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In this work, we developed a fast, highly efficient, and environmentally friendly catalytic system for classical free-
radical polymerization (FRP) utilizing a high-pressure (HP) approach. The application of HP for thermally-
induced, bulk FRP of 1-vinyl-2-pyrrolidone (VP) allowed to eliminate the current limitation of ambient-
pressure polymerization of ‘less-activated’” monomer (LAM), characterized by the lack of temporal control
yielding polymers of unacceptably large disperisites and poor result reproducibility. By a simple manipulation
of thermodynamic conditions (p = 125-500 MPa, T = 323-333 K) and reaction composition (two-
component system: monomer and low content of thermoinitiator) well-defined poly(1-vinyl-2-pyrrolidone)s
(PVP) in a wide range of molecular weights and low/moderate dispersities (M, = 16.2-280.5 kg mol™, B =
1.27-1.45) have been produced. We have found that HP can act as an ‘external’ controlling factor that
warrants the first-order polymerization kinetics for classical FRP, something that was possible so far only for
reversible deactivation radical polymerization (RDRP) systems. Importantly, our synthetic strategy adopted for
VP FRP enabled us to obtain polymers of very high M,, in a very short time-frame (0.5 h). It has also been
confirmed that VP bulk polymerization yields polymers with significantly lower glass transition temperatures
(Tg) and different solubility properties in comparison to macromolecules obtained during the solvent-assisted

rsc.li/rsc-advances reaction.

Introduction

Sustainability-related studies in the polymer chemistry field
have gained increasing attention and directed the main
research focus to the production of well-defined materials using
non-toxic solvents and catalytic systems. In fact, reversible
deactivation radical polymerization (RDRP) of ‘pseudo-living’/
controlled features allowed significant progress in the devel-
opment of novel ‘greenest’ polymerization strategies induced by
‘external’ stimuli (e.g., light, ultrasound)."* Of these methods,
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the light-mediated processes have become an interesting
alternative to thermally-induced ones, where the contribution
of metal-based compounds has been significantly reduced and
replaced by organocatalysts.** It needs to be stressed that both
photo-induced RDRPs namely Atom Transfer Radical Polymer-
ization (photo-ATRP)® and Reversible Addition-Fragmentation
Chain-transfer Polymerization (photo-RAFT)® gained a special
interest and became universal and robust methods to poly-
merize a broad range of functional monomers. However, the
main drawbacks of photo-RDRP strategies are related to the
long reaction time, the high risk of degradation of reagents
(during long-time irradiation), and, importantly, the difficult to
scale polymerization process. In addition, the utilization of
RDRP methods to polymerize several monomers, especially the
‘less-activated’” monomers (LAMs) (e.g., 1-vinyl-2-pyrrolidone
(VP), vinyl chloride) result in lack of temporal control, poor
system ‘livingness’ and production of polymers of broad
molecular weight distributions (dispersity, D).” Finally, due to
some thermodynamic and kinetic limitations of RDRP
approaches, the production of polymers of higher molecular
weight (M,,) and predetermined structural parameters (narrow
D) within a reasonable time-frame is still hardly possible. In this
context, novel synthetic strategies providing fast polymerization
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in environmentally friendly media (without the use of toxic
reagents) should be sought.

One of the ways to address these issues is moving towards
fast, highly efficient, and non-toxic strategy that uses a high-
pressure (HP) as an ‘external’ stimulus. This interesting
approach allows achieving control over polymerization due to
changes in the density, intermolecular interactions, or viscosity.
Since diffusivities are inversely proportional to the medium
viscosity, the rate of termination can be reduced in the
compressed systems. Importantly, the overall progress of poly-
merization also depends on the value of activation volume (AV),
which in the majority cases is negative. Thus, at some ther-
modynamic conditions, polymerization is favored and proceeds
much faster with respect to the reactions carried out at ambient
conditions.® Herein one can stress that such results were ob-
tained for the HP controlled ATRP,>'® RAFT"* and also
FRP.'*" Moreover, we have also applied high-pressure to
control, ‘pseudo-living’ RAFT polymerization of sterically
hindered imidazolium-based ionic liquids (IL) LAMs.'®* The
polymers produced in this way were characterized by tailored
properties and excellent group fidelity with a wide range of M,
(up 530 kg mol ) and narrow P ~ 1.10 that was not achievable
under ambient-pressure®® RAFT. Interestingly, we also proved
that by appropriate selection of pressure (p = 500-1200 MPa)
and system composition (a type of initiator, presence or absence
of solvent) control over classical thermally-induced FRP could
be achieved. Consequently, for FRP systems, the first-order
polymerization kinetics and linear evolutions of the M, with
conversion were observed. Therefore, it seems to be crucial to
see whether the application of high-pressure in the case of VP
(LAM precursor of materials of high industrial importance),
where conventional polymerization by RDRP fails, will be
successful. It is worthwhile to note that VP possesses several
structural limitations, including very high reactivity and high
chain-transfer constant to the monomer that prevents the
production of the well-defined poly(1-vinyl-2-pyrrolidone) (PVP)
in a wide range of M,, by RDRP. Besides, among them, RAFT is
the most effective VP polymerizing system.** However, it can be
stressed that despite the proper selection of chain transfer
agents (CTA, ie., xanthates and dithiocarbamates), reactions
were poorly controlled, especially at higher monomer
consumptions. As a consequence, PVP characterized by both
moderate M, and D (M, = 6.4-53.0 kg mol; ® = 1.13-2.30) have
been obtained.?

In this work, we proposed a fast and versatile methodology
for HP thermally-initiated FRP of VP (see Fig. 1S in the ESL}
Scheme 1). Our motivation was to develop the most straight-
forward and ‘greenest’ FRP strategy involving the use of only
the monomer and thermoinitiator (of very low concentration,
0.01-0.15 wt%), allowing to maintain high control and effi-
ciency of the process. The rate of polymerization was modulated
by using a different initial concentration of thermoinitiator
or varying thermodynamical parameters (p = 125-500 MPa,
T = 323-333 K). We have found that well-defined PVP homo-
polymers in a wide range of molecular weight (M, = 16.2-280.5
kg mol ', P = 1.27-1.45) could be prepared even within 0.5 h.
Additionally, also comprehensive thermodynamical and
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rheological measurements were performed on the selected
synthesized system, and obtained results were compared to the
ones measured for the commercially available samples. The
characteristic of commercially supplied PVPs is presented in the
ESL{ It can be stressed that although, at first sight, the appli-
cation of HP seems to be a highly energy consuming process,
recently published reports indicated that is not true, and the
energy is consumed mostly during the compression stage.”® One
can also notice that in industry pressure up to p = 1000 MPa is
routinely used to preserve food.

Results and discussion
VP polymerization at ambient- and elevated-pressures

A successful synthesis of well-defined PVP via HP FRP is strongly
related to the appropriate selection of polymerization conditions.
Lack of solvent, one type of initiator, low initiator concentration
(0.15 wt%, 0.10 wt% and 0.01 wt% in respect to VP), variation in
temperature (T = 323-343 K) and pressure (p = 125-500 MPa)
have been proposed to minimize/eliminate the occurrence of the
side reactions (e.g., chain transfer) and bimolecular termination
characteristic for ambient-pressure systems.

In preliminary experiments, ambient-pressure FRP of VP at
T = 333 K with the presence of 0.10 and 0.15 wt% of AIBN were
carried out. A kinetic study was performed by taking an aliquot
of the reaction mixture at the required time point and con-
ducting the "H NMR (see Fig. 25, ESIT) and SEC analysis. Note
that the "H and "*C NMR spectra of PVP, as well as SEC traces
for polymers produced by both studied systems (ambient- and
high-pressure), are collected in the ESIL.f The data for the
homopolymerization of VP performed at ambient-pressure are
collected in Table 1. Fig. 1a and b show plots of In([M]./[M],)
versus time and molar masses M, as well as plots of dispersity
indices P against monomer conversion, respectively. As shown
in Fig. 1a, polymerizations showed a similar course irrespective
of the initial AIBN concentration. For the first 2 hours, the
In([M]/[M]o) slop increased linearly, and then, the negative
curvature of the kinetic plot was noted, indicating the domi-
nation of the chain transfer side reactions and chain termina-
tion process. Consequently, polymerizations had stopped at
around 30% and 40% monomer consumption for 0.10 wt% and
0.15 wt% initial AIBN content, respectively.

Fig. 1b demonstrates the typical dependencies of increasing
M,, with the VP conversion for the uncontrolled FRP. The ob-
tained polymers were characterized by M, in the range of 72.2—
144.4 kg mol " and as expected by high dispersities (P = 1.72-
2.21). Such results indicated the lack of control over the chain-
ends. One can note that our results are in good agreement with
other data regarding conventional FRP of VP performed in bulk,
an aqueous solution, or in organic solvents at atmospheric
pressure conditions. A few examples of VP FRP, yielded PVP
with relatively high molecular weight (M,, = 2.5-164.0 kg mol %)
and the high dispersity (D = 1.80-4.79).>**’

In this context, the application of elevated pressure as
‘external’ reaction force and controlling factor seems to be an
excellent alternative to the current ambient pressure strategies.
In order to find the optimal conditions for HP VP

This journal is © The Royal Society of Chemistry 2020
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Scheme 1 Synthetic route to produce well-defined PVPs under elevated-pressure.

polymerization including acceleration of the process and gain-
ing the control over the reaction, we have studied systems of the
same content of AIBN (0.15 wt% and 0.10 wt% of AIBN) as in the
case of synthesis carried out at p = 0.1 MPa also at different
pressures (p = 125, 250, 500 MPa). Our preliminary measure-
ments indicated that p = 250 MPa and T = 333 K are the most
optimal conditions for VP polymerization. Besides, we also
carried out reactions with very low AIBN concentration
(0.01 wt%) to study the catalytic effect of the system's
compression. The high-pressure polymerizations were con-
ducted with the reaction time from 0.5 h up to 120 h depending
on the initiator concentration (see Table 2). Note that the
limiting value of conversion of VP for bulk processes vary
between 60-70%. These values were reached after 5 h and 8 h
for reactions with 0.15 wt% and 0.10 wt% AIBN respectively.
However, the polymerization performed with the lowest AIBN
content has stopped at ~28% VP consumption.

As can be seen from the data presented in Fig. 2a and b, HP
FRP of VP shows first-order kinetic plots as In([M]/[M],) increased
linearly with a conversion for 0.15 wt% and 0.10 wt% AIBN
concentration. Consequently, PVPs of M;, = 37.2-231.6 kg mol "
(P = 1.27-1.54) and M,, = 66.2-246.6 kg mol * (P = 1.48-1.54) for
systems with 0.15 wt% AIBN and 0.10 wt% have been obtained,
respectively. Interestingly, the system with the lowest AIBN
content showed negative curvature in the kinetic plot indicating

the occurrence of the termination process (Fig. 2c). Taking into
account very high M, = 220-280.5 kg mol " and low/moderate
dispersities (D ~ 1.4) of produced in that way PVPs, we assume
that too high system viscosity contributed to the end of this
process rather than bimolecular termination. Fig. 3 presents the
M,, and P of PVPs as a function of conversion. From the systems
studied so far, the FRP with 0.10 wt% AIBN showed a linear
relationship of M,, vs. conversion. It is worthwhile to mention that
presented herein pressure-controlled strategy enabled us to
produce PVP of very high M, ~ 200 kg mol *, relatively narrow
dispersity (up to D ~ 1.40) within a very short reaction time (2 h,
see example 1b in Table 2). On the other hand, PVPs obtained at
ambient-pressure were characterized by much lower M,, (~100 kg
mol ") and significantly broader dispersity indices (P = 1.70-
2.21).

Also, from the SEC chromatograms (see Fig. 4), it can be seen
that there is a huge difference in M,, and P values of the polymer
produced via HP FRP and commercially available ones. The SEC
trace of PVP obtained via high-pressure FRP revealed mono-
modal and symmetric shape indicating good control over the
polymer characteristics. On the other hand, samples prepared
via ambient-pressure FRP or commercial possessed
unsymmetrical/bimodal shapes of SEC traces (see Fig. 5S in the
ESIY).

Table 1 FRP of VP performed at ambient pressure with 0.15 wt% of AIBN initial content

Ambient-pressure polymerization of VP

0.15 wt% of AIBN

0.10 wt% of AIBN

No. Time [h] Conv.” [%] M," [kg mol™"] pb No. Time [h] Conv.” [%] M,” [kg mol "] pb

Ia 0.5 0.09 72.5 1.87 IIa 0.5 0.06 88.9 1.96
1b 1 0.17 97.9 1.70 IIb 1 0.15 130.1 1.61
Ic 2 0.41 111.2 1.72 IIc 2 0.31 144.3 1.61
1d 3 0.43 109.4 1.78 1d 3 0.35 136.8 1.70
Ie 4 0.44 108.9 2.21 Ile 4 0.36 144.4 1.64

“ Estimated by "H NMR (600 MHz, CDCl;). ° Estimated by SEC (DMF + 10 mM LiBr).

This journal is © The Royal Society of Chemistry 2020
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(a) Pseudo-first-order kinetic plot versus conversion for FRP of VP performed at varied AIBN initial content, at ambient-pressure; (b)

Dependence of M,, vs. conversion and D vs. conversion of PVP produced at ambient-pressure.

To further investigate the impact of different temperature
and pressure on the polymerization rate and properties of
produced polymers, additional short-term reactions (0.5 h) for
a selected system with 0.10 wt% AIBN were carried out (see
Table 3). Reactions performed at T = +10 higher (T = 343 K),
and p = 125 MPa allowed to obtain PVP with a very high M, =
230.4 kg mol™" and moderate dispersity P = 1.55 (65% VP
conversion). On the other hand, lowering the temperature to T
= 323 K and compression to p = 500 MPa resulted in a low VP
conversion after 0.5 hours (4%) and production of well-defined
polymer with a low M, = 16.2 kg mol™' (P = 1.38). Thus,
collected data showed that we could modulate the reaction rate
and molecular weight of polymers by changing both the ther-
modynamic parameters (p, 7) or the concentration of the
thermoinitiator.

Concluding this stage of our investigations, we found that
the FRP process performed at ambient pressure proceeded with
the uncontrolled path at the beginning of polymerization (fast
termination, bimodal SEC traces of PVP samples). On the other

hand, the high-pressure VP polymerization revealed the
controlled nature of the reaction up to the end of the process.
For HP systems, we observed a decrease in the termination rate
(diffusion-controlled process) that resulted from the increase in
system viscosity. Importantly, transfer reactions have a negative
value of AV. Therefore, the pressure should have an increasing
effect on the rate of these reactions. However, the proper
selection of reaction conditions (lack of solvent) allowed to gain
control over the FRP path and significantly reduce the transfer
reactions and the biomolecular termination.

Thermal, rheological and solubility properties of synthesized
PVPs

As a final point of our investigations, we characterized the
dynamical and rheological properties of both produced and
commercial PVPs with the use of DSC and rheological
measurements. To compare properties between PVP samples
one of the synthesized polymer (i.e., sample 2c presented in
Table 2, M,, = 246.4 kg mol ', P = 1.46) and two commercially

Table 2 FRP of VP performed at 250 MPa with varied initial content of AIBN (0.15-0.01 wt%)

High-pressure polymerization of VP (250 MPa)

0.15 wt% AIBN 0.10 wt% AIBN

0.01 wt% AIBN

M, M,P M,P
No. Time[h] Conv.”[%] [kgmol '] P’ No. Time[h] Conv.”[%] [kgmol '] P’ No. Time[h] Conv.”[%] [kgmol '] P’
la 0.5 0.23 37.2 1.27 2a 0.5 0.16 66.2 1.48 3a 22 0.17 91.1 1.47
ib 2 0.42 209.5 140 2b 2 0.39 199.9 1.54 3b 48 0.28 253.7 1.54
1c 5 0.64 231.6 1.54 2c 8 0.63 246.6 1.45 3c 120 0.29 280.5 1.45

“ Estimated by "H NMR (600 MHz, CDCl;). ° Estimated by SEC (DMF + 10 mM LiBr).
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Fig. 5a, ¢ and e present the mechanical storage (G') and loss
(G") modulus spectra of the measured polymers, which were
obtained from the oscillation frequency sweep tests performed

at different temperatures (426-452 K, 437-449 and 450-458 K
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Fig. 3 Dependence of M,, vs. conversion and D vs. conversion of PVP produced at varied AIBN concentration at 250 MPa.
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Fig. 4 (a) SEC chromatograms of PVP produced under HP FRP
(sample 2¢) and commercially available samples C2 (PVP K90) and C1
(PVP K30); DMF+10 mM LiBr.

Table 3 FRP of VP performed within 0.10 wt% of AIBN at varied
thermodynamic conditions

No. Time[h] T[K] p[MPa] Conv.”[%] M,’[kgmol™'] B’

I 0.5 343 125 0.65 230.4 1.55
I 333 250 0.16 66.2 1.48
II1 323 500 0.05 16.2 1.38
v 333 0.1 0.06 88.9 1.96

@ Estimated by 'H NMR (600 MHz, CDCl;). ? Estimated by SEC
(DMF+10 mM LiBr).

for 2¢, C1, C2, respectively). To better visualize the obtained
data, the master curve was constructed for each sample using
the time-temperature superposition (TTS) (see Fig. 5b, c and d).
As a reference temperature (Tyr) we have chosen T at which G’
and G” intersect at w = 14 rad s~'. As can be seen, the
mechanical response of the synthesized PVP polymer is more
like commercial C2 sample. Both these samples exhibit (i) the
glassy plateau (high frequency) (ii) three decades long transition
regime (intermediate frequency) and (iii) the entanglement
regime, also called rubbery plateau (low frequency). In the
glassy and rubbery regime, G' (storage or elastic moduli)
surpasses G’ (loss or viscous moduli) exhibiting a typical solid-
like rheological behaviour. On the other hand, in the transition
regime, the samples show a fluid-like behaviour since G” > G'.**
Intersections of the master curves of the G’ and G” delineate the
boundaries between these regimes and correspond to the two
important relaxation times.* First, marked as T4y, is the
relaxation time of one segment of the equivalent freely jointed
chain, while the second is Rouse relaxation time of chain
segments between entanglements (t.). The segmental relaxa-
tion times of the investigated polymers were estimated from the
frequency of the crossover point of G’ and G” by employing the
following relation Tsey = 1/fcross- The temperature dependence of
Tgeg Obtained in this way is displayed in Fig. 6a. Since the 7,4(T)
usually follow the Vogel-Fulcher-Tammann (VFT) equation,****
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we employed it to parametrized the obtained temperature
dependences. The empirical VFT is expressed as follows:**~**

log,g7(T) = log)g7 + 1)

T—T,
where T, is the so-called Vogel temperature, B = DT,, and 1,
provides the high temperature limit of the relaxation time.

The solid lines in Fig. 6a correspond to VFT fits. From the
extrapolation of the fits to temperatures at which 74, = 100 s,
the glass transition temperatures of the examined polymers
were estimated to be 419, 431 and 449 K for sample ‘2¢’, C1 and
C2, respectively. It is worth mentioning that these values are in
good agreement with the T,s obtained from the DSC measure-
ment - see the DSC thermograms presented in Fig. 6b-d.
Literature data reported that T, of PVP increases with the
molecular weight towards a limiting value (of 453 K) according
to the Fox-Flory relation.*® Besides, T, values decrease with
a decrease in viscosity average molecular weight.?® Surprisingly,
comparing examined T, values, we found that synthesized
herein PVP sample of M, ~ 246 kg mol " (2c) presents much
lower T, with respect to the commercial ones (C1, M,, ~ 30 kg
mol ', and C2, M,, ~ 108.6 kg mol ). Such a scenario might be
a result of reaction conditions in which the polymer was
synthesized. Note that commercial samples were produced
using solvent polymerization, whereas our samples from the
monomer alone. As reported, PVPs prepared by y-irradiation
and thermal-decomposition of the initiator with the presence of
water or aqueous solution have a much higher 7, than the ones
produced in bulk (449 K vs. 405 K for y-irradiation; 440 K vs. 386
K for thermal-decomposition of AIBN). Explanations of this
phenomena should be sought in strong interactions between
monomer and water molecule or other polar solvent forming
both dipole and hydrogen bonds during polymerization.
Another possible elucidation is related to the residual monomer
that fails to polymerize in the glassy state and decreases the T,
value. However, in our case, each reaction mixture was purified
by the highly-efficient ultrafiltration method following by
precipitation, which allowed for the separation of the unreacted
monomer from the reaction, mixture which was confirmed by
'H NMR measurements. Therefore, we assume that the main
factor affecting the T, value of produced PVP is connected to the
condition applied for the polymerization (bulk polymerization).
Interestingly, synthesized herein PVPs were characterized by
different solubility properties than commercially supplied. It is
well-known that PVP is soluble in water and other organic
solvents, including alcohols (i.e., methanol, ethanol), and some
chlorinated compounds such as chloroform or methylene
chloride. On the other hand, it is essentially insoluble in
hydrocarbons, ethers, ketones (i.e., acetone), and esters. Note
that PVP produced with the lack of solvent (water) can also be
dissolved in acetone, toluene or xylene. In our case, the main
difference was in the solubility of synthesized polymers in
acetone (see Table 1S in the ESIT). Nevertheless, our results are
consistent with literature data showing the significant impact of
the polymer production method on its thermomechanical and
solubility properties.®®

This journal is © The Royal Society of Chemistry 2020
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Of Tret = T(Tcross = 1.4 rad s73).

It should also be stressed that strategy proposed in this
paper allowed us to obtain PVP homopolymers with a strictly
defined M, within the range of 16.2-280.5 kg mol ', which
makes it very promising considering great flexibility of these
macromolecules across multiple applications. Note that PVP
homopolymers, due to their unique combination of properties,
i.e. good solubility in water and many organic solvents, chem-
ical stability, biocompatibility, non-toxicity, and affinity to
complex both hydrophobic and hydrophilic substances, are
widely used for designing materials for different applications.
One should mention the pharmaceutical industry and medi-
cine, optical and electrical applications, adhesives, coatings and
inks, agriculture, membranes, fibres and textiles.*” Among so
many, the biomedical and pharmaceutical applications are
particularly the most important. In fact, PVP is one of the best

This journal is © The Royal Society of Chemistry 2020

additives and pore-former agents in ultra-,*®* macro-,** micro-
and nanofiltration®* membrane fabrication for biomedical
applications, e.g. hemodialysis** or drug release-controlling
membranes.* As polybase it can form interpolymer complexes
(IPC) with polyacids. Keeping in mind that this complexation
process is strongly dependent on the pH, these pH-sensitive
materials were designed for biomedical applications, e.g. pH-
controlled drug delivery.*® For the latter use, the PVP with low
molecular weight is desirable since it forms complexes with
both low molecular weight compounds and polymers, making
insoluble substances soluble simultaneously improving their
biocompatibility.*® On the other hand, PVP of high molecular
weight (higher than M,, ~ 300 kg mol ") are less suitable for
biomedical application, because they have a high viscosity in
water and therefore dissolve too slowly, delaying dissolution of

RSC Adv, 2020, 10, 21593-21601 | 21599
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the active substance.** Nevertheless, these materials are often
used commercially for the clarification of beverages such as
beer, vinegar, and grape wine.*” High molecular weight PVPs are
also used as protective colloids and particle size regulators for
suspension polymerization of styrene, vinyl acetate, and vinyl
chloride.

Conclusions

In conclusion, the FRP of LAM monomer, VP, has been per-
formed under high-pressure conditions (p = 125-500 MPa),
extending the pool of ‘green’, solvent- and metal-free synthetic
strategy of highly pure PVP. Our results demonstrated that
a careful selection of conditions (a type of initiator, low initiator
concentration, lack of solvent, pressure, temperature) is crucial
for achieving PVP of well-defined structural parameters in
a short reaction time-frame (0.5-2 h). Depending on the reac-
tion conditions, well-defined polymers in a wide range of M,, =
16.2-280.5 kg mol™" and the relatively low dispersities (P =
1.27-1.55) have been obtained. Note that produced PVP has the
lowest dispersity values reported to date for FRP. We founded
that HP acts as an ‘external’ controlling factor that provides the
first-order polymerization kinetics for classical FRP, something
that was possible so far only for RDRP systems. It was also
confirmed that the method of polymer preparation strongly
affects its physicochemical properties, including T, and solu-
bility. We also found that similar mechanical properties char-
acterize PVP of low dispersity indices (produced herein) to that
available commercially that are being sold as products of much
higher dispersity. Note that the proposed PVP synthetic strategy

21600 | RSC Adv, 2020, 10, 21593-21601

is fully compatible with the current industrial polymerization
possibilities. In this context, one can remind about high-
pressure cells of large capacity that are used for the food
pasteurization process (p = 1 GPa). We believe that presented
herein the novel synthetic methodology opens an alternative
tool of preparation of well-defined PVP of high purity using the
‘greenest’ synthetic strategy to date.
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