provide a
definite explanation for the features of the growing polymer
chain, making it more prompt for isotacticity control by the
electric field, and how far we can go with that. As we
suppose, this might depend on the polarity of the monomer
unit since the value of the dipole moment determines how
easily it can align along the field lines, or either a particular
alignment/orientation of the dipole moment with respect to
the propagating chain.

The influence of a high electric field on tacticity is not
limited only to FRP of MMA, HEMA, or IBA. In our opinion, it
is a more general finding observed not only for methacrylates
and acrylates but possibly also for styrene-based monomers or
even (meth)acrylamides. However, investigating that aspect is
certainly far beyond the main scope of this paper and needs a
proper investigation in the future. Nonetheless, to enhance the
significance of our finding, we have additionally performed
electric field-assisted FRP of n-butyl acrylate (nBA) and isobor-
nyl methacrylate (IBMA). The chemical structure of both
monomers can be seen in Fig. 7. We have chosen IBMA to
directly compare with IBA (methacrylate vs. acrylate with the
same large steric hindrance). In turn, nBA provides a less
bulky side group compared to IBA (less bulky vs. more bulky
polyacrylate).

Table 2 tabulates fractions of isotactic, syndiotactic, and
atactic triads - as determined by >*C NMR - of PIMBA, PIBA,

Polym. Chem., 2023, 14, 3465-3478 | 3471
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Fig. 7 Changes in the isotacticity content resulted from the DC field
effect upon FRP polymerization of IMBA, IBA, and nBA at 343 K.

and PnBA samples obtained by electric field-assisted FRP.
Polymerization conditions were identical for each monomer
(T = 343 K, 0.5 wt% AIBN). Polymerization experiments were
carried out at 0 kV em ™" and 140 kV cm™". The results indicate
that in the presence of a DC field, isotacticity content
increases, but the outcome depends on the specific monomer
used. This is visualized better in Fig. 7.

Junkers et al. recently published a paper providing dipole
moment values for different polyacrylates and polymethacry-
lates."® For IBA, IMBA, and nBA they report 2.37 D, 1.85 D, and
2.40 D, respectively. When comparing these values with differ-
ences in the isotacticity content produced by high e-fields, one
can note that IBA and nBA - of comparable dipole moment
values but different bulkiness of the side group - show a pro-
nounced difference in the isotactic fraction (20% for PIBA and
15% for PnBA). In turn, for IBMA (1.85 D) - with a dipole

3472 | Polym. Chem., 2023, 14, 3465-3478

Table 2 Characteristic changes in the tacticity of PIBMA, PIBA, and
PnBA synthesized by electric-field assisted FRP

DC field magnitude

Triad Dipole
Monomer  fractions[%] OkVem™  140kvem™  moment’
IMBA“® r 40 44 1.85D
mr 55 28
mm 5 28
IBA? r 21 21 2.37D
mr 63 43
mm 16 36
nBA? r 27 4 2.40 D
mr 63 71
mm 10 25

“Determined from the carbonyl carbon region in *C NMR based on
ref. 41. ? Determined from the methine carbon region in *C NMR
based on ref. 42. “ Taken from the ref. 40.

moment much lower than IBA but having the same steric hin-
drance - changes in the isotacticity content are somehow com-
parable to PIBA (23% for PIBMA, 20% for PIBA). Notably, nBA,
less bulky among the other monomers, exhibits the lowest
increase in isotacticity. Considering this, we suppose that sig-
nificant steric hindrance might contribute to an increase in
the isotactic fraction. The value of the net dipole moment is
undoubtedly an important parameter, as much as its orien-
tation with respect to the growing polymer chain.

To provide deeper insight into tacticity changes induced by
a high electric field, we have performed additional measure-
ments which employ the absolute reaction theory. Our focus
was to recognize whether syndiospecific propagation under
high electric fields is predominantly controlled by the entropic
or enthalpic factor. In order to achieve this, FRP of IBA (with
0.5 wt% AIBN) was performed under 0 kV cm™" and 140 kv
em™" at four different temperatures (328 K, 333 K, 338 K, and
348 K). At each temperature, the fractions of mm, mr, and rr

This journal is © The Royal Society of Chemistry 2023
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Table 3 Values estimated based on the absolute reaction rate theory

View Article Online

Paper

Bernoullian model

1st-order Markov

DC field AHL , — AHS,,, ASi — ASS,, (oth-order Markov)

magnitude T [K] mm mr r [kJ mol™"] [J mol™ K_E] P(m)/P(r)” P(m/r)? P(r/m)

0kvem™ 328 9 65 26 2.07 £ 0.30 5.92 +0.97 0.71 0.88 0.88
333 11 62 27 0.72 0.86 0.86
338 17 56 27 0.82 0.83 0.83
348 26 48 26 1.00 0.79 0.79

140 kv em™ 328 22 39 39 5.10 £ 0.54 15.21 £ 1.62 0.71 0.47 0.47
333 27 40 33 0.89 0.43 0.44
338 35 41 24 1.25 0.37 0.41
348 43 40 17 1.70 0.31 0.37

“Where P(m) = mm/(mm + mr + rr) and P(r) = rr/(mm + mr + rr) and P(m)/P(r) = P(m)/(1 — P(m)). ® Estimated from following equation: P(m/r) = (mr)/
[2(mm) + (mr)]. € Estimated from following equation: P(r/m) = (mr)/[2(rr) + (mr)].

triads were analyzed in the synthesized polymers based on '*C
NMR. The results are tabulated in Table 3. According to the
absolute reaction rate theory, the ratio between meso (P,,) and
racemic diads (P;) can be related to the corresponding differ-

ences in activation enthalpy (AH!, — HS.,) and activation

entropy (AS. , — S5..) via the following relation

— AH;

Py ASL — ASS, AH! S 1
= =T (1)

act act act

P R

In

The P,,/P; ratio is estimated based on individual triad frac-

tions, ie., % = ([mm] + [mr]/2)/([rr] + [mr]/2). The tempera-

T

p .
ture dependences of lnFm for PIBA samples synthesized at 0

r
kv em™ and 140 kv em™" are shown in Fig. 8. The data were

fitted with linear functions, while the fitting parameters were
retained in Table 3.

0,7
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Fig. 8 Temperature dependence of the isotactic to syndiotactic diad
ratio for PIBA synthesized via free-radical polymerization at 0 kV cm™
and 140 kV cm™.
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1 electric

The obtained results suggest that a 140 kv cm™
field amplifies the differences in activation entropy and acti-
vation enthalpy between isotactic and syndiotactic propa-
gations, while the fundamental trends remain analogous. In
fact, in both scenarios (with and without the presence of a
high electric field), syndiospecific propagation seems to be
governed by enthalpic and entropic factors. However, the
entropic factor exhibits a more pronounced effect under high
e-fields, whereas the enthalpic factor exhibits a more pro-
nounced effect when the field is absent. There is almost a
three-fold increase in the contribution coming from the entro-
pic factor under high electric fields. The presence of a high
electric field appears to intensify the impact of both enthalpic
and entropic factors on the organization of propagating
chains, potentially leading to a preference for one tacticity over
another (increasing the isotactic fractions as supported by **C
NMR results).

Additionally, we also check if the propagation of the
monomer chain fulfills the Bernoulian or 1st order Markov
statistics. To assess both models, we have calculated the P(m)/
P(r), P(r/m), and P(m/r) ratios. Regarding the Bernoullian
model, the first data set, obtained for samples polymerized at
0 kV em™, presents a more limited range of P(m)/P(r) values,
changing only from 0.71 to 1.00. Conversely, the second data
set, derived from polymerization experiments carried out at
140 kV em ™, exhibits a more expanded range, changing from
0.71 to 1.70. It is essential to note that both data sets do not
constitute an optimal fit for the Bernoullian model due to vari-
ations in P(m)/P(r) values within each of them. Since the data
deviate from unity, the propagation of the monomer chain was
described by 1st-order Markov statistics. To confirm the 1st-
order Markov model, the sum of P(m/r) and P(r/m) should be
approximately 1. As depicted in Table 3, the data corres-
ponding to the FRP of IBA at 0 kv cm™' display a more
restricted range of P(m/r) and P(r/m) values (0.79 to 0.88) in
comparison to the second set calculated for 140 kV cm™" (0.31
to 0.47 for P(m/r) and 0.37 to 0.47 for P(r/m)). This finding indi-
cates that the propagation of the monomer chain at zero field
adheres more to the 1st-order Markov statistics, while in the
presence of a high electric field it does not.

Polym. Chem., 2023, 14, 3465-3478 | 3473
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Dielectric relaxation and calorimetric investigation of the glass
transition dynamics of the obtained PIBAs

As a final step of our investigation, we have characterized the
glass transition dynamics of produced PIBA samples. For that,
dielectric relaxation and calorimetric measurements were per-
formed on purified polymers. Measurements were carried out
under low-field conditions (no bias field was applied).
Dielectric spectra were collected on heating, and the measure-
ments were carried out in the temperature range of 323 K-
393 K. Fig. 9a and b shows the representative dielectric loss
spectra for PIBA polymerized at zero-field (panel a) and under
the DC filed E = 60 kV cm™" (panel b). For both samples, we
observed only the a-relaxation process in the dielectric loss
spectra, which shifts toward higher frequencies with increas-
ing temperature indicating a slowing down of the segmental
mobility as it approaches the glass transition. The dielectric
loss spectra were analyzed using the Havriliak-Negami (HN)
function:*

Ae

[1 + (l’w,[HN)aHNP’HN

(2)

eX(w) = €0 +

where ¢, is the high-frequency limit permittivity, Ae is the
relaxation strength, 7y is the relaxation time, oy and yyy are
the parameters characterizing the shape of the dielectric loss

View Article Online
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curve, while w is the angular frequency (w = 2xnf). Based on
fitting parameters, a-relaxation times were determined. Fig. 9c
shows the temperature dependence of the a-relaxation times
for PIBA samples polymerized at zero-field and in the presence
of the DC electric field. As demonstrated, the segmental
dynamics of the polymer obtained in the absence of an electric
field is slower compared to the sample synthesized under high
DC field conditions. The temperature dependences of the a-
relaxation times for both tested samples (0 kV cm™" and 60 kv
cm™') were fitted by the Vogel-Fulcher-Tammann (VFT)
equation:**™*°

3)

_ DrTy

Tq = Too exp( 7 )
where 7, is the relaxation time, 7, is the temperature at which
7, goes to infinity, and Dy is the fragility parameter. We have
determined the glass transition temperature (Ty) for both PIBA
samples as a temperature at which 7, = 10 s. The glass tran-
sition temperature is usually defined for z, = 100 s. However,
to avoid the extrapolation of 7,(T) one can also estimate its
value using a shorter relaxation time. The glass transition
temperature of PIBA synthesized at zero-field is 358.6 K, while
for the sample obtained in the presence of the DC e-field Ty is
353.7 K. The fragility parameter, m, which quantifies the seg-

PIBA products from polymerizations of IBA + 0.5 wt%AIBN

Increasing temperature
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Fig. 9 Dielectric loss spectra measured at different temperatures for PIBA obtained by FRP in the (a) absence and (b) presence of a DC electric field.
(b) The temperature dependence of a-relaxation times for the PIBA samples polymerized at zero-field and under high DC fields (60 kV cm™). The
solid lines are the fitting of the data to the VFT equation. The inset shows the comparison of the shape of a-loss peak for PIBA obtained by FRP in
the absence and (c) presence of a DC electric field. (d) DSC thermograms for PIBA samples synthesized by free-radical polymerization under high

electric fields.
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mental relaxation time or any other dynamic variables, such as
viscosity or diffusion coefficient, increases as it approaches the
glass transition temperature, and was found to be slightly
lower for the sample obtained in the presence of a high elec-
tric field. Nevertheless, both values, m = 62 (60 kv em™") and
m =65 (0 kv ecm™") allow classifying PIBA as a rather strong
glass-forming system.*’

In Fig. 9d, we show the representative DSC thermograms of
the obtained PIBAs. An endothermic event observed in both
cases is related to the vitrification process. Importantly, in the
DSC scans carried out from T =293 K to T = 393 K we did not
notice any crystallization or melting event indicating the event-
ual semicrystalline character. The T, values estimated from the
DSC data are 359.5 K for PIBA polymerized at zero-field and
354 K for the sample obtained in the presence of the DC field
of E = 60 kV cm™". They agree very well with the dielectric data.
On the other hand, T, values for PIBAs determined in this
work are slightly lower than those reported in the
literature.*™***%%° This might be related to the differences in
the tacticity of the analyzed samples. Moreover, it was also
observed that the glass transition temperature of the sample
synthesized by FRP supported by the DC field is lower than
that obtained under no field conditions. Thus, an increase in
the isotacticity of PIBA is accompanied by a reduction of T.
We have previously demonstrated similar results for PMMA
obtained by free radical polymerization carried out either in
the presence of AC or DC fields.** It is worth noting that the
molecular weights of PIBA samples obtained by us are much
higher than those reported in the literature. Therefore, as
determined by us, the T, values should not be influenced by
the molecular weight effect.>® At this point, we wish to recall
the SEC-MALLS data for PIBA which indicate that the presence
of a high electric field induces some degree of branching. A
higher degree of branching should generally lower T, which
might additionally account for the observed differences in T,
values. From the above, we conclude that a combined effect of
both factors - tacticity and branching - should be probably
taken into account when discussing changes in Ty, for acrylates
obtained under high electric fields.

We have also compared the distribution of the a-relaxation
times for PIBAs obtained in the presence and absence of a
high e-field. In the inset of Fig. 9c, we show the dielectric loss
spectra for both samples. The data were collected for approxi-
mately the same relaxation time. The shape of the a-loss peak
is very similar. To describe the distribution of the segmental
relaxation, we have used the stretched exponent fxww from
the one-sided Fourier transform of the Kohlrausch and
Williams and Watts function (KWW):>'»2

H0) = exp [ (&) ﬂw} (4)

where ¢ is the time and 7, is the relaxation time. The value of
Pxww varies within 0-1 and quantifies the non-exponential
character of the relaxation process (fxww = 1 corresponds to
the exponential power law, classical Debye-type relaxation).
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With broadening the relaxation spectrum, fxww gets smaller.
As demonstrated in the inset of Fig. 9c, the value of the
stretching exponent is slightly higher for the PIBA sample
obtained by field-assisted FRP, and it is equal to 0.41, while
for the polymer synthesized in the absence of a high-electric
field fxww = 0.38. Similar findings have also been reported in
our recent work on the effect of isotacticity on the glass tran-
sition dynamics of PMMA. In that case, for isotactic-rich
PMMA sample segmental relaxation was narrower (fxww =
0.53) than that for s-PMMA (fxww = 0.45).>® This is another
argument suggesting higher isotacticity of the polymer recov-
ered from the high electric field-supported polymerization.

Conclusions

Herein, we have employed a high electric field to support the
free radical polymerization of the problematic acrylate
monomer with a large steric hindrance provided by the isobor-
nyl group. We demonstrate that with the aid of an external
electric field, it is possible to overcome thermodynamic limit-
ations and target high M, polymers with surprisingly good
control over the tacticity in FRP. The isotactic content is tuned
just by changing the magnitude of the electric field. In con-
trast to our previous work on methacrylate monomers (MMA
and HEMA), here, we found that electric-field assisted FRP of
acrylates (IBA, nBA and MA) results in the increase of the mole-
cular weight with increasing field magnitude. In addition to
that, we also found that the presence of a sterically hindered
side group affects the dispersity of polymers produced under
high electric fields. A high electric field promotes some degree
of branching; therefore for the same hydrodynamic volume,
we get more tightly packed PIBA structures.

When it comes to improved control over the properties of
the obtained polymers, it probably depends on multiple
factors such as steric effects, the value of the dipole moment
or the orientation of the net dipole moment with respect to
the main chain. We have demonstrated this using IBA, IMBA,
and nBA. Monomers with comparable dipole moment values
but different bulkiness of the side group exhibit a bit different
increase in the isotacticity fraction under high fields. For
monomers with the same large steric hindrance but not essen-
tially the same dipole moment values, we found comparable
changes in the isotacticity content under high electric fields.
An interesting finding which comes from this study is also
that a high electric field increases the activation enthalpy and
the activation entropy for syndiospecific propagation, but defi-
nitely the entropic factor is affected more. This might poten-
tially account for the preference of one stereospecificity over
the other. At the same time, the determined In(kp) values for
IBA indicate that the external electric field has a minimal
impact on the polymerization rate.

Summarizing, this work and our recent findings demon-
strate the great potential of using a high electric field to affect
the molecular weight, dispersity, and tacticity during FRP. Our
protocols are simple, highly effective, and easily adapted to
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different classes of monomers. Thus, electric field-assisted
polymerization emerges as an up-and-coming and facile
method complementing the modern polymer chemistry
toolbox to obtain stereocontrolled polymers for a large pool of
polar monomers in a clean, simple, and inexpensive way.
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