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The alkoxy radical polymerization of N-
vinylpyrrolidone in organic solvents: theoretical
insight into the mechanism and kineticst
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Poly(N-vinylpyrrolidone) (PVP) is a polymer with many applications in cosmetic, pharmaceutical, and
biomedical formulations due to its minimal toxicity. PVP can be synthesized through radical
polymerization in organic solvents; this well-known industrial process is thoroughly characterized
experimentally, however, quantum chemical modeling of the process is scarce: the mechanism and
kinetics have not been thoroughly investigated yet. In this work, the mechanism and kinetics of the
alkoxy radical polymerization of N-vinylpyrrolidone in organic solvents, namely isopropanol (IP) and
toluene (TL), were successfully modeled by computational chemistry. The initiator radicals di-tert-butyl
peroxide (TBO®) and dicumyl peroxide (CMO’) as well as the solvents isopropanol and toluene, were

shown to be capable of assisting in the initiation reactions. The rate constant was influenced by the
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Accepted 31st July 2023 combination of initiators and solvent and the values of the rate constant of propagation were

approximately 101-10° M~* s™%. The radical polymerization of NVP with dicumyl peroxide as an initiator

DOI: 10.1039/d3ra03520c was comparable to that of di-tert-butyl peroxide in all of the examined organic solvents, whereas the
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1. Introduction

In cosmetic, pharmaceutical, and biomedical formulations,
poly(N-vinylpyrrolidone) (PVP) is frequently used because of its
biocompatibility, biodegradability, potent complexing ability,
and superior film-forming qualities.” It is a nonionic, amor-
phous polymer that is soluble in both organic solvents and
water.>* In medical formulations, it can be found in a wide
range of granules, tablets, soft gelatin capsules, hydrogels,
films, palettes, and other medical device coatings.”
N-Vinylpyrrolidone (NVP, Fig. 1) is typically polymerized in
an aqueous solution with hydrogen peroxide as initiator, or in
organic solvents such as isopropanol (IP) or toluene (TL) with
organic peroxides such as di-tert-butyl peroxide (TBO), or
dicumyl peroxide (CMO), as initiators (Fig. 1).*® The radicals in
the organic solvent, such as alcohols or toluene, act as the
reaction’s initiators when polymerization is carried out with
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organic peroxides like (TBO), or (CMO),. It was discovered that
the PVP made in organic solutions was more stable, and no
pyrrolidone impurity production was seen, unlike when poly-
merization was carried out in aqueous solvents with H,O, as an
initiator.” The polymerization of NVP in polar media by radicals
i.e. HO® garnered some attention in the literature,”'® where the
mechanism and kinetics have been investigated.'>'>'® However,
the alkoxy radical polymerization in organic solvents was not
studied with the same fervor, despite of the fact that the PVP
made in organic solutions was more stable and no pyrrolidone
impurity production was seen.*®

In the field of radical reactions and polymerizations, the in
silico approach has gained popularity recently as a technique for
analyzing the kinetics and mechanism of radical processes.
While using the least amount of resources and time possible,
new techniques and procedures create dependable data.'”° In
this study, we use a well-established method based on quantum
chemistry,'**"** to investigate the alkoxy radical (TBO' and
CMO’) polymerization of N-vinylpyrrolidone in IP and TL.

2. Computational details

The kinetic calculations were performed using the quantum
mechanics-based test for the overall free radical scavenging
activity (QM-ORSA) technique,® which is directly applicable
given the chemical analogy between all radical reactions.'”»**3*

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Structure and numbering of NVP, (TBO),, (CMO),, IP and TL.

ROOR — > 2RO (5)
RO + IP-HTL-H —» ROH + IP/TL (6)
Ry, + NVP-H —>  RH + NVP )
R; + NVP-H — »  [Ry-NVP-HJ (8)
RO + TL-H ——>  [RO-TL-H[ 9)

Fig. 2 The initiation reaction of the TBO*/CMO" in isopropanol (IP)
and toluene (TL) (R:TB, CM; R,":TBO°, CMO", IP’, TL").

The rate constant (k) was determined by applying eqn (1) to
the 1 M standard state at 298.15 K and the transition state
theory (TST).>*°

k = a2 Te-(a07) [r (1)
h
where ¢ is the reaction symmetry number,*>** k stands for
tunneling corrections that were calculated using Eckart
barrier,* kg is the Boltzmann constant, % is the Planck constant
and AG™ is Gibbs free energy of activation.

Those rate constants near the diffusion limit were modified.*
To obtain the apparent rate constants (k,pp) for an irreversible
bimolecular diffusion-controlled reaction in solvents at 298.15 K,
the Collins-Kimball theory*® and the literature were consulted to
determine the steady-state Smoluchowski rate constant (kp).*>*

kTSTkD

Sy @)

kp = 4TtRAgDABNA 3)

Dyg = Dj + Dg, where D, or Dg is the mutual diffusion
coefficient of A and B as calculated using the Stokes-Einstein
formulation (4).****7

kgT

Dpoorp = ——M 4
Aor® 67T7IaA or B ( )
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71 is the viscosity of the solvents and a is the radius of the
solute that was obtained in Gaussian calculations. The viscosity
of isopropanol is 20.4 x 10~* Pa s and that of toluene is 5.60 x
10~* Pa s. Identifiable transition states had a single imaginary
frequency. To ensure that each transition state is accurately
associated with the pre- and post-complexes, calculations with
intrinsic coordinates were conducted.

All computations for this investigation were performed
utilizing the M06-2X/6-311++G(d,p) method from the Gaussian 16
software package.*® This model chemistry yields the most precise
thermodynamics and kinetics outcomes.* It is frequently used
to assess the radical reactions with small errors in comparison to
experimental data (keaie/kexp ratio = 0.2-2.9).1%33%38543 The SMD
method was used to model the effects of isopropanol and
toluene.”” AIM2000 software was used to conduct atom-in-
molecule (AIM) analysis at the M06-2X/6-311++G(d,p) level.”®*®

3. Results and discussion

3.1 Initiation reactions of TBO’/CMO’ in the organic
solvents

To investigate the initiation reaction of the polymerization
utilizing organic peroxides such as di-tert-butyl peroxide

Table 1 The calculated values of the AG® for the IP/TL + TBO*/CMO*
reactions in the IP and TL

Solvents Mechanisms Positions TBO' CMO’
P FHT C1-H —5.2 —5.4
C2-H —13.8 —14.0
0O2-H —0.8 —-1.0
TL FHT C7-H —13.0 —13.4
RAF C1 11.3 12.6
C2 10.9 12.2
C3 9.4 10.5
C4 8.5 9.4
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Table2 Calculated AG™ (kcal mol™), tunneling corrections (k), rate constants (Kapp, Kr. and Koverau M~ts7Y) and branching ratios (I',%) for the IP/

TL + TBO'/CMO® reactions®

TBO' CMO'
Solvents Mechanisms AG™ K Kapp r AG™ K Kapp r
P FHT C1-H 16.7 13.0 2.70 x 102 1.2 15.2 8.4 2.10 x 10° 2.7
C2-H 11.9 2.0 2.30 x 10* 98.5 10.9 1.3 7.60 x 10* 96.8
02-H 18.3 361.9 8.00 x 10" 0.3 16.7 107.9 3.90 x 10? 0.5
Koverall 2.34 x 10* 7.85 x 10*
TL FHT C7-H 14.7 8.0 8.90 x 10> 16.4 7.5 4.60 x 10"

“ koverall = Zkapp; Ir= kapp X 100/koverall

((TBO),) or dicumyl peroxide ((CMO),) in organic solvents such
as IP, or TL, all potential radical reactions could occur following
the reactions 5-9 (Fig. 2). The alkoxy radicals are formed by
heating peroxides in accordance with reaction 5, while the
TBO’, CMO’ radicals can react with solvents or NVP at possible
reactions, i.e. the formal hydrogen transfer (FHT, reactions 6, 7,
and Table 1) and the radical adduct formation (RAF, reaction 8,
9 and Table 1). As shown in Table 1, the FHT mechanism for the
IP/TL + TBO'/CMO'" reactions is thermodynamically sponta-

neous (AG® = —14.0 to —0.8 kcal mol '), whereas the RAF
v=-1525.14 v=—1444.01
D~
> 1.290
£1.239
e J
X J{'
J
9
IP-C1-H-OTB-IP IP-C1-H-OCM-IP
v=-2319.75 v=-252942
9.
J
1.169

IP-O2-H-OTB-IP IP-O2-H-OCM-IP

mechanism is thermodynamically nonspontaneous (AG° > 0)
for all of the studied solvents and radicals. Thus the kinetics of
the IP/TL + TBO’/CMO'" reactions were computed and presented
in Table 2 and Fig. 3.

As shown in Table 2, the H-abstraction at the C2-H bond
defined the IP + TBO'/CMO’ reactions with the k,p, = 2.30 x 10*
(I' = 98.5%) and 7.60 x 10* (I' = 96.8%) M~ s~ for the TBO"
and CMO’ radicals, respectively, whereas the FHT reaction of
the O2-H bond contributed only 0.3-0.5% in the overall rate
constant. Thus the IP-C2°, which was formed by reaction 6 in

v=—846.20 v=-91252
Y 2
2. 2
% &,
P9 1486 14495 9.
A AQ1.176 1 178‘.D 765 Jj

IP-C2-H-OTB-IP IP-C2-H-OCM-IP

v=—1474.65 v=-1466.32
9 o 2
9 ; ‘ . 9
&;;“ e Y
50 5 13449 &9

1.21%3)177.2
>

VP

9
TL-C7-H-OCM-TL

TL-C7-H-OTB-TL

0

Cc

Fig. 3 The transition states of the reactions.
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Table 3 Calculated AG™ (kcal mol™), tunneling corrections (x), rate
constants (Kapp, kr. and koveras M™* s7%) and branching ratios (I',%) for
the NVP + [P-C2°/TL-C7°/TBO’/CMO" reactions in the organic

solvents
RAD/Sol. Mechanism AGT Kapp r
IP-C2°/IP FHT C3-H 17.7 8.1 5.70 0.1
C4-H 232 22.0 1.40 x 10°° 0.0
C5-H  20.8 21.0  7.00 x 1072 0.0
RAF  Cé6 35.2 1.0 1.10 x 107 0.0
Cc7 12.4 1.2 6.20 x 10° 99.9
Koverall 6.21 x 10°
TL-C7'/TL FHT C3-H  24.6 16.0  9.10 x 10° 0.0
C4-H  26.2 21.0 8.80 x 10°° 0.0
C5-H 224 18.0  4.10 x 10°° 0.1
RAF  Cé6 22.2 1.7 6.20 x 107* 0.0
Cc7 16.7 1.4 4.50 99.9
koverall 4.50
TBO'/IP RAF  C7 11.4 1.1 3.10 x 10*
CMO'/IP 9.7 1.0 5.20 x 10°
TBO'/TL 12.7 1.2 3.40 x 10°
CMO’/TL 10.5 1.1 1.50 x 10°

the IP solvent, is the main radical for the following reactions
(i.e. 7 and 8). At the same time, the H-abstraction at the C7-H
characterized the TL + TBO'/CMO'" reactions and formed the TL-

View Article Online
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C7' radical with k,p, = 8.90 x 10> and 4.60 x 10' M~ ' s~ " for the
TBO® and CMO’ radicals, respectively, however, these are slower
than the IP + TBO’/CMO' reactions. Thus in the IP solution, the
NVP can react with three main radicals including IP-C2°, TBO®
and CMO’, whereas in the TL solvent, the IP-C2" is replaced by
the TL-C7" radical.

To gain insight into the structure of the TSs, the AIM analysis
was used to measure the intermolecular contacts (Table S1,
Fig. S2, ESIT). It was found that the TS-IP-C2-H-OTB/OCM-IP are
stabilized by intermolecular contacts at the H5---C2, H5---O13,
(TBO)H3---02, (TBO)H3---H1, (TBO)H1---C1, (CMO)H1---02,
(CMO)C4---H1 and ring critical points (RCPs) at RCP1, RCP2
and RCP3, whereas those of the C1-H are only defined by
intermolecular contacts H7---C1, H7---O13, (CMO)C6---H1 and
RCP1, RCP2. Intermolecular contacts and RCPs define the
stability of TSs of the TS-IP-O2-H-OTB/OCM-IP; however, the Ey;_
p(02-H12)  values  (Eyp(O2-H12) =  —87.5 and
—90.3 keal mol ™) are significantly lower than the Ey_g(C2-H5)
values (Ey_p(C2-H5) = —69.3 and —69.9 kcal mol ™). Therefore,
the O2-H12 bond may be more difficult to break than the C2-
H5 bond when forming the products. This may account for the
high stability of TS-IP-C2-H-OTB/OCM-IP and the rapid H-
abstraction at the C2-H bond. At the TSs of TL-C7-H + OTB/
OCM reactions, the O16-H13 bond at the TS-TL-C7-H-OTB is

v=- 44417 = _542.77 v =—400.88 (TL) v=-354.70 (TL)
2 - 358.45 (IP) o~ 328615(P)
4 >3 P9
; J ? 2.106 (TL) J
2200 9 2157(P)
L < 9 @234
ﬁ):‘?%/} ° Jd . 2.181(IP)
N 3 '
9 ) 3
IP-C2-C7-NVP TL-C7-C7-NVP TBO-C7-NVP cmo-c7-Nvp 9
v=—474.34 v=-1470.78 (TL) —_ 468.42 (TL) 45386
—473.39 (IP) 47131 (P)
.
i 9
’};} . 3
2 9 \ 2.258

Ay

TBO-C7-NVP-C7-NVP

9
2.256 (TL)
d 2255 (IP)

IP-C2-C7-NVP-C7-NVP

v =-402.49

A
2.270; ,
/ J

v=-439.63 (TL)
- 431.63 (IP)

TL-C7-(C7-NVP),

Fig. 4 Selected transition states of the reactions.
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Table 4 Calculated AG™ (kcal mol™), tunneling corrections (x), rate
constants (k,, M™! s™) the propagation reaction

Reactions Solvents AG”™ « kp

IP-C2-C7-NVP' + NVP P 134 1.2 1.20 x 10°
TL-C7-C7-NVP’ + NVP TL 124 1.2 6.10 x 10°
TBO-C7-NVP' + NVP P 13.0 1.2 210 x 10°
CMO-C7-NVP" + NVP 155 1.2 3.30 x 10"
TBO-C7-NVP' + NVP TL 13.5 1.2 1.10 x 10°
CMO-C7-NVP" + NVP 15.7 1.2 2.50 x 10"
IP-C2-C7-NVP-C7-NVP’ + NVP  IP 16.1 1.2 1.18 x 10"
TL-C7-C7-NVP-C7-NVP' + NVP  TL 13.7 1.2 6.75 x 10°
TBO-C7-NVP-C7-NVP" + NVP P 126 1.1 3.96 x 10°
CMO-C7-NVP-C7-NVP" + NVP 144 1.0 1.73 x 10*
TBO-C7-MVP-C7-NVP' + NVP  TL 13.9 1.2  4.82 x 10°
CMO-C7-NVP-C7-NVP' + NVP 13.7 1.0 5.63 x 10°

more stable than that at the TS-TL-C7-H-OCM, which can lead to
rapid H-abstraction by the TBO radical.

The reaction of NVP with alkyl radicals i.e. IP-C2°/TL-C7" was
first evaluated and the results are presented in Table 3 and
Fig. 4. It was found that the RAF reaction at C7 position domi-
nated the NVP + IP-C2°/TL-C7" reactions (I' = 99.9%), however
the rate constant of the NVP + IP-C2" reaction (koyerann = 6.21 X
10> M~" s7") was about 10* times faster than that of the NVP +
TL-C7" (koyeran = 4.50 M~ ' s~ ). The other reactions had no
contributions to the overall rate constant of the alkyl radical
scavenging activity of NVP. Thus for the alkoxy radicals i.e. TBO"
and CMO’, the NVP + TBO'/CMO" reactions were only focused
on the RAF pathway at the C7 position (Table 3 and Fig. 4).

As shown in Table 3, the alkoxy radical reactions of NVP in
the IP solvent were faster than in the TL solution. The NVP +
TBO'/CMO' reactions in the IP solution were about 9.1 and 3.5

C2-IP

ST oy

N N
o + O
@ m ky=1.20x10°M" 57"
NVP

IP-C2-C7-NVP

(e}

YN oy

@ @ ky=6.10x103M™" 57"

TL-C7-C7-NVP

NVP o
oTB

H /\ on
@ @ ky(IP) = 2.10x10° M1 57"

TBO-C7-NVP' NVP  ky(TL) = 1.10x103 M~ " s~

e, A

N
o 5 O
@ \V\_7 ko(IP) = 3.30x10"M~" s~

CMO-C7-NVP’ NVP  Ky(TL) = 2.50x10" M~ 57!

Fig. 5 The propagation reactions.
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times faster than those in the TL solution for TBO' and CMO’
respectively. It is important to notice that in the IP solution, the
formed radical from the solvent (IP-C2°) can react with NVP as
fairly fast as the NVP + TBO'/CMO" reactions (k = 10°-10° M "
s™'), thus the IP-C2° may also contribute to the propagation
reactions. However, in the TL solution, the NVP + TBO'/CMO"
reactions were about 10°—10* times faster than the NVP + TL-
C7’ reaction.

The AIM analysis (Table S1, Fig. S2, ESIt) indicated that
energies (Ey_g) of the C7---C/O intermolecular contacts of RAF
transition states are in the range of —13.1 to —9.8 kcal mol .
The replacement of the methyl group at TBO" by phenyl at CMO*
could reduce the Ey_p(C7---O) values, particularly in TL solvent.
That may be a reason for the high rate constant of the CMO" +
NVP reaction.

3.2 The propagation reaction

As previously mentioned, the main intermediates of the radical
process were IP-C2-C7-NVP, TL-C7-C7-NVP, TBO-C7-NVP, and
CMO-C7-NVP (Table 3 and Fig. 3). These radicals were thought
to follow the RAF pathway, the basic reaction mechanism of
radical chain polymerization, and react with NVP at the most
active site (C7). Thus, using the QM-ORSA approach,® the
propagation rate constant (k) of the reaction between IP-C2-C7-
NVP/TL-C7-C7-NVP/TBO-C7-NVP/CMO-C7-NVP and NVP was
determined. The results are provided in Table 4, and the TSs are
illustrated in Fig. 5.

As shown in Tables 4, in the IP solution, the k, value of the
IP-C2-C7-NVP + NVP reaction (k, = 1.20 x 10° M ' s™') was
similar to that of the TBO-C7-NVP + NVP reaction (k, = 2.10 x
10° M~ s7'), whereas these values were about 36.4 and 63.6 (for
IP-C2-C7-NVP and TBO-C7-NVP, respectively) times higher than
that of the CMO-C7-NVP + NVP reaction (k, = 3.30 x 10' M'

nNVP

NVE 1P-C2-(C7-NVP)s -PNYP_ soly(vinylpyrrolidone)

kp=1.18x10"M"" s

NVP
ky = 6.75x102M " 57"

TL-C7-(C7- NVP)3 M» poly(vinylpyrrolidone
)

NVP
ky(IP) = 3.96x10°M~" 57"
ko(TL) = 4.82x102 M1 57"

TBO-(C7- NVP)3 M» poly(vinylpyrrolidone)

* nNVP

NVF CMO-(C7-NVP)3; ———— poly(vinylpyrrolidone)

ko(IP) = 1.73x102M~" 57"
ko(TL) = 5.63x102 M~ s~

© 2023 The Author(s). Published by the Royal Society of Chemistry
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s~ 1). Therefore, the radical polymerization of NVP in the iso-
propanol solution with (CMO), as an initiator could produce
PVP with a solvent molecule (IP-C2). That is in good agreement
with the experimental data.* However, when (TBO), is used as
an initiator, the PVP may contain both the solvent (IP) and
initiator (TB) structures.

A similar trend was also observed in the TL solvent, the TL-
C7-C7-NVP/TBO-C7-NVP + NVP reactions were about 24.4 (k, =
6.10 x 10° M~ ' s7") and 4.4 (k, = 1.10 x 10° M ' s~ ') times
faster than the CMO-C7-NVP + NVP reaction (k, = 2.50 x 10
M ' s7'), respectively. Being the solvent, the amount of TL is
significantly greater than that of the initiators, i.e. (TBO), or
(CMO),, thus the PVP produced this way could contain residues
of both the solvent (TL) and initiators (TB, CM), despite the rate
constant of the TL-C7" + NVP reaction being lower than those of
the TBO'/CMO' + NVP reactions (Table 3).

The investigation of the chain extension (adding the second
NVP molecule) revealed that the k, values (k, = 10'-10°M 's™*,
Table 4, Fig. 3 and 5) were comparable to those of the initial
propagation reactions. It appears that the rate constants of the
propagation reactions are in the range of 10'-10° M ' s,
depending on the performed radicals and solvents.

Since the atoms adjacent to the center of the radicals are
identical, the propagation rate constants of CMO-C7-NVP + NVP
in both IP and TL were found to be lower than those of other
propagation reactions. However, the k;, values for the CMO-C7-
NVP-C7-NVP + NVP were fairly similar to those of the TBO-C7-
NVP-C7-NVP + NVP reactions. This could be due to the steric
effects of CMO in the CMO-C7-NVP + NVP reaction.®

4. Conclusion

Using computational chemistry, the mechanism and kinetics of
the alkoxy radical polymerization of N-vinylpyrrolidone in
organic solvents, namely isopropanol, and toluene, have been
successfully determined. It was discovered that both solvents,
i.e. isopropanol and toluene could contribute to the initiation
reactions alongside the initiator radicals TBO" and CMO’. The
rate constant varied as a function of the initiators and solvents
used. The values of the constant rate of propagation were
approximately 10'-10° M~* s, In all of the analyzed organic
solvents, the radical polymerization of NVP with (CMO), as an
initiator occurred fairly similarly with (TBO),, whereas the
solvents could contribute to the radical polymerization of NVP.
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