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This work demonstrates the effect of a high dc bias field (up to 160 kV/cm) on the polyaddition reaction of the
modeled epoxy resin system. Polymerization of bisphenol A diglycidyl ether (DGEBA) supported by high electric
field results in obtaining epoxides with significantly increased molecular weight, which is seven-fold higher than
the zero-field reference (Mn = 4.7 kg/mol). We also found a markedly reduced dispersity (Ð = 1.52 at 0 kV/cm,
Đ = 1.21 at 160 kV/cm). The molecular weight and dispersity of obtained polymers change almost linearly with
the reaction time. By following polymerization kinetics in the real-time of the experiment, via dielectric spec
troscopy, we observe slowing down the reaction progress at dc fields of E = 160 kV/cm, compared to the zerofield case, E = 0 kV/cm. The polymer materials obtained in the presence/absence of static electric fields exhibit
distinctly different glass transition temperatures. Our study highlights a better control over the reaction and
product properties attained by using only the magnitude of the applied field as the control variable. Thus, a high
electric field could provide an alternative pathway in synthesizing and developing advanced polymer materials
using simpler, “green”, less-expensive, and technologically demanding approaches.

1. Introduction
In recent decades, there has been growing interest in advanced
polymerization techniques, especially those with the application of
external physical factors (such as light [1], pressure [2], ultrasonic
waves [3], magnetic [4] and electric fields [5]) to prepare polymer
materials with tailor-made architectures and excellent performances
[6]. The physical stimuli constitute an attractive alternative to the
synthetic polymer chemistry toolbox. They allow preparing polymers
with controllable molecular weight, narrow molecular weight distribu
tion, and various topological structures with the same or even better
efficiency as conventional chemical methods. Apart from that, the
physical factors can facilitate the polymerization of otherwise unreac
tive/highly resistant monomers, employing milder reaction conditions
at low costs, simpler and non-toxic (“green”) ways [7–9]. Among various
external physical factors used to control the polymerization process, the

electric field emerges here as a topic worth more attention.
The external electric field is a clean, simple, and inexpensive physical
regulator. The field direction and magnitude can be easily controlled at
any processing stage. The external electric field can act on the dipole
moment of the monomers unit, chain aggregations and affect the charge
distribution. As a result, the re-orientation of dipole moments and the
alignment of the polymer chains can take place, promoting different
favorable structures or facilitating the critical reaction’s steps [10–14].
It should also be remembered that in the presence of a high electric field,
the sample absorbs the energy from the field, promoting structural
changes and driving the system to a completely new equilibrium state
[15–18].
Over the last years, the electric field has been implemented mainly
for electrolytic or electrochemical polymerization, i.e., using various
electrolyte-containing solutions with applied potentials that do not
exceed a few voltages [19,20]. For example, the electrochemical
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stimulus can be successfully paired with atom transfer radical poly
merization (ATRP) [21]. Additionally, there have been many attempts to
use electric-field-assisted fabrications of novel polymer materials, such
as nanowires [22] or covalent organic frameworks [23]. For example,
using an external dc electric field of E = 3 kV/cm McFarland et al. have
demonstrated the assembly of P3HT (poly(3-hexylthiophene)) nano
whiskers into ordered macroscopic P3HT fibers (> 6 cm). Interestingly,
the macroscopic P3HT fibers were found to not dissociate back to the
initial nanowhiskers after removing the electric field [24]. Besides, the
polymerization of liquid crystalline monomers through the use of a DC
electric field in order to get highly ordered systems has been widely
investigated [25,26]. The electric field has also been used to modulate
the initiation, cessation, and rejuvenation of a polymerization process
[27–29]. Nevertheless, despite the versatility of the electric-field-aided
polymerization techniques, a thorough understanding of how an
external electric field impacts the reaction kinetics and the properties of
obtained materials has been generally overlooked. This has promoted us
to perform a more in-depth study on the effect of applied electric fields
on the polymerization kinetics and the macromolecular properties of the
final product.
In this work, we have tested - for the first time - the feasibility of

using a high electric field to promote step-growth polymerization of the
modeled epoxy system. Although, in industrial processing, the step-wise
polymerization is inferior to controlled chain-growth reactions, it is still
invaluable in some specialized fields; for example, synthesizing conju
gated polymers, curing epoxy resins, or green polymer chemistry [30].
The curing mixture used in this study contains bisphenol A diglycidyl
ether (DGEBA) with the primary aromatic amine, aniline. DGEBA, from
many different points of view, is an ideal system for such a study. Among
the most important is that the reaction’s mechanism and progress have
been thoroughly investigated at various thermodynamic conditions
[31–34]. The polymerization mixture is very simple; it contains only a
monomer and aniline as co-reagent, without using any solvents (mass
polymerization). Notably, the field magnitudes applied in this study are
much beyond any previous investigation (not more than 10–15 kV/cm).
We have employed dielectric spectroscopy to precisely track the reac
tion progress under different dc (direct current) electric field conditions.
The properties of the produced polymers were then examined using
dielectric relaxation spectroscopy, differential scanning calorimetry
(DSC), Exclusion Chromatography (SEC-LALLS), and nuclear magnetic
resonance (NMR). For the polymer products synthesized under the
electric field conditions, we found a decrease in polymerization rate

Scheme 1. Chemical structures of DGEBA and aniline, and polymerization scheme between epoxide and amine groups.
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(measured by dielectric spectroscopy), reduced dispersity, and molec
ular weight increase with increasing the field magnitude. The most
important finding is that the polymerization kinetics and the properties
of the synthesized polymers can be finely tuned just by using the
magnitude of the dc electric field as the sole control variable. It opens up
a broad applicability range of applying electric-field assisted polymeri
zation in synthesizing and developing advanced polymer materials using
simpler, “green”, less-expensive, and technologically demanding
approaches.

Novocontrol Quatro system. In the present study, DC voltages of 0 V, 40
V, and 200 V were applied across 12.5 μm thick sample, which gives the
electric field magnitudes of 0 kV/cm, 32 kV/cm, and 160 kV/cm, that
the tested polymerizable mixtures were exposed to. The liquid DGEBA/
aniline mixture solidified after the polymerization reaction was
completed, both in the absence and presence of a static electric field. The
reaction was assumed to be completed when no further changes in the
dielectric spectra were observed.
2.2.2. DSC measurements
Calorimetric measurements were performed using a Mettler-Toledo
DSC apparatus equipped with a liquid nitrogen cooling station and an
HSS8 ceramic sensor with 120 thermocouples. The DSC experiments of
the studied DGEBA/aniline mixture involve three sets: (1) isothermal
curing of DGEBA with aniline at T = 333 K within a period of t = 100
000 s inside the DSC apparatus; (2) heating of the products obtained in
part (1) from 273 K to 523 K at a fixed rate of 10 K/min; (3) detection of
the glass transition temperatures Tg of the products obtained after po
lymerizations. Zinc and indium standards were used to calibrate the
devices before the measurements. The measured samples were sealed in
an aluminum crucible (40 μL). Glass transition temperatures Tg are ob
tained from midpoints of the heat capacity increments with a heating
rate of 10 K/min used.

2. Experimental section
2.1. Materials
The curing system under investigation is composed of Bisphenol A
diglycidyl (abbreviated as DGEBA, Mw = 340.41 g mol− 1) and aniline
(Mw = 93.13 g mol− 1) with a molar ratio of 1:1. Here, we applied the
same approach as described by Tarnacka et al., that is, 5 g DGEBA and
1.37 g aniline were used to prepare the reaction mixture used in each
polymerization experiment [31]. In Scheme 1, the structures of DGEBA
and aniline together with the sketch of the polymerization reaction are
presented. We can see that the polymerization of DGEBA and aniline
involves the ring-opening of epoxide groups, the covalent bonding be
tween the nitrogen and one of the two carbon atoms in the epoxy ring,
together with the formation of the –OH group. As a result, the primary
amine changes into a secondary one, which will further react with
another epoxide molecule to form a tertiary amine in the same way. This
polymerization mechanism allows the molecular structure to grow in a
sequence of -A-B-A-B-. For more details, the readers can refer to Refs [
[31,34]]. N, N-dimethylformamide (abbreviated as DMF), lithium bro
mide, and deuterated chloroform (abbreviated as CDCl3) were used in
the subsequent NMR and SEC-LALLS experiments to analyze the prop
erties of the resultant products after completing the polymerization re
actions. All the chemicals (purity higher than 99%) were purchased from
Merck (previously Sigma-Aldrich) and used as received.

2.2.3. NMR measurements
Proton nuclear magnetic resonance spectra of produced polymers
were recorded using a Bruker Ascend 600 spectrometer operating at 600
MHz in CDCl3 as a solvent. 1H-chemical shifts were measured in δ (ppm),
using as reference the chloroform-d residual peak, set at δ 7.26. Standard
experimental conditions and a standard Bruker program were used.
2.2.4. Exclusion chromatography (SEC-LALLS)
The molecular weights and dispersity indexes were determined by
TDA 305 triple detection instrument (refractometer, viscosimeter, and
low angle laser light scattering) used for data collection and Omni Sec
5.12 for processing. One D6000M general mixed beads column was used
for separation. The measurements were carried out in DMF HPLC purity
(Merck) with the addition of 10 mM lithium bromide (Merck) to reduce
polymer/column interactions, as solvent at 323.15 K at a flow rate of
0.7 mL/min. The apparatus was used in a triple detection mode, and
absolute molar mass (Mn and Mw) and the dispersity (Ð) were deter
mined with a triple detection calibrated with a narrow poly(methyl
methacrylate) standard. The calculated dn/dc = 0.0941.
Samples preparation for SEC measurements: After the NMR mea
surement, the solution was moved into a pre-weighed GPC vial and left
to evaporate. After complete evaporation, the vial was weighed to
determine the amount of polymer for analysis by exclusion chroma
tography (SEC). The solid residue was then dissolved in 100 μl of DMF
for HPLC and then transferred to a 200 μl vial insert. The concentration
of the measured samples ranged from 8 to 15 mg/ml calculated per ml of
solution, and the injection volume was set to 70 μl.

2.2. Methods
2.2.1. Broadband dielectric spectroscopy (BDS) measurements
Dielectric measurements were performed using a frequency-response
analyzer (Alpha Analyzer) in combination with a high-voltage booster
“HVB1000”, both from Novocontrol (Germany). The high voltage
extension boosts the voltages of the Alpha Analyzer up to 500 V (peak
voltage). The available frequency range is from mHz to 10 kHz in this
configuration. A high-voltage unit allows applying a high electric field
(ac or either dc) to the sample. However, as the HV unit is combined
with the dielectric spectrometer, the dielectric response of the sample
exposed to a high electric field can be measured simultaneously by using
a low amplitude sinusoidal field (E < 1 kV/cm). By knowing that the
concentration of epoxy rings and the dipole moment distribution change
with polymerization progress, we can follow the reaction kinetics in the
′
real-time of the experiment. In this way, the evolutions of the real (ε )
′
and imaginary (ε′′ ) parts of complex permittivity, ε* = ε − iε′′ provides
information about the isothermal polymerization progress of the tested
system exposed to the high electric field. The sample cell consists of two
stainless-steel highly polished electrodes (20 mm in diameter) separated
by a polyimide ring of 12.5 μm thickness. In high-field experiments, very
flat and polished electrode surfaces are required to maintain a homog
enous field. This ensures that the field lines are parallel and the electric
field properties are precisely defined and controlled. In each experiment
with/without the application of a direct current electric field, an equi
molar mixture of DGEBA/aniline was loaded into a sample cell at room
temperature and then heated to a temperature of T = 333 K, where the
reaction proceeded isothermally and was completed within a period of t
= 100 000 s. The temperature stability within 0.1 K was ensured using a

3. Results and discussion
3.1. Following polymerization progress with the use of dielectric
spectroscopy
Dielectric spectroscopy is a powerful method for investigating sys
tems that undergo chemical or physical changes, including chemical
reaction, tautomerization, vitrification, crystallization, etc., as due to
the accompanying changes in the dipole moment distribution [35–39].
The successful employment of BDS apparatus to in-situ monitor the
time-dependent variations during the crystallization and polymerization
processes has been widely reported for diverse systems [40–43]. In
addition, the BDS technique has been utilized for the modeled DGEBA –
aniline system to understand the polymerization mechanism and
3
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kinetics under high pressure and nanometric confinement conditions
[31,34]. Noteworthily, the dielectric technique has also been recently
established to investigate and control the crystallization of simple mo
lecular glass formers by high electric fields [15,44].
In this work, studies on the curing of DGEBA with aniline at T = 333
K were carried out under static (dc, direct current) electric fields using
different field magnitudes, E = 0 kV/cm, 32 kV/cm, and 160 kV/cm.
′
Fig. 1 presents the corresponding time-evolutions of the real ε and
′′
imaginary ε components of the dielectric permittivity. Continuous
′
changes in both dielectric ε and ε′′ spectra are observed upon poly
merization progress. To be specific, the dielectric permittivity at higher
frequencies drops gradually due to the consumption of very polar
′
epoxide groups (see the dielectric ε spectra in Fig. 1a, c, and 1e). Despite
no obvious relaxation peak being detected in the measured frequency
region, the dc conductivity seen in ε′′ spectra shifts towards low fre
quencies (see Fig. 1b and d). This is associated with the growing polymer
chains and increasing system viscosity. The contribution of the
α-relaxation is also seen as a characteristic step in the real part of the
dielectric permittivity, especially at further stages of the polymerization
process.
To evaluate the reaction degree at a certain time during polymeri
′
zation, we have employed a normalized parameter, εN , ascertained at f

= 10 kHz according to an empirical equation,
′

′

εN =

′

ε (0) − ε (t)
ε′ (0) − ε′ (∞)

(1)

where ε (0) and ε (∞) are values of the dielectric permittivity at the
′
initial and ultimate stages of polymerization, and ε (t) is the value at
time t. The validity of using dielectric permittivity values from the highfrequency region to analyze the polymerization kinetics is supported by
previous literature results [31,32,41,45]. Herein one can also mention
that dielectric conversion has been plotted and rescaled to the unity
since DSC data described further in this paper revealed that final
monomer consumption was close to the 100% irrespectively on the
magnitude of an external electric field. It should also be mentioned that
dielectric conversion was introduced just to evaluate approximately
speed or timeframe of reaction and has nothing to do with real monomer
conversion.
′
In Fig. 1f, the time dependences of εN recorded at 0 kV/cm exhibits a
sigmoidal shape. In turn, at 32 kV/cm, the kinetic curves show more
′
evident double sigmoid growth. Similarly, the εN - t relations under E =
0 kV/cm and 32 kV/cm differ in the first stage of the polymerization
′
(which means a period up to t = 42 300 s). Namely, higher εN values for
′

′

Fig. 1. Dielectric spectra of the real (ε ,
panels (a), (c), and (e)) and imaginary (ε′′ ,
panels (b) and (d)) parts of complex permit
tivity ε* recorded upon the isothermal poly
merization of an equimolar DGEBA/aniline
mixture at T = 333 K under three different
DC electric fields of E = 0 kV/cm, 32 kV/cm,
and 160 kV/cm. The measured frequency
region is within a range of 1 Hz–10 kHz.
Fig. 1(f): time evolutions of a normalized
′
parameter εN obtained through normaliza
′

tion of the dielectric permittivity ε measured
at f = 10 kHz in terms of Eq. (1) for reactions
in the studied electric field conditions. When
polymerization temperature is close to Tg,
the sample vitrifies, the reaction is stopped,
and we observe a characteristic plateau on
the ε′ (t) evolution.
′
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the tested system were recorded in the presence of E = 32 kV/cm.
′
Interestingly, the same time evolution of εN are obtained under E = 0
kV/cm and 32 kV/cm during the second half of polymerization. Notably,
at dc fields of E = 160 kV/cm, we observe slowing down the reaction
progress compared to the cases of zero-field E = 0 kV/cm and low-field
′
condition, 32 kV/cm. In addition, from the time dependence of εN under
′
E = 160 kV/cm, we can see that εN value is enhanced immediately once
the electric field is switched on, but it follows a sigmoidal curve. Double
sigmoidal shape most probably comes from the alpha-relaxation moving
through the experimentally accessible frequency range. Please note that
when using high electric fields, we are limited with the frequency of
dielectric measurements only to the kHz range. On the other hand, to
eliminate the contribution of dielectric alpha dispersion, we should be at
least in the GHz range.
It is worth mentioning the dielectric analysis of the isothermic
polymerization of DGEBA with n-butylamine [46] and ethylenediamine
(EDA) [47]. Both studies showed that at the initial stages of the synthesis
process, only one relaxation process is observed. This process split into
two relaxations along with the polymerization progress. Low-frequency
relaxation was associated with the dynamics of growing macromole
cules, while a high-frequency process was related to dipole movement
on unreacted monomers [46,47]. A decrease in electrical conductivity
was demonstrated due to the increased viscosity of the system. It was
observed that the conductivity and relaxation time measured at low
frequencies provided information about the advancement of the poly
merization process [46].

3.3. The analysis of monomer conversion and thermodynamic properties
of the final material by calorimetry
To get a rough idea of the degree of monomer conversion in dielectric
experiments, we have conducted a complementary DSC measurement at
T = 333 K to isothermally polymerize the examined DGEBA/aniline
mixture within the same time of t = 100 000 s. In Fig. 3a, the DSC
thermogram obtained under the isothermal condition of T = 333 K is
featured by a pronounced exothermic peak, the same as the observations
in Ref. [31] Next, the sample after the polymerization experiment inside
the DSC crucible was heated from 273 K to 523 K at a rate of 10 K/min.
Fig. 3b depicts the heating curve during the non-isothermal experiment.
We can see an evident glass transition phenomenon with Tg value of
332.4 K followed by another exothermic peak. Here, the degree of
monomer conversion, αDSC , is estimated from the DSC results in terms of
the equation as follows,

αDSC =

ΔH(t)
ΔHtotal

(2)

where ΔH(t) denotes the enthalpy variation as a function of time in the
isothermal condition; ΔHtotal represents the total enthalpy of the reac
tion, covering the enthalpies ΔH(t) and ΔH(T), respectively, determined
under the isothermal and non-isothermal conditions, namely ΔHtotal = Δ
H(t) + ΔH(T) [31]. It is seen in Fig. 3a and b that the ΔH(t) value of
− 346.2 J/g is determined when t reaches 100 000 s while the ΔH(T)
value is − 9.2 J/g is ascertained. Thus, αDSC of 97.4% is estimated at t =
100 000 s in terms of Eq. (2). Unfortunately the same kind of experi
ments cannot be performed for the sample polymerized at a high electric
field. Therefore in order to roughly estimate the final monomer con
version for these systems we have monitored the heat released during
non isothermal DSC runs for the mixtures recovered from the high field
dielectric investigations.
Fig. 3c shows DSC thermograms for the polymer samples obtained
after polymerizations in the presence/absence of static electric fields. As
can be seen, they are characterized by distinctly different glass transition
temperatures Tgs, namely 337 K for E = 160 kV/cm while 344 K for E =
0 kV/cm. A similar phenomenon has ever been reported by Warfield
et al. on the polymerization of a thermosetting polymer, that is, the
product polymerized at a field intensity of E = 16 kV/cm has a Tg value
of 396 K. In contrast, the polymer with a glass transition of Tg = 399 K is
obtained through polymerization of the same material in the absence of
an electric field [48]. What is more recorded thermograms clearly
revealed that there is only residual and comparable heat release during
non isothermal scans for DGEBA and aniline cured at E = 0 kV/cm and E
= 160 kV/cm. Therefore, based on that finding we assume that the
similar degree of monomer conversion (~97.4%) is also achieved when
the tested system is synthesized under high static fields. Keeping in mind
these results one can also comment on the lower glass transition of the
polymer obtained at a high electric field with respect to the material
produced at E = 0 kV/cm despite comparable monomer conversion. This
peculiarity may be related to the higher polymer branching which result
in lower Tg. To rationalize this supposition one should remind that in the
product of curing there are plenty of pendant hydroxyl units that are
capable to initialize ring-opening in DGEBA. Usually, this reaction oc
curs at a higher temperature, however this process can be accelerated by
pumping high energy through the high external electric field.

3.2. The confirmation of reagents structure exposed to electric field via
NMR measurements
As a subsequent part of our work, we set out to determine whether
the applied high electric field would in any way affects the changes in
reagents structures (e.g., induce the electrolysis). For that purpose, we
performed 1H NMR measurements for samples taken from polymeriza
tion mixtures at E = 0 kV/cm and E = 160 kV/cm, and results are pre
sented in Fig. 2a and b, respectively. As demonstrated in Fig. 2, similar
peaks related to DGEBA and formed polymer are visible in both cases
without the appearance of any new ones, indicating that the high elec
tric field does not change/degrade the reactant structure.

3.3.1. The analysis of the molecular weight and dispersity of epoxides
produced in the presence/absence of static electric field
Finally, we have aimed to get a better understanding of the effect of
the high electric field on the properties of the obtained materials i.e.,
molecular weight (Mn and Mw ) and the dispersity index (Ð). The results
of SEC-LALLS measurements are collected in Table 1. Please note that
SEC-LALLS combines response from the refractive index, light scat
tering, and viscosity detectors to get the most adequate molecular

Fig. 2. 1H NMR spectra taken from the polymerization mixture during DGEBA/
aniline polyaddition process (a): at the 0 kV/cm, and (b) at the 160 kV/cm.
5
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Fig. 3. Panel (a): Calorimetric data obtained upon the curing of DGEBA with aniline at T = 333 K for a period of t = 100 000 s. Panel (b): Thermogram collected on
heating of the sample that has experienced long-time polymerization in the DSC crucible at 333 K. Panel (c): DSC thermograms recorded upon heating polymer
products that are obtained during the dielectric measurements under the dc electric fields of E = 0 kV/cm and 160 kV/cm for the detection of glass transition
phenomena. In panels (b), and (c), the heating rate used for nonisothermal measurements is fixed to be 10 K/min.

polymerization time (100 000s) revealed a slight residual amount of
unreacted low-molecular weight DGEBA. It is worth emphasizing that
samples prepared under the high electric field show a much narrower
peak shape compared to those produced at E = 0 kV/cm(see Table 1).
Subsequently, we established the plots of number-average molecular
weight Mn and Ð as functions of the corresponding reaction time t when
using static electric fields of 0 kV/cm, 32 kV/cm, and 160 kV/cm upon
polymerization (see Fig. 5). As demonstrated in Fig. 5, under each
electric field condition, polymer products with higher Mn are obtained
with increasing the polymerization time. To our delight, the increase of
the dc field magnitude leads to polymer with drastically enhanced mo
lecular weight Mn within the same reaction time of 100 000 s.
Remarkably, Mn increases from 2.4 kg/mol to 30.0 kg/mol when the
field magnitude increases from E = 0 kV/cm to E = 160 kV/cm. Refer
ring in turn to dispersity values, it can be clearly seen that for samples
obtained at E = 0 kV/cm, their increase during the polymerization time
from 1.38 to 1.52 (see Fig. 5b). At the same time, greatly reduced Ð
values are noticed for the final products obtained in the presence of
static electric fields. For example, Ð are within the range of 1.17–1.27
when curing of DGEBA is carried out at a dc electric field of E = 160 kV/
cm.
Fig. 6 depicts the variations of Mn and Ð for the obtained polymer
materials as a function of the electric field magnitude. It is apparent that
with increasing the dc field magnitude DGEBA polyaddition results in
obtaining polymer materials with enhanced molecular weight and
noticeably reduced dispersity compared to the zero-field reference.
Here, it is of interest to mention a similar phenomenon in the study of
Zhong et al. on the electrochemical ring-opening polymerization of
enantiopure O-carboxy anhydrides with an electric current employed to
activate a Co/Zn catalytic system, allowing for the synthesis of isotactic
functionalized polyesters. Polymerization was incomplete in the absence
of a current, yielding the material of Mn 49.6 kg/mol and Ð ~1.21.
Whereas the application of a current in the same experimental condition
produced a polymer of high Mñ 103.5 kg/mol and low Đ of 1.06 [49]. It
is also worth emphasizing that, so far, few literature reports show very
high-molecular-weight epoxy resins based on DGEBA. Such epoxides of
Mn in the range of 8.0–33.3 kg/mol were cured in bulk or dilute

Table 1
Summary of number-average molecular weight Mn , weight-average molecular
weight Mw , and dispersity index Ð of the studied epoxy resin polymerized with
the use of amine under electric fields of E = 0 kV/cm, 32 kV/cm, and 160 kV/cm
as obtained after various reaction times t. The estimated dielectric conversion
relative to the reaction times are determined according to the time dependences
′
of εN in Fig. 1f and listed in the table.
Polymerization product
E (kV/
cm)

Reaction
Time t [s]

Dielectric
conversion [%]

0
0
0
32
160
160
160

35700
41800
100000
100000
46500
52600
100000

25
50
100
100
50
75
100

Mw
[kg/
mol]

Mn
[kg/
mol]

Dispersity
index
Ð

3.3
3.7
4.7
15.2
22.1
31.9
36.3

2.4
2.6
3.1
12.9
17.4
27.3
30.0

1.38
1.42
1.52
1.18
1.27
1.17
1.21

weight of polymers. SEC traces of polymers prepared after different
polymerization time at E = 0 kV/cm and E = 160 kV/cm are presented in
Fig. 4a and b, respectively. As shown in Fig. 4, in most cases, traces of
produced polymers reveal symmetric and monomodal shapes regardless
of the applied synthetic protocol (the absence/presence of the field). At
this place, it is interesting to note that the peak maximum for polymers
obtained at 0 kV/cm after 100 000 s (black line in Fig. 4a) is at ~10.5 mL
retention volume, whereas that for polymers obtained at 160 kV/cm
after 100 000 s (red line in Fig. 4b) is at ~10.8 mL retention volume.
Assuming linear polymer structure, this generally suggests that the
molecular weight of the latter should be lower than that of the former as
measured based on RID detector signals. This is in contrast to SEC-LALLS
results collected in Table 1. Higher molecular weights by SEC-LALLS
suggest that polymers obtained under a high electric field are highly
branched in comparison to zero-field. Interestingly, this corresponds to
lower values of the glass transition temperature for polymers produced
in the presence of a high electric field (as will be shown later). Reduced
Tg is also expected for branched polymer structures.
Also, the polymeric materials obtained after the longest
6
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Fig. 4. Panels (a) and (b): Normalized chromatograms from the refractive index detector of the polymer products obtained from the curing of DGEBA with aniline
after different reaction times under the electric fields of E = 0 kV/cm and 160 kV/cm.

Fig. 5. Plots of the number-average molecular weight Mn (a) and the dispersity Ð (b) of synthesized products as functions of the corresponding reaction time under
various electric field conditions. In each panel, the different colored ovals provide a guide to the possible evolution tendencies of the Mn and Ð parameters. The
arrows in panel (a) exhibit the increasing trend in molecular weight Mn with the increase of the applied dc electric field.

solutions using aliphatic or aromatic difunctional amines. Remarkably,
in all so far reported cases, products of curing epoxides resins allowed to
produce materials of Mn > 20.0 kg/mol and very high dispersity (Đ =
2.0–3.9) [50–54]. Such a scenario probably results from the difficulty of
obtaining epoxides with higher Mn (especially in dilute solutions) due to
the possibility of ongoing many side reactions e.g., formation of cyclic
oligomers or etherification when curing is conducted at high tempera
tures [50]. In this light, the methodology proposed and developed by us,
in which the high electric field supports DGEBA polymerization, makes
it possible to obtain unique epoxy resins with a very high molecular
weight and, at the same time, low dispersity.
It is not clear yet whether applying electric field upon polymerization
will always result in obtaining polymer materials with significantly

increased molecular weights and lower dispersity index (same as
observed upon high-pressure polymerization). For that, more studies are
needed on various polymerizable systems and reaction pathways. This
should help to elaborate the effect of a high electric field on different
polymerization mechanisms, such as step-growth vs chain-growth.
Nevertheless, current work provides strong evidence that it is possible
to control the polymerization progress and the properties of produced
material simply by changing only one external physical parameter, in
that case, the magnitude of the applied dc electric field. It is worth
mentioning that we have also carried out free-radical polymerization of
HEMA [55] and PMMA [56] supported by the external high electric
field. This synthesis strategy results in obtained polymers with reduced
molecular weight and low dispersity. We suppose that the high electric
7

W. Tu et al.

Polymer 254 (2022) 125085

Fig. 6. Plots of the number-average molecular weight Mn (a) and the dispersity Ð (b) of synthesized products as functions of the applied electric field E. In each panel,
the different colored ovals cover the Mn and Ð results achieved under the examined dc electric field conditions. The arrows in both panels show the trends in
evolutions of Mn and Ð along with the electric field intensity.

field promotes a particular alignment of the chain during polymeriza
tion, especially for highly polar monomer units [55,56]. Similar to the
conversion of ring-type to chain-type hydrogen-bonded structures in
monohydroxy alcohols [57].

tematic studies under different electric field conditions by combining
′
the dielectric and SEC techniques. According to the εN - t relations, we
repeated the stopped high field experiments after some selected reaction
times. To be specific, the reaction times of 35 700 s, 41 800 s, and 100
000 s, which correspond to the dielectric conversion of 25%, 50%, and
100%, were selected for the zero-field reference experiment. Mean
while, high-field polymerization were performed under the electric field
of E = 160 kV/cm with the reaction times of 46 500 s, 52 600 s, and 100
000 s selected, which corresponds to the completed reaction degrees of
50%, 75%, and 100%. The reaction time of 100 000 s was selected in the
experiment under the electric field of E = 32 kV/cm. From the subse
quent SEC measurements the acquire information on the molecular
weight and dispersity was achieved. As it turned out, increasing the field
amplitude brings about enhanced molecular weight and reduced dis
persity of the synthesized polymers.
Our study demonstrates the feasibility of applying electric fields to
achieve good control over a polymerization process. Although there is
still much to learn about the effect of the high electric field on poly
merization, it appears to be a topic of considerable attention. Electric
field as an external control variable promotes some favorable mono
mer’s orientation and alignment of the propagating polymer chains. This
gives the possibility of excluding side-reactions, improving chain-end
fidelity, thus, better control over polymer architecture and topology.
In this way, polymer materials of well-defined features can be produced
for specialized applications or functionality. From a much broader
perspective, the external electric field as a control variable seems to have
a great potential of promoting an entirely new mechanism and reaction
pathways unattainable otherwise, like in catalysis. It offers a number of
advantages, including simplicity, low costs, not as that rigorous reaction
conditions/environment, and more importantly, the possibility of being
easily adapted to a wide range of polymer designs. Nevertheless, further
research on more polymerizable systems with various reaction pathways
is on-demand for developing a general way in which suitable electric
field conditions are used to synthesize the polymers with specified
properties.

4. Conclusions
This study aims at exploring the effects of external electric fields on
the kinetics and resultant polymer properties of the ring-opening poly
merization of DGEBA with aniline. In this work, isothermal polymeri
zations were conducted at T = 333 K within a period of t = 100 000 s
under external electric fields E of 0 kV/cm, 32 kV/cm, and 160 kV/cm.
The dielectric technique provided us with the real-time monitoring of
the reaction progress in the absence and presence of static electric fields.
We have analyzed the dielectric spectra by employing a normalized
′
parameter εN calculated based on the static permittivity at the frequency
′
′
of f = 10 kHz in the dielectric ε spectra. The comparison of the εN - t
relations ascertained under three examined fields magnitudes showed
that the electric field of E = 160 kV/cm slows down the reaction process,
relative to the other two cases. In addition, a high degree of monomer
conversion (α ~97.4%) was testified in a complementary DSC mea
surement carried out at T = 333 K. In this study, we have assumed that
the polymerizations in the dielectric experiments carried out in the
presence of external electric fields also had such a high α value. Sub
sequently, we used DSC to measure the glass transition temperatures for
solidified polymer products that were obtained in long-time dielectric
experiments under electric fields of E = 0 kV/cm and 160 kV/cm. By
contrast, the addition of a high electric field brought a lower Tg to the
produced polymer, namely Tg = 344 K for E = 0 kV/cm while Tg = 337 K
for E = 160 kV/cm. This experimental finding may indicate that at a
high electric field more branched polymers (lower Tg) are produced as a
result of the chemical activity of side OH units that are capable to ringopening of DGEBA. As a consequence of that side chain may grow in a
direction perpendicular to the main backbone.
To check how the polymer product properties (molecular weight and
its dispersity) evolve as the reaction proceeds, we have conducted sys
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