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Quantum Chemistry: A Powerful Tool in Polymer
Reaction Engineering

Marco Dossi, Giuseppe Storti, Davide Moscatelli*

Summary: The potentials of computational techniques based on quantum
mechanics, to support and complement the experimental analysis, are examined.
Mechanisms and reaction paths involved in the free radical polymerization of widely
used monomers are studied through a computational approach based on Density
Functional Theory (DFT). First, the attention is focused on the initiation kinetics in
order to evaluate the role of the initiators in the polymerization process. Methyl
acrylate, methyl methacrylate, acrylonitrile, and styrene homopolymerization using
different initiators are studied. Then, propagation kinetics is investigated. In particu-
lar, the propagation kinetic rate constants for different kinds of acrylates, metha-
crylates and acetates are calculated and compared with experimental data reported in
the literature. The same computational approach is applied to the study of secondary
reactions (backbiting, beta-scission) occurring during free radical polymerizations.
Finally, the same methodologies are applied to copolymer systems, with emphasis on
the evaluation of the role of penultimate effect. The copolymers vinyl acetate/methyl
methacrylate and styrene/methyl methacrylate are investigated as system charac-

Introduction

In the last decades, remarkable efforts and
considerable progresses have been made in
polymer reaction engineering to obtain
reliable and accurate kinetic information
by different experimental methods.! With
reference to the free radical polymeriza-
tions, thanks to the assessment of sophis-
ticated experimental techniques such as
Pulsed Laser Polymerization combined
with Size Exclusion Chromatography
(PLP-SEC), thermodynamic and kinetic
parameters can be directly and accurately
evaluated./” However, the experimental
determination of rate coefficients is often
time consuming or very complicated
to achieve, mainly because the separate
study of a specific kinetic step out of
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terized by weak and strong penultimate effect, respectively.
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all the possible reactions is practically
impossible.”!

Keeping this scenario on the back-
ground, theoretical predictions of kinetic
properties based on Quantum Mechanics
(QM) methods could be represent a power-
ful tool to support and enrich the experi-
mental efforts.'4*! With the aim to identify
the capabilities of such computational
techniques, in this work mechanisms and
reaction paths involved in the free radical
polymerization of widely used monomers
are studied through an approach based on
Density Functional Theory (DFT).

Having in mind the most conventional
kinetic scheme of free radical polymeriza-
tion,”! the analysis is first focused on
initiation kinetics, i.e. the reaction of the
first monomer unit with the initiator
fragment. The experimental evaluation of
such rate constants is difficult because such
reaction step is usually faster than the
propagation one. Different monomers of
industrial relevance such as methyl-acrylate
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(MA), methyl-methacrylate (MMA), acry-
lonitrile (AN) and styrene (ST) are studied
in free-radical polymerization initiated by
five widely used initiators, exhibiting dif-
ferent behaviors in terms of water solubility
and dissociation mechanism: azobis-isobu-
tyronitrile (AIBN), di-tert-butyl peroxide
(DTBP), potassium persulfate (KPS), 2,2-
dimethoxy-2-phenyl acetophenone (DMPA)
and dibenzoyl peroxide (DBP).

Then, the propagation kinetics of eight
different systems is evaluated, i.e. the
reaction of the monomer unit with a long
active chain. In particular MA, ethyl
acrylate (EA), butyl acrylate (BA) are
considered as monomers representative of
the acrylate group, MMA and 2-hydro-
xyethyl methacrylate (HEMA) of the
methacrylate group and vinyl acetate
(VAc) of the acetate group. Moreover,
ST and acrylonitrile (AN) are also included
in the investigation of propagation kinetics.

According to most conventional kinetic
scheme of free radical polymerization, the
next step to be analyzed is termination."!
However, this reaction step is mainly
controlled by diffusion and the proposed
computational approach is indeed not best
suited to investigate it.

The third application of the computa-
tional method here proposed focuses on
the so-called secondary reactions. Their
relevance as events responsible of the mid-
chain radicals (MCRs) formation, was
recently proved.[6’8] The experimental
evaluation of kinetic parameters typical
of these reactions is very complicated to
achieve even through the most advanced
techniques, due to the reactivity differences
between secondary and tertiary carbon
radicals.®®! The case of vinyl chloride
(VC) is examined in comparison with cases
of ST and AN previous studied,*"*"! while
1:3, 1:5, and 1:7 backbiting reactions, and
the right and left beta-scissions from the
mid chain radicals (MCRs) formed by such
backbiting reactions, are analyzed as repre-
sentative secondary reactions.

Finally, the methodology based on the
DFT theory is applied to copolymer
systems. The analysis has been finalized
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to show the capabilities of this computa-
tional approach to reproduce composition
data and, most important, copolymer
propagation Kkinetics. In particular the
differences between terminal® and penulti-
mate models!'” are analyzed examining two
limiting cases: VAc/MMA copolymer, exhi-
biting a weak penultimate unit effect,"! and
ST/MMA copolymer, characterized by a
strong penultimate unit effect.[%]

Computational Details

As mentioned in the Introduction, all the
kinetic parameters are evaluated adopting
the DFT. In particular the Becke 3 para-
meter and Lee-Yang-Parr functional
(B3LYP) are used in the DFT calculations
to evaluate exchange and correlation ener-
gies. 12131 All quantum chemical calcula-
tions of reactants and products have been
performed with a spin multiplicity of 2 using
an unrestricted wave function in order to
avoid spin contamination (UB3-LYP).
Previous works reported in the literature
demonstrate that B3LYP methods provide
excellent low-cost performance, leading to
computational results in good agreement
with the experimental data [!d4d-4.4m.14-17]
The all electron 6-31 basis set with added
polarization functions (6-31G(d,p)) is used
for the basis set.

“Long chains” are simulated as made of
three monomer units, assuming k,3 ~
kpoo =k, as mentioned in previous
papers.[*#4ml Only in the study of back-
biting and beta-scission reactions, radical
chains composed by six monomer units are
simulated.

All geometries are fully optimized with
the Berny algorithm and are followed by
frequency calculations. The geometry of
each molecular structure is considered
stable only after calculating vibrational
frequencies and force constants and only
if no imaginary vibrational frequency was
found. Transition state structures are located
adopting the synchronous transit-guided quasi
Newton method and are characterized by a
single imaginary vibrational frequency.!'"!
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Kinetic constants are determined through
the classical transition state theory (TST) as:

—Ea
KT)=A-e kT
rot ,vib el _
_kT  dfaid B
h H qmtqwbqel
reactants
(1)

where k, and i are Boltzmann and Plank
constant, respectively, T'is the temperature,
E, is the activation energy of the process,
and q%*,q’¢',q"",q"" are the vibrational
and rotational partition functions for tran-
sition states and reactants.

Partition functions are built using the
independent harmonic-oscillator (HO)
approximation. In fact, even if the compu-
tational accuracy is improved by treating
the low frequency torsional modes as
internal rotations,****1 it was also shown
that the corrections of the partition func-
tions can be more or less critical depending
upon the specific system under investiga-
tion.'419211 AJl quantum chemistry calcu-
lations are performed with the Gaussian 03
suite of programs and all pictures are drawn
with PyMol 1.3.12223]

Results and Discussion

Initiation Kinetics

The results summarized in this section are
part of a previously published comprehen-
sive study on initiation kinetics in free
radical polymerization.[*™! The initiation
step in the polymerization of MA, MMA,

Table 1.

AN, and ST was investigated using several
different initiators: AIBN, DTBP, KPS,
DMPA and DBP. AIBN is a fat-soluble
initiator decomposing into two 2-cyanoprop-
2-yl radicals (AIBN-). DTBP is an initiator
slightly soluble in water that produces two
tertbutyloxy radicals (t-but-O-). KPS is a very
popular, water soluble initiator that produces
two sulfate anion-radicals (SO;-).**) DMPA
is a water-insoluble photoinitiator that leads
to one benzoyl radical (PhO) and one methyl
radical (Me) by a multi-step photolytic
mechanism.”® DBP is oil-soluble and
decomposes into carbon dioxide and two
phenyl radicals (Ph).

The combinations involving radical frag-
ments, coming from the initiator decom-
positions, and all the monomers above were
systematically studied, and the correspond-
ing rate constants, k;, were calculated. The
resulting values are collected in Table 1
together with the values of the correspond-
ing propagation rate constants (i.e. the rate
constants of each monomer with its own
long-chain radical) as reported in the
literature. All the kinetic parameters were
calculated at 28 °C.

According to the values in Table 1, the
initiator largely affects the kinetics of
the first reaction step: depending upon
the type of initiator, the rate constant
values of the reaction between the initiator
fragment and the first monomer unit are
from one to six orders of magnitude larger
than the long-chain propagation rate con-
stant of the same monomer. In all cases, the
initiator reactivity decreases from DBP to
AIBN while DTBP, KPS and DMPA
exhibit intermediate reactivity.

Comparison between kinetic rate constants for initiation reactions (k,) and experimental values of the rate
constant for long-chain propagation (k) of all monomers. Kinetic parameters at 28 °C. All values are in L/mol/s.

Monomer
MA MMA AN St

k, AIBN- 2.1210° 2.4710° 4.26:10° 4.35-10°
t-but-0- 1.02-10* 6.84-10* 2.11-10* 2.4410°
S0} 8.85-10° 3.38-10° 9.04-10° 4.88-10°
PhO 1.97-10° 2.56-10° 5.22-10% 1.34-10*
Me 1.76-107 2.711107 1.56-10° 2.07-10°
Ph 1.70-10° 1.67-10° 1.85-10° 9.77-10

kp 1.41-10% 28 3.39-102 7 3.79-103 28 9.79-10' 4
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Propagation Kinetics

This step is the most important one in
polymerization reactions, playing a para-
mount role in determining the molecular
weight distribution of the final polymer and
thus the final properties of the product.

As mentioned in the Introduction, the
propagation kinetics of free radical homo-
polymerization own of different polymeric
systems was computationally examined. In
particular, activation energy and frequency
factor values were calculated for MA, EA,
BA, MMA, HEMA, VAc, AN and ST and
compared to the corresponding values
proposed in literature. All the resulting
values are collected in Table 2. Moreover,
propagation rate coefficients at a specific
temperature are also reported in Table 2,
with the aim to help the comparison
between experimental and computational
parameters. The optimized molecular geo-
metries involved in the propagation step for
EA are shown in Figure 1, as representative
of the simulations performed. In order to
compare computational and experimental
results, the activation energy was consid-
ered independent upon the temperature,
while the frequency factor, and as a
consequence propagation rate coefficient,
was evaluated for each system at the
temperature considered in the reference
literature work.

Datain Table 2 indicate a generally good
agreement between computational and
experimental results. This agreement is
particularly satisfactory in terms of activa-

Table 2.

tion energy values: as a matter of fact
computational method reproduces the lit-
erature values with an absolute error
smaller than 2kcal/mol. In terms of fre-
quency factor, larger discrepancy arise,
especially for MA, MMA and AN. Taking
into consideration propagation rate coeffi-
cient values, the most relevant divergence is
observable for VAc. Concerning other
systems, computational propagation rate
coefficient differs by two or three times
maximum from the experimental one,
indicating the method proposed as a
semi-quantitative tool for reasonable first-
guess values prediction.

Secondary Reactions

Beyond the well assessed initiation and
propagation reactions, other kinetic steps
affect the final properties of the polymer at
a significant extent. Especially, MCRs can
be formed by backbiting reactions, thus
introducing anomalous behaviors into the
process of chain growth. The relevance of
such phenomena has been recently discus-
sed.341]

Due to the difficulties involved in the
direct experimental analysis of such reac-
tions, the application of the DFT approach
represents a invaluable tool in the study of
these unconventional reactions. In particu-
lar secondary reactions involved in styrene
and acrylonitrile homo-polymerization
were computationally studied in our pre-
vious works.[41] Recently we extended the
same investigation to the polymerization of

Comparison between Arrhenius propagation parameters for MA, EA, BA, MMA, HEMA, ST, VAc and AN, both
theoretically and experimentally determined. Activation energies (E,) in kcal-mol ', frequency factors (A) and ky
in L-mol s . k, = A-exp(-E, /R/T). The notation ky indicates that the computation examines monomer addition
to a dimeric radical.

Monomer log,o(A) E, ky ref. log,o(A) E, k, ref.
(computational) (experimental)
MA (25 °C) 8.55 6.54 5666 this work 7.22 4.23 13152 (26]
EA (40°C) 8.44 6.46 8491 this work - - 4700 @9l
BA (20°C) 8.36 6.24 5072 this work 7.34 4.28 14476 e]
MMA (40 °C) 8.01 7.91 307 this work 6.43 5.34 502 71
HEMA (100 °C) 7.10 6.39 2268 1d 6.95 5.23 7680 3l
ST (40°C) 8.42 8.29 428 this work 7.63 7.77 161 2
VAc (25 °C) 7.34 3.71 41582 this work 7.16 4.94 3442 31
AN (25°C) 8.74 7.51 1705 4h 6.25 3.68 3562 2el
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Figure 1.
Optimized molecular geometries involved in the simula

vinyl chloride,"*?! because in this system the
presence of MCRs leads to the formation of
chain defects which affect the major
applicative properties of the final poly-
mer.

In this section of the present work, some
of the results obtained in the study of poly-
VC (PVC) are reported with the aim to
compare these new findings with data
already published on ST and AN. In
particular two types of secondary reactions,
backbiting and beta-scission, are here
discussed: the 1:3, 1:5 and 1:7 backbiting
reactions, corresponding to hydrogen trans-
position from the position 3, 5, and 7,

Table 3.

ted propagation reaction for ethyl acrylate.

respectively, to position 1 in the active
chain, and the right and left beta-scissions
from the formed mid chain radicals.

The calculated kinetic parameters for
the PVC backbiting reactions are collected
in Table 3, while those for the beta-scission
reactions are shown in Table 4. Moreover,
to facilitate the comparison between the
three systems, data related to ST and AN
are also summarized in the same tables.

According to the numerical values in the
tables, similar trends in behavior of inves-
tigated systems are observed, and the
same conclusion obtained in our previous
computational studies on backbiting and

Arrhenius parameters for 1:3, 1:5 and 1:7 hydrogen transpositions for PVC, ST and AN radical chains. Activation
energies (E,) in kcal-mol ™", frequency factors (A) in s™' and ky, = A - T - exp(—E4/RT).

kpp — PVC kpp — ST kpp — AN
log,oA E, log;0A E, log;oA E,
Ras — Rnjs 10.26 38.25 1.34 41.30 9.68 37.85
Rnt — Rng 9.13 17.11 10.77 17.92 8.81 17.75
Ras — Rny 8.47 24.19 11.62 21.70 8.16 23.65
Table 4.

Arrhenius parameters for both right and left beta-scission

reactions of PVC, ST and AN MCRs. Activation energies

(E2) in keal-mol ™, frequency factors (A) in s™" and kp, = A - T - exp(—E,/RT).

PVC s7lfl AN
kB’S (rlght) kB’S (left) kB’S (Tlght) kB’S (left) kB’S (I'Ight) kB’S (left)
logioA  E.  logoA  E; logoA  Ex logoA  En logA E; logoA K
Rnz 10.81 3030 9.70  27.20 1272 2250 1271 20.63 10.56  26.27 156  22.64
Rns 1055 2546 10.24 24.89 1274 20.00 1274 20.00 10.87  23.49 10.66  23.40
Rn; 1027 2477 1019 2528 1249  24.02 1249 24.02 10.60 23.43 1031  22.67

Copyright © 2011 WILEY-VCH Verlag GmbH & Co. KGaA,
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Figure 2.

Transition state geometry for the Poly-Vinyl Chloride 1:5 backbiting reaction calculated with computational
approach. Distances are reported in angstroms (syndiotactic molecular model).

beta-scission reactions!*™*™ is confirmed

even for PVC. Namely the 1:5 hydrogen
transpositions is the most favorite, while the
activation energy values increase from
backbiting 1:7 to 1:3. These results may
be explained in terms of transition state
stability: in fact, the 1:5 backbiting reactions
lead to the formation of a six member ring
transition state characterized by low inter-
nal strain (Figure 2). About the beta-
scission reactions, the kinetic parameters
seem to be weakly related to the scission
position, right or left, and slightly depen-
dent upon the position of the mid chain
radical in the chain, 3, 5 or 7. The only
exception is represented by the right beta-
scission occurring in chains with the radical
in position 3, most probably due to the
formation of an instable small radical
fragment, as shown in Figure 3.

a)
r{CIc\:H wClaH C cH

Figure 3.

Copolymerization Reactions

The aim of the last section is to explore the
capabilities of the computational meth-
odologies under examination to investigate
copolymeric systems, in particular provid-
ing insight into the propagation reactions,
i.e. pointing out molecular differences
between very popular kinetic models
such as the terminal and penultimate
models.['!

In a previous work, the copolymer vinyl
acetate/methyl methacrylate has been
investigated using the same computational
model.! Small deviations from the term-
inal model for this copolymer system were
reported in the literature!'?! and a weak
penultimate effect was in fact confirmed by
our simulations. The computationalm and
experimental'?! parameter values for the
copolymerization model, both terminal

HClc H wClcaH CI cl H

VARV RV AR \

+ .

HClciH wCl ¢ H Cl cH
\ \

Poly-Vinyl Chloride beta-scission reaction scheme. Right (a) and left (b) beta-scission from MCR with radical in

position 3.

Copyright © 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 5.

Computational® and experimental™ parameter
values for the copolymer VAc/MMA, both TM and
IPUE. 1, = kp11/kp12, 12 = kp2a/kp21, and kpyj is the
propagation rate coefficient for addition of monomer-
jtoradical-i. s, = kpan /Kpm, S2 = Kprzz /Kpaza, and kp ijx
is the propagation rate coefficient for addition of
monomer-k to a growing radical-j with unit-i in the
penultimate position. (monomer 1=vinyl acetate,
monomer 2 = methyl methacrylate).

Experimental Computational

T@40°C T@40 °C
n 0.014 0.001
I 27.8 31.0
s, * 0.176
S5 0.4+0.2 0.538

*assumed equal to s,

(TM) and implicit penultimate (IPUE),!"!
are collected in Table 5.

In order to further confirm the validity of
the method, the same procedure applied in
the case of the copolymer VAc/MMA s
extended here to the copolymer ST/MMA.
This system was considered particularly
interesting because exhibiting a strong
penultimate effect.103435] [p particular
the copolymer composition conforms to
the terminal model,l”! whereas the propa-
gation rate constant measured experimen-
tally are well represented by the implicit
penultimate model.['"]

The kinetic parameters for both the
copolymerization models, terminal and
implicit penultimate, have been determined
and all the calculated values are summar-
ized in Table 6 along with the experimental
ones.['%! Moreover, the copolymer compo-
sition (F;) and copolymer propagation rate
coefficients (k,, .,,), both as a function of ST

Table 6.

Computational and experimental['°] parameter values
for the copolymer ST/MMA, both TM and IPUE. (mono-
mer 1= styrene, monomer 2 = methyl methacrylate).

Experimental Computational

T@40°C T@40°C
n 0.52 0.53
I 0.46 0.68
S 0.30 0.23
S 0.53 0.99

Copyright © 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

monomer mole fraction ( f;), are compared
to the experimental data in Figure 4 and
Figure 5, respectively. In particular, the
copolymer composition has been calculated
through equation (2), while the copolymer
propagation rate coefficients (TM and
IPUE model) through equation (3) and
equation (4). Of course, the predicted
values of ry, r,, s and s, have been used
in all cases.

rfi’ +fifs

F = 2
[y R Ty Ay @)
™ k :r1f12+2f1f2+r2f22 (3)
p.cop <r1 f_1) 4 (r f_z)
ki1 27
2 2
IPUE  kyo = 1 F 200 H 120y 4)

p.cop =
S b
(n&)+(-£)

where the new coefficients of the IPUE
model are calculated as:

B = ko it
P+ R
(%)
k_zzzk r2f2 +f1

222
P + fi/s2

As showed in the Propagation kinetics
section, the prediction of the absolute
values of propagation rate coefficient
relative to homopolymerization reactions
is more or less accurate according to the
system investigated. Moreover previous
works well describe the major accuracy of
these techniques to estimate relative rate
coefficients compared to absolute values,
mainly due to the approximation adopted
in the computational analysis."** To not
introduce this uncertainty in the study of
copolymerization propagation kinetics, the
propagation rate coefficients for the homo-
polymerization of ST (k,;;;) and MMA
(ky222), were taken from previous PLP-SEC
studies.!>*?"]

Values in Table 6 show a satisfactory
agreement between computational and
experimental results. Moreover, the curves
calculated using the computational para-
meter values fit with good accuracy to the
experimental data for both copolymer

www.ms-journal.de
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Figure 4.

f1

Plot of ST mole fraction in copolymer (F,) as a function of ST mole fraction in the monomer phase ( f;) estimated
at 40°C. Copolymer composition curve is the prediction of the terminal copolymerization model with
computational monomer reactivity ratios r, = 0.53 and r, = 0.68. The filled circles are the experimental

rotating-sector data from Fukuda et al.!"!

composition and propagation rate coeffi-
cients. In the latter case, the calculated
curves in Figure 5 prove clearly the superior
performance of the implicit penultimate
model.

500 -
[
|
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@
°
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S300 |
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200
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0.0 02 04 06 08 1.0
f1
Figure 5.

Copolymer propagation rate coefficients (kp cop) as a
function of ST monomer mole fraction ( f;) estimated
at 40 °C. The lines represent the predictions of TM and
IPUE using computational parameters (r, = 0.53, 1, =
0.68, 5, = 0.23, 5, = 0.99, kyy = 161L - mol " - 57!
and kp,,, = 476L - mol ™" - s 27 The filled circles are
the experimental rotating-sector data from Fukuda
et al.l!
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Conclusion

In this work several mechanisms and
reaction paths involved in free radical
polymerizations were studied through a
computational approach based on Density
Functional Theory (DFT).

Different reaction steps have been
examined: initiation, propagation, back-
biting and beta-scission; moreover, propa-
gation in copolymer systems was also
studied. In all cases, the computational
method is able to reproduce with good
accuracy the experimental data, with errors
usually smaller than the experimental ones.
Therefore, the computational approach
applied here can be considered an effective
semi-quantitative tool to predict rate coef-
ficients in polymeric systems. From the
applicative point of view, such methods are
expected to provide unique insights in
secondary reactions in homopolymeriza-
tion and in cross-propagation in copoly-
merization.
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