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ABSTRACT: This article presents a computational study of
chain transfer to monomer (CTM) reactions in self-initiated
high-temperature homopolymerization of alkyl acrylates
(methyl, ethyl, and n-butyl acrylate). Several mechanisms of
CTM are studied. The effects of the length of live polymer
chains and the type of monoradical that initiated the live
polymer chains on the energy barriers and rate constants of the
involved reaction steps are investigated theoretically. All
calculations are carried out using density functional theory.
Three types of hybrid functionals (B3LYP, X3LYP, and M06-
2X) and four basis sets (6-31G(d), 6-31G(d,p), 6-311G(d),
and 6-311G(d,p)) are applied to predict the molecular
geometries of the reactants, products and transition sates,
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and energy barriers. Transition state theory is used to estimate rate constants. The results indicate that abstraction of a hydrogen
atom (by live polymer chains) from the methyl group in methyl acrylate, the methylene group in ethyl acrylate, and methylene
groups in n-butyl acrylate are the most likely mechanisms of CTM. Also, the rate constants of CTM reactions calculated using
MO06-2X are in good agreement with those estimated from polymer sample measurements using macroscopic mechanistic
models. The rate constant values do not change significantly with the length of live polymer chains. Abstraction of a hydrogen
atom by a tertiary radical has a higher energy barrier than abstraction by a secondary radical, which agrees with experimental
findings. The calculated and experimental NMR spectra of dead polymer chains produced by CTM reactions are comparable.
This theoretical/computational study reveals that CTM occurs most likely via hydrogen abstraction by live polymer chains from
the methyl group of methyl acrylate and methylene group(s) of ethyl (n-butyl) acrylate.

1. INTRODUCTION

Acrylic resins are thermoplastic polymers that are widely used
in the development of automotive paint and coatings,
adhesives, and functional additives.'™> The basic nature of
acrylic resins and the plants producing the resins have changed
considerably over the past decades as a result of environmental
limits on allowable volatile organic contents (VOCs) of
resins.’~® High temperature (>100 °C) polymerization, which
allows for the production of high-solids low-molecular-weight
resins, has mostly replaced conventional (low-temperature)
polymerization, which produces low-solids high-molecular-
weight resins."”'® It was reported">''™'® that, at the high
temperatures, secondary reactions, such as spontaneous
initiation (in the absence of known added initiators), chain
transfer to monomer and polymer, backbiting, and f-scission
reactions, occur at higher rates in polymerization of alkyl
acrylates. The polydispersity index, which is a measure of the
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breadth of the polymer chain length distribution, was found to
be 1.5 to 2.2'*'¢ in high-temperature homopolymerization of
alkyl acrylates. Recent studies using quantum chemical
calculations' "> and matrix-assisted laser desorption ionization
(MALDI)'® showed that monomer self-initiation is a likely
mechanism of initiation in spontaneous thermal polymerization
of alkyl acrylates. The monoradicals generated by self-
initiation' "' are shown in Figure 1.

Previous studies of self-initiated polymerization of methyl
acrylate (MA), ethyl acrylate (EA), and n-butyl acrylate (n-BA)
using electro-spray ionization—Fourier transform mass spec-
trometry (ESI-FTMS)'* and MALDI'® showed abundant
polymer chains with end-groups formed by chain transfer
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Figure 1. Two types of monoradical generated by self-initiation.">

reactions. Nuclear magnetic resonance (NMR) analysis of these
polymers indicates the possible presence of end groups from
chain-transfer-to-monomer (CTM) reactions at various tem-
peratures (100—180 °C)."* CTM reactions are capable of
limiting the maximum polymer molecular weight that can be
achieved for a given monomer'”'® and strongly influence the
molecular weight distribution of dead polymer chains.'*™**
These suggest that a better understanding of mechanisms of
CTM is important for developing more efficient high-
temperature polymerization processes.

Controlled radical polymerization processes, such as nitro-
xide-mediated polymerization (NMP), atom transfer radical
polymerization (ATRP), and reversible addition—fragmenta-
tion chain transfer (RAFT), involve the use of agents to control
the growth of propagating chains, which leads to the formation
of uniform chain-length polymers.”>™>° It has been reported
that, in thermal polymerization of alkyl acrylates, in the absence
of these agents, self-regulation and consequently uniform chain
length polymers can be achieved.® These suggest that some of
the chain transfer mechanisms are capable of being self-
regulatory. Therefore, a good understanding of the underlying
mechanisms is needed to develop controlled thermal polymer-
ization processes. To the best of our knowledge, this work is
the first study of all likely mechanisms of CTM in three alkyl
acrylates (MA, EA, and n-BA), revealing the most likely CTM
mechanisms in the homopolymerization. Before this study, only
a general description of a chain transfer reaction was available
as a reaction of a live polymer chain with a transfer agent
(monomer, polymer, solvent, or initiator), without providing
any reaction mechanisms.*"**

Pulsed-laser polymerization/size exclusion chromatography
(PLP/SEC) experiments were carried out at low and high
temperatures for determination of chain transfer and radical
propagation rate coefficients of acrylates.”> > While reliable
rate constants and narrow polymer molecular weight
distribution were obtained at less than 30 °C, broad
molecular-weight distribution and inaccurate rate constants
were reported at temperatures above 30 °C.>*"** Chain transfer
to monomer’>***® and to polymer (specifically backbit-
ing)37’3’9’40 were identified as the main reactions that were
causing the discrepancies in the molecular-weight distributions
and reaction rate coefficients.

Reaction rate constants in high-temperature polymerization
of alkyl acrylates have typically been estimated from polymer
sample measurements such as monomer conversion and
average molecular weights. The measured monomer conversion
and molecular weights have been fitted to a macroscopic
mechanistic model to determine the kinetics of polymer-
ization.”*"* The rate constants of CTM reactions in methyl
methacrylate (MMA), styrene, and a-methylstyrene polymer-
ization have been determined with little difficulty.”® Gilbert et
al** estimated rate constants of CTM reactions in emulsion
polymerization of n-BA from polymer molecular weight
distributions. Previous reports have shown that hydrogen
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abstraction by tertiary poly-n-BA live chains contributes to the
rate of CTM."**** However, the reliability of the estimated
rate coefficients is dependent on the validity of the postulated
reaction mechanisms and the certainty of the measurements.
Because of these concerns, macroscopic mechanistic modeling
is sometimes incapable of determining either the reaction
mechanisms or the individual reaction step rates conclusively.

Previous reports showed that hydrogen abstraction by
tertiary o?f—n—BA live chains contributes to the rate of
CTM."** However, CTM rate constants for free-radical
polymerization of acrylates have been reported to be difficult to
estimate due to large uncertainties in experimental measure-
ments.* The presence of trace impurities, which can act as
chain transfer agents, was mentioned as the cause for the
variation in estimated rate constant values.””*>* The temper-
ature dependence of the rate constant of transfer to monomer
reaction in s?;rene was estimated from polymer sample
measurements.”” Considering the difficulties in estimating
CTM rate constants, computational quantum chemistry has
been considered as an alternative way of estimating these
parameters.

Both density functional theory (DFT) and wave function-
based quantum chemical methods have been used to study free-
radical polymerization reaction mechanisms such as self-
initiation and propagation reactions in thermal polymerization
of alkyl acrylates."”'**~>! DFT is, in principle, an exact
ground-state technique. The accuracy of DFT depends on the
approximation of exchange-correlation functionals. Generally,
DFT can predict molecular geometries with high accuracy®” but
energy barriers with less accuracy compared to high-level wave
function-based methods such as MP2.%* It is important to note
that modern exchange-correlation functionals such as M06>*
and @B97x-D* have increased the reliability and accuracy of
DFT-predicted energy barriers. These functionals have allowed
exploration of the molecular and kinetic properties of larger
molecules such as polymer chains and chain transfer reactions
at lower computational cost and with reasonably good
accuracy.*” For large (greater than 30 atoms) polymer systems,
DFT*° has been shown to be a practical and reliable substitute
for wave function-based methods.”” One should ascertain the
adequacy of a level of theory for a system of interest prior to
estimating the kinetics and thermodynamics of reaction.
Exchange-correlation functionals can be classified based on
their functional form.”*~® Local functionals (depending only
on charge density p(r) at point r), generalized gradient-
approximation (GGA) (depending on p(r) and IVp(r)l), and
meta-GGA functionals (depending on p(r), IVp(r)l, and
V2p(r)) can be combined with Hartree—Fock exchange
functionals to increase accuracy. These combined functionals
are known as hybrid functionals. B3LYP, which is a hybrid
GGA functional, has been used extensively due to its attractive
performance-to-cost ratio.'"'* For example, B3LYP/6-31G(d)
has been used to study self-initiation of styrene,61 MA, EA, n-
BA,'"'* and MMA.®® B3LYP/6-31G(d) was found™ to
underestimate the reaction rate constants for self-initiation of
MA in comparison to MP2/6-31G(d). Because of high
computational costs and inherent size limitations of MP2/6-
31G(d), this level of theory is not used to study chain transfer
reactions of large polymer chains. In addition, B3LYP/6-
31G(d) has also predicted alkyl acrylate self-initiation rate
constants different from those estimated from polymer sample
measurements. Meta-GGA and hybrid meta-GGA functionals
such as M06-2X provide more accurate prediction of barrier
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Scheme 1. Possible End-Chain Transfer to Monomer Reactions of MA (Me=Methyl)
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heights, as they can take into account for van der Waals
interactions.” %>~

Reports indicate that solvent molecules participate in chain
transfer reactions.®® They tend to act as chain transfer agents by
reacting with live polymer chains and, consequently, affecting
the microstructure and polydispersity of polymer chains.
Experimental studies'® have shown that the polarity of solvents
can impact the rate of initiation reactions in thermal
polymerization of alkyl acrylates. Energy barriers predicted
using the polarizable continuum model (PCM) and gas phase
quantum chemical calculations for polymerization of acrylic
acid and acrylates in inert and nonpolar solvents have been
found to be similar.””® The use of PCM for polar solvents has
been less successful.®” This may be attributed to the fact that
PCM only takes into account electrostatic interactions, while
neglecting nonelectrostatic interactions, such as hydrogen
bonding and van der Waals interactions. The solvent effect is
described better by the hybrid quantum mechanical/molecular
mechanical (QM/MM) method, in which a small (more
relevant) portion of the system is treated quantum mechan-
ically, and the rest of the system (with explicit solvents) is
described by classical force fields.”””" The QM/MM method
has been applied to study the molecular behavior of proteins.”*
However, the application of QM/MM is limited by the scarcity
of accurate MM parameters and the difficulty to describe an
accurate QM/MM interface.”’~”* In this study, all calculations
are performed in the gas phase to make the computations
affordable.

®C NMR has been used to study EA and n-BA
homopolymerization.'"*”* The peaks assigned to the carbon
atoms in different positions along the main chain or the side
chain can help determine which molecular structures are
formed during the polymerization process. On the basis of
these results, one can validate proposed reaction mechanisms.
In this work, the NMR spectra of dead polymer chains and end
groups have been computed using various levels of theory. We
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use ORCA program’* with B3LYP and X3LYP functionals to
predict chemical shifts. BALYP has been reported to be one of
the best functionals for 'H chemical shift prediction and
provide reasonably accurate *C chemical shifts.”> The
proposed mechanisms of CTM have been confirmed using
the computed NMR spectra.

This article presents a computational investigation of several
mechanisms of CTM in self-initiated homopolymerization of
MA, EA, and n-BA using B3LYP,’®”” X3LYP, and MO6-
2X34%*% functionals, and 6-31G(d), 6-31G(d,p), 6-311G(d),
and 6-311G(d,p) basis sets. Energy barriers and rate constants
of the reactions involved in the postulated mechanisms are
estimated. The effect of live polymer chain length, the type of
monoradical that initiated the live polymer chain, and the type
of live polymer chain radical (tertiary vs secondary) on the
kinetics of the CTM reactions are studied.

The organization of the rest of the article is as follows.
Section 2 discusses the computational methods applied. Section
3 presents results and discussion. Finally, section 4 presents
concluding remarks.

2. COMPUTATIONAL METHODS

All calculations are performed using GAMESS.”® The func-
tionals B3LYP, X3LYP, and M06-2X with the basis sets 6-
31G(d), 6-31G (d,p), 6-311G(d), and 6-311G(d,p) are used to
determine the molecular geometries of reactants, products, and
transition states in gas phase. Optimized structures are
characterized with Hessian calculations. A rate constant k(T)
is calculated using transition state theory”” with

I

where ° is the inverse of the reference volume assumed in
translational partition function calculation, ky is the Boltzmann
constant, T is temperature, h is Planck’s constant, R is the
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Table 1. Activation Energy (E,), Enthalpy of Activation (AH*), and Gibb’s Free Energy of Activation (AG*) in kJ mol™’;
Frequency Factor (A) and Rate Constant (k) in M~ s™" for the Four CTM Reactions of MA at 298 K

B3LYP B3LYP B3LYP B3LYP X3LYP X3LYP X3LYP MO06-2X MO06-2X MO06-2X
6-31G(d) 6-31G(d) 6-311G(d) 6-311G(d,p) 6-31G(d,p) 6-311G(d) 6-311G(d,p) 6-31G(d,p) 6-311G(d) 6-311G(d,p)

Hydrogen Abstraction via MA-1

E, 71 68 74 71 62 68 65 56 61 58

AH* 66 63 69 66 57 63 60 51 56 54

AG* 114 111 117 114 110 116 113 108 112 110

logA 154 15.46 15.56 155 133 13.28 13.36 11.77 11.93 12.07

k 18x107%  53%x10%  54x1077  18x107%  9x107% 78 %1077 29 x107% 17x107%  3x107% 8.1 x 107%
Hydrogen Abstraction via MA-2

E, 100 98 102 100 95 94 95 90 93 92

AH* 95 93 97 95 90 89 90 85 388 87

AG* 137 134 138 137 127 145 137 135 137 134

logA  17.6 18.05 18.11 18 19.96 12.42 16 14.34 15 1547

k 1L5x 107" 54x107°  99x 107! 17x 107 97x107%” 69 x 107" 1.7 x 1071 3.1 x 10710 1.6 x 1071 42 x 1071°
Hydrogen Abstraction via MA-3

E, 93 91 94 95 87 93 91 80 84 83

AH* 88 86 89 90 82 88 86 75 79 78

AG* 129 127 139 130 122 127 126 125 130 128

log.A 1822 18.10 14.72 18.51 18.77 18.95 18.51 14.33 13.95 14.19

k 42x 107 83x 107 77 x 107" 23x 107 76x107% 10x107% 1.3 x 107% 1.7x107%  25x 107" 49 x 107

Hydrogen Transfer via MA-4

E, 79 75 81 79 73 79 78 73 75 71

AH* 74 70 76 74 68 74 73 68 70 66

AG* 124 118 125 121 116 124 119 120 124 128

logA 1441 15.34 152 15.5 15.34 14.37 15.92 13.61 13.07 9.67

k 32x107% 29x107  22x10%® 79x10%  68x107 29x10%®  20x 107" 16X 1077  29x107% 63 x 107

Table 2. H—-R Bond Dissociation Energies (k] mol™') at 298 K

B3LYP 6-31G(d,p) B3LYP 6-311G(d) B3LYP 6-311G(d,p)

X3LYP 6-31G(d,p) X3LYP 6-311G(d) X3LYP 6-311G(d,p)

Methyl Hydrogen (MA-1)

432 425 425 433 426 426
Vinylic Hydrogen (MA-2)
483 474 478 484 475 479
Methine Hydrogen (MA-3)
490 480 484 491 482 485
Methylene Hydrogen (EA-1)
421 414 415 422 415 417
Methyl Hydrogen (EA-2)
452 443 445 453 445 446
Methylene Hydrogen (n-BA-1)
420 412 413 422 414 416
Methylene Hydrogen (n-BA-2)
433 424 426 43S 426 428
Methylene Hydrogen (n-BA-3)
430 421 423 431 423 424
Methyl Hydrogen (n-BA-4)
447 438 440 448 439 441

universal gas constant, m is the molecularity of the reaction, and
AS* and AH* are the entropy and enthalpy of activation,
respectively. AH* is given by
P

AH* = (E, + ZPVE + AAH)rg_x (2)
where AAH is a temperature correction; ZPVE is the difference
in zero-point vibrational energy between the transition state
and the reactants; and E; is the difference in electronic energy
of the transition state and the reactants. The activation energy
(E,) is calculated using

E, = AH* + mRT 3)
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and the frequency factor (A) by

mR + AS*

kT
A= 0\1—-m "B
() P R

4)

AAH, ZPVE, and AS* calculations are carried out using the
RRHO approximation.®® This approximation treats the whole
molecule as a rigid rotor (RR) and each vibrational mode as a
harmonic oscillator (HO). This approximation allows the
rotational and vibrational entropies to be calculated separately.
It has been shown in previous studies'"'>***! that the RRHO
approximation exhibits reasonable computational cost and
accuracy for studying large polymer system. Scaling factors of
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Figure 2. Transition state geometry of the three mechanisms: (a) MA-1, (b) EA-1, and (c) n-BA-1 (bond length in A).

Scheme 2. Possible End-Chain Transfer to Monomer Reactions of EA (Et=Ethyl)
CH
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Table 3. Activation Energy (E,), Enthalpy of Activation (AH*), and Gibb’s Free Energy of Activation (AG*) in kJ mol™’;
Frequency Factor (A) and Rate Constant (k) in M~ s™! for the Two CTM Reactions of EA at 298 K.

B3LYP B3LYP B3LYP B3LYP X3LYP X3LYP X3LYP MO06-2X MO06-2X MO06-2X
6-31G(d)  631G(dp)  6311G(d)  6-311G(dp)  631G(dp)  6-311G(d)  6311G(dp)  631G(dp)  6311G(d)  6-311G(dp)

Hydrogen Abstraction via EA-1

E, 56 54 60 57 50 56 54 41 40 44

AH* 51 49 55 52 45 51 49 36 35 39

AGH 106 103 110 107 100 107 104 92 92 95

logA  12.57 12.8 12.37 12.78 12.54 12.37 12.25 11.75 11.74 11.78

k 41 x107% 14 X 107 72 x107% 32 % 107% 46 x 107 31 x 107 7.7 X 107% 9.9 x 107% 14 x 107 3.1 x 107%
Hydrogen Abstraction via EA-2

E, 74 72 79 78 67 73 73 45 55 51

AHF 69 67 74 73 62 68 68 40 50 46

AGH 125 122 129 119 119 121 115 108 110 106

log A 1223 12.26 12.35 16.19 11.44 13.29 15.86 7.27 10.47 10.36

k 21 % 107% 6% 107 4% 107 24 % 1077 19x 1077 85 x 107% 1.3 x 107% 22 % 107% 7.5 x 107% 3.5 X 107%
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Scheme 3. Possible End-Chain Transfer to Monomer Reactions of n-BA (Bu=Butyl)
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Table 4. Activation Energy (E,), Enthalpy of Activation (AH*), and Gibb’s Free Energy of Activation (AG®) in kJ mol™’;
Frequency Factor (A) and Rate Constant (k) in M~ s™' for the Four CTM Reactions of n-BA at 298 K

AH*
AG*
log.A

AH*
AG*
log.A

AH*
AG*
log.A

E,
AH*
AG*
log.A

k
exptl"?

B3LYP
6-31G(d)

S1

46

106

10.48

4.1 % 107%

66

61

110

14.86

8.4 x 107%

67

63

114

14.22

1.9 x 107%

70
65

130

8.01

2 x 107

B3LYP
6-31G(d,p)

47
42

111

6.73

5.7 x 107%

64

59

107

14.98

23 X 107%

66
61

113

13.70

2.7 x 107%

68

62

129

7.8

39 x 107

B3LYP
6-311G(d)

55

50

107

11.68

32 % 107%

68

63

120

11.73

1.7 X 1077

66

61

111

1441

6 x 107%

72

67

131

8.58

14 x 107

B3LYP X3LYP X3LYP
6-311G(dp)  631G(dp)  6-311G(d)

Hydrogen Abstraction via n-BA-1

53 42 S1
48 37 46
110 105 108
9.62 725 9.49

83X 107  66x 10" 15X 107"
Hydrogen Abstraction via n-BA-2

70 52 60

65 47 SS

109 115 125

17.0S 7.01 6.43

12x 107 9x 107 1.9 x 107%
Hydrogen Abstraction via n-BA-3

66 59 65

61 54 60

104 113 115

17.4 10.6 12.46

94 %107 21x10™%  1L1x107%
Hydrogen Abstraction via n-BA-4

72 63 70
67 58 65
127 125 126
10.28 7.52 10.21

7.7 x 107 1.7x107% 14 x107%

E, =31 kJ mol™’

X3LYP
6-311G(d,p)

49

44

106

9.56

42 x 107%

60

5§

116

10.08

8.2 x 107

63

58

122

8.62

5.6 x 107%

68
63

125

9.49

1.6 x 107
k=06M"s!

M06-2X
6-31G(d,p)

31
26
83
11.9
0.5

26

21

89

7.57

4.5 x 1072

40
34

100

826

52 x 107%

53
48

110

9.74

9.1 x 107%

MO06-2X
6-311G(d)

36

31
89
11.09
0.04

33

28

87

10.88

7.9 X 107

45
40

98

112

9.8 x 107

53
48

117

6.51

4x 1077

MO06-2X
6-311G(d,p)

43

38

96

11.37

2.3 X 107%

30

25

92

7.65

9.6 X 107%

45

40

100

10.64

52 x 107%

55

50

111

9.96

48 x 107%

0.960, 0.961, 0.966, and 0.967 are used for the B3LYP
functional with the 6-31G(d), 6-31G(d,p), 6-311G(d), and 6-
311G(d,p) basis sets, respectively. These factors were obtained
from the National Institute of Standards and Technology

(NIST) scientific and technical database.®*

3. RESULTS AND DISCUSSION

3.1. Chain Transfer to Monomer Mechanisms for M,"*.
3.1.1. Methyl Acrylate. As shown in Scheme 1, we have studied

four CTM mechanisms of methyl acrylate chains initiated by
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Figure 3. Dead polymer chains generated via the MA-1, EA-1, and n-
BA-1 mechanisms: (a) MA-1, (b) EA-1, and (c) n-BA-1.

M,° radical. The mechanisms are abstraction of a methyl
hydrogen atom from the monomer by a live chain (MA-1),
abstraction of a vinylic hydrogen atom from the monomer
(MA-2), abstraction of a methine hydrogen atom from the
monomer (MA-3), and transfer of a hydrogen atom from a live
polymer chain to the monomer (MA-4). These mechanisms are
studied by choosing r(H2—C3) and r(C1—-H2) as reaction
coordinates. The potential energy surface is sampled by varying
C—H bond lengths between 1.19 and 1.59 A.

The activation energies, activation enthalpies, frequency
factors, free energies of activation, and rate constants of the four
mechanisms are given in Table 1. It was determined using
different levels of theory that MA-1 is the most kinetically
favorable mechanism, and MA-2, MA-3, and MA-4 mechanisms
have higher activation energies. This agrees with the finding
that the bond-dissociation energy of a methyl hydrogen is lower
than that of a methine hydrogen and a vinylic hydrogen, as
given in Table 2. The difference in the bond-dissociation
energies can be attributed to the lower stability of the vinyl
radical.**** In this study, bond-dissociation energy is defined as
the energy difference between a monomer molecule and bond
cleavage8 Sproducts (hydrogen radical and monomer mono-

radical):

bond dissociation energy

©)

It represents the energy required to break a carbon—hydrogen
bond of a molecule; it is a measure of the strength of a C—H
bond.

Mulliken charge analysis also reveals that the methyl carbon
atom (—0.117) is more positive than vinylic carbon atoms
(—0.247 and —0.126), and therefore, more likely to release a
hydrogen atom. Figure 2a shows the transition-state geometry
for the MA-1 mechanism, which has H2—C3 and C1—H2 bond
lengths of 1.32 and 1.40 A, respectively. We found that the
computed thermodynamic quantities (activation energy and
rate constants) are not sensitive to the size of basis sets (6-

= E(bond cleavage products) E(monomer)
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31G(d), 6-31G(d,p), and 6-311G(d)), but vary significantly
depending on the type of density functionals. For a given
density functional, the difference in calculated energy barrier
using different basis sets (6-31G(d), 6-31G(d,p), and 6-
311G(d)) is generally below 6 kJ mol™'. Changing the type
of functional, however, can result in a ~15 kJ mol™" difference
in barrier height and 2 orders of magnitude difference in rate
constants. The functional has more impact on the predicted
barriers than the basis set for studying chain transfer reactions
of methyl acrylate.

3.1.2. Ethyl Acrylate. For EA, two CTM mechanisms of
ethyl acrylate chains initiated by M,* radicals, as shown in
Scheme 2, are considered. These are the abstraction of a
methylene hydrogen atom (EA-1) and abstraction of a methyl
hydrogen atom (EA-2). Abstraction of methine and vinylic
hydrogens from EA are not studied, as our studies on MA
already showed that these reactions have higher energy barriers.
Abstraction of hydrogen from EA-1 and EA-2 is investigated by
constraining C1—H2 and H2—C3 bond lengths between 1.19
and 1.59 A. The transition-state structure for the EA-1
mechanism has H2—C3 and C1-H2 bond lengths of 1.34
and 1.37 A, respectively (Figure 2b). The activation energies
and rate constants for these mechanisms are given in Table 3.
The barrier of the EA-1 mechanism was found to be lower than
that of EA-2 mechanism. It can be seen from the Mulliken
charges of the ethyl acrylate carbon atoms (methylene carbon
atom = 0.01, methyl carbon atom = —0.383, and vinylic carbon
atom = —0.12 and —0.26) that the methylene carbon is more
electrophilic, indicating its higher tendency to donate a proton.
This also agrees with the finding that the bond-dissociation
energy of the side-chain methylene group in EA-1 was lower
than that of the methine group (Table 2). Therefore, the
occurrence of the EA-1 chain transfer mechanism in thermal
polymerization of EA is highly probable.

3.1.3. n-Butyl Acrylate. We studied four CTM mechanisms
for n-BA chains initiated by M,* radical as shown in Scheme 3.
These are abstraction of a hydrogen atom from three different
methylene groups (n-BA-1, n-BA-2, and n-BA-3) and
abstraction of a methyl hydrogen atom (n-BA-4). These
mechanisms are investigated by constraining the C1—-H2 and
H2—C3 bond lengths between 1.19 and 1.59 A. The transition-
state structure for the n-BA-1 reaction is shown in Figure 2c. Its
geometry has H2—C3 and C1—H2 bond lengths of 1.34 and
1.38 A, respectively. Table 4 lists the activation energies and
rate constants for the reactions. We determined that the rate
constant of n-BA-1 is significantly higher than that of n-BA-2, n-
BA-3, and n-BA-4 with different levels of theory. It was
identified that the abstraction of a hydrogen atom from a
methylene group adjacent to methyl group in the butyl side
chain has higher activation energy than that of the other
methylene hydrogen atoms (Table 4). Mulliken charge analysis
reveals that the methylene group carbon next to the ester
oxygen of the end-substituent butyl group (0.022) is more
electrophilic in comparison to the other methylene carbon
atoms (—0.269 and —0.18) and methyl carbon atom (—0.37).
Therefore, the hydrogen atom is more likely released from that
methylene group. The bond-dissociation energy given in Table
2 also indicates that the C—H bond in a methylene group is
much weaker than that in a methyl group. We found that the
calculated activation energy and rate constant of hydrogen
abstraction from the methylene group adjacent to the ester
oxygen of the butyl side chain using M06-2X/6-31G(d,p) was
quite similar to experimental values.”” The calculated activation
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Table 5. Assignment of >C NMR Spectra for MA, EA, and n-BA (Chemical Shifts Are Relative to TMS with Absolute Isotropic
Shielding of 187 ppm for the 3C)

description details calcd peaks exptl peaks'*”*
carbonyl C
COOX next to the terminal saturation 177.6—179.2
X = CH,
177.2—-179 172.7-172.9
X = CH,CH,
177.1-179
X = CH,CH,CH,CH,
COOX next to the terminal unsaturation 171.1-173
X = CH,
170—-172.5 166.4—166.7
X = CH,CH,
170.6—172.5
X =
CH2CH2CH2CH3
CH in the main chain
methine group in the main chain, CH next to the COOX 130.8—131.6
X = CH,
130.8—131.5 125.4—126
X = CH,CH,
130.8—131.4
X = CH,CH,CH,CH,
methine group in the main chain of MA, CH 155.2—-156.1
methine group in the main chain of EA, CH 155.2—156.2 137.7—137.9
methine group in the main chain of BA, CH 155.4-156.3
CH, on the side chain, close to terminal saturation
CH, on the ethyl side chain 66.3—67 60.4—60.9
CH, on the butyl side chain, next to the ester oxygen 70.5-71.6
CH, in the middle of the butyl side chain 36.1-36.4 30.5
CH, on the butyl side chain, prior to methyl group 24.3-24.8 30.5
CH, on the side chain, close to terminal
unsaturation
CH, on the ethyl side chain 65.6—66.4 60.4—60.9
CH, on the butyl side chain, next to the ester oxygen 70.4-71
CH, in the middle of the butyl side chain 36.3—36.7 30.5
CH, on the butyl side chain, prior to methyl group 24.5-25 30.5
CH, in the main chain
CH, next to the COOX 35.3-36.1
X = CH,
35.5-36.7 33.2-37
X = CH2CH,
35.9-36.9 33.7-374
X = CH,CH,CH,CH,
CH, in the main chain of MA, close to the double bond 31.5-32.6
CH, in the main chain of EA, close to the double bond 31.6—-32.8 28-29.6
CH, in the main chain of BA, close to the double bond 32.3-33.5 33.7-37.4
CH,
C in O—CHj, close to terminal saturation 55-55.7
C in O—CHj, close to terminal unsaturation 54.6—55.2
C in the end group CHj;, on the ethyl side chain, close to terminal 15.8—16.3 14.20
saturation
C in the end group CHj, on the ethyl side chain, close to terminal 16—16.5 14.20
unsaturation
C in the end group CHj, on the butyl side chain, close to terminal 16.9—17.4
saturation
C in the end group CHj, on the butyl side chain, close to terminal 17—17.5
unsaturation
energy and the rate constant are 31 kJ] mol™' and 0.5 hydrogen atom from the three methylene groups of n-BA,
L-mol™"s™', and the experimental values are 31 kJ mol™' and while a previous study'® had reported that the two middle
0.6 L-mol"s".">** We observe no significant difference in the methylene groups of the side chain have the lowest barriers for
activation energies and rate constants for abstracting a releasing a hydrogen atom. The lowest energy mechanisms in
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Scheme 4. Most Probable Mechanisms for CTM Reactions Involving a Two-Monomer-Unit Live Chain Initiated by M,*

My Monomer
goox H,Cx_-COOX cooX
c + \]/ — Cc—COo0X
HC” H H HyC ! -
H (X=CHg, C5Hs, C3Hy)
MA-1
/C.Hz
COOMe COOMe o
C—COOMe  H,Cx_ COOMe /K/CH —COOMe Hc\/g
HaC |L + —— HC ? + NS0
H
EA-1
CH
COOEt COOEt 0”7 cH,
C—COOEt  H,Cn_ COOEt CH,—COOEt HC\/K
HaC |L + —> HyC + N0
H
n-BA-1
CH
-
COOBu COOBuU o \C3H7
C—COOBu  HyC COOBu CH,——COOBuU Hc\*
HaC F|i + —> H,C ? + N 0
H

Figure 4. Transition state geometries of (a) MA-1, (b) EA-1, and (c) n-BA-1 for mechanisms involving a two-monomer-unit live chain initiated by

M,* (bond length in A).
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Table 6. Activation Energy (E,), Enthalpy of Activation (AH*), and Gibb’s Free Energy of Activation (AG*) in kJ mol™’;
Frequency Factor (A) and Rate Constant (k) in M~ s™" of the MA-1, EA-1, and n-BA-1 Reactions Involving Two-Monomer-

Unit Live Chains Initiated by M,* at 298 K

B3LYP B3LYP B3LYP B3LYP X3LYP
6-31G(d) 6-31G(d,p) 6-311G(d) 6-311G(d,p) 6-31G(d,p)

MA-1

E, 78 76 81 78 68

AH* 73 71 76 73 63

AG* 120 117 124 120 124

logA  15.38 15.9 15.28 15.65 9.89

k 12x 1077 43 x 107  27x107% 1.3 x 1077 2.7 X 107%
EA-1

E, 63 60 69 69 62

AH* 58 56 64 64 57

AG* 115 113 114 107 97

logA  11.68 11.66 14.30 17.43 18.47

k L1X107%  29x107% 15x107%  33x107% 1.7 X 107%
n-BA-1

E, 67 65 71 71 64

AHF 62 60 66 66 59

AG* 111 109 112 103 100

log A 1475 149 15.97 19.83 18.28

k 45%x 107 11x107% 31 x107% 13X 100 49 x 107

X3LYP X3LYP M06-2X MO06-2X MO06-2X
6-311G(d) 6-311G(d,p) 6-31G(d,p) 6-311G(d) 6-311G(d,p)
75 73 63 67 65
71 68 58 62 60
126 123 115 119 118
1227 12.43 11.63 11.5 1135
1.3 x 107% 49 x 107% 1.3 x 107% 1.9 x 1077 3.8 X 1077
65 65 48 49 52
60 60 43 44 48
110 101 101 91 94
14.56 17.96 10.97 15.55 15.76
8.6 x 107% 2.6 X 107% 2.7 X 107% 1.8 X 107 44 x 107%
68 66 57 59 59
63 61 52 54 54
110 108 90 99 103
15.56 1541 19.46 16.34 14.9
7.3 X 107% 1.5 X 107% 29 X 107 5.7 X 107% 1.3 x 107%

Scheme S. Most Probable Mechanisms for CTM Reactions Involving a Three-Monomer-Unit Live Chain Initiated by M,*

MA-1 o
2
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coome o coom COOMe VL
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MeOOC ¢+ e Meooe” CHy + o
COOMe H COOMe
EA-1 CH
0”7 CH,
COOEt COOEt
Et00C I — > EtOOC CH, + 0
COOEt H COOEt
n-BA-1 )
_CH_
o CsHy
COOBuU -
N _H  HC COOBuU AN~ H C\/K
- AN
Buooc ¢ e BooeT Y CH, + o
COOBuU H BuOOCI

MA, EA, and n-BA were compared, and it was identified that
the activation energy of MA-1 (Table 1) is higher than that of
EA-1 (Table 3) or n-BA-1 (Table 4). As reported in Tables 1, 3,
and 4, the activation energy for the most favorable CTM
mechanism in MA (MA-1) is much higher (~20 kJ/mol) than
those for the most favorable ones in EA (EA-1) and #-BA (n-
BA-1, n-BA-2, and n-BA-3). More precisely, the bond
dissociation energy of a methyl hydrogen atom in MA is
higher than that of methylene hydrogen atoms in EA and n-BA.
This indicated that the type of the hydrogen atom influences
the height of the barrier.

We compute the *C NMR chemical shifts of the dead
polymer chains formed by the most probable CTM
mechanisms (MA-1, EA-1, and n-BA-1) using ORCA.”* Figure
3 shows these polymer chains. We have applied different
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methods (B3LYP and X3LYP) and basis sets (6-31G(d), 6-
31G(d,p), 6-311G(d), and 6-311G(d,p)) for calculating the
chemical shifts. All the functionals give similar results for the
chemical shifts. The calculated NMR chemical shifts for the
dead polymer chains generated via the MA-1, EA-1, and n-BA-1
mechanisms, given in Table 5, are comparable with
experimental values reported in spontaneous polymerization
of n-BA.'*73

This agreement suggests that the mechanisms found to be
kinetically favorable are most likely occurring in thermal
polymerization of alkyl acrylates. No experimental NMR
chemical shift in spontaneous polymerization was found to be
similar to the calculated results for the chemical shifts of the
product generated from the MA-4 mechanism. On the basis of
these comparisons, one can conclude that the MA-4
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Table 7. Activation Energy (E,), Enthalpy of Activation
(AH?*), and Gibb’s Free Energy of Activation (AG*) in kJ
mol™'; Frequency Factor (A) and Rate Constant (k) in M™*
s7! of the MA-1, EA-1, and n-BA-1 Reactions Involving
Three-Monomer-Unit Live Chains Initiated by M,* at 298 K
Calculated Using B3LYP/6-31G(d) and M06-2X/6-
31G(d,p)

E, AH? AG* log. A k

MA-1

B3LYP 69 64 120 12.07 1.2x1077

M06-2X S5 S0 102 13.63 2% 107
EA-1

B3LYP SS 50 108 11.2 1.5%107°

M06-2X 35 30 93 9.53 92 % 1073
n-BA-1

B3LYP 52 48 125 3.5 2.1x1078

MO06-2X 54 49 102 13.22 1.7 x 107

mechanism does not seem to be the most favorable one for
CTM reactions. The energy differences of the optimized
reactants and products for the CTM mechanisms in MA, EA,
and n-BA are reported in the Supporting Information.

3.2. Chain Transfer to Monomer Mechanisms for M,°.
As shown in Scheme 4, the chain transfer reactions, MA-1, EA-
1, and n-BA-1, of a 2-monomer-unit live polymer chain initiated
via M,* are investigated using B3LYP, X3LYP, and M06-2X
functionals. The calculated transition states have C1—H2 and
H2—C3 bond lengths of 1.31 and 1.40 A in MA, 1.33 and 1.38
A in EA, and 1.34 and 1.38 A in n-BA. The transition state
structures for these mechanisms are shown in Figure 4, and
activation energies and rate constants are given in Table 6.
Comparing these results with those calculated in the previous
section for M,® initiated chains shows little difference in
activation energy and rate constants, which indicates that the
type of initiating radical of the live polymer chain has little
effect on the rate of the CTM reactions.

3.3. Effect of Live Polymer Chain Length. To under-
stand the effect of polymer chain length on the kinetics of
CTM, we investigated MA-1, EA-1, and n-BA-1 mechanisms
with a 3-monomer-unit live chain initiated via M,* (Scheme §).
We constrained the C1—H2 and H2—C3 bond lengths between
1.19 and 1.59 A in the three mechanisms. We found the bond
lengths of H2—C3 and C1—H2 of the transition state to be

Figure S. Transition state geometry of MA-1 reaction involving the
live chain Q;* (bond length in A).

Table 8. Activation Energy (E,) and Enthalpy of Activation
(AHY) in k] mol™!; Frequency Factor (A) and Rate Constant
(k) in M™' s7! of the MA-1 Reaction Involving Three-
Monomer-Unit Live Chains Initiated by M,* at 298 K
Calculated Using M06-2X/6-31G(d,p) (the bonds are shown
in Figure S)

Cl-H2 (A) C3-H2 (A) E, AH* log A k
Secondary Live Chain
1.40 1.32 55 50 12.89 83 x 107°
Tertiary Live Chain
1.43 1.28 67 62 9.93 3.5 %1078

1.31 and 1.4 A in MA, 1.33 and 1.38 A in EA, and 1.34 and 1.38
A in n-BA. It was observed that the transition-state geometries
of 3-monomer-unit live chains are similar to those of 2-
monomer-unit live chains discussed in section 3.1. It can be
concluded that the live polymer chain length does not
significantly affect the geometry of the reaction center. As
given in Table 7, the calculated activation energies of the CTM
reactions using B3LYP/6-31G(d) vary very little with the
length of the polymer chain. However, M06-2X/6-31G(d,p)
did show increase in the energy barrier for n-BA-1 with
increasing chain length. This is likely due to the long-range
exchange interactions in the hybrid meta-functional M06-2X.
3.4. Effect of Radical Location in a Live Chain. Previous
studies"”'* have shown that inter- and intramolecular chain
transfer reactions occur at high rates at high temperatures
(>100 °C), which can lead to the formation of tertiary
radicals'* and that both the secondary and tertiary radicals are

Scheme 6. CTM Reaction Involving the Live Chain Q;° and P,* Initiated by M;* (Me=Methyl)
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capable of initiating polymer chains. We also studied the CTM
reactions of an M, -initiated three-monomer-unit live chain
with a secondary radical, denoted by P,°, and an M, *-initiated
three-monomer-unit live chain with a tertiary radical, denoted
by Q;°, as shown in Scheme 6. The H2—C3 and C1-H2 bond
lengths of the transition state of the MA-1 mechanism involving
the Q;° live chain was found to be 1.28 and 1.43 A, respectively
(Figure S). The calculated energy barriers and rate constants of
these two mechanisms are given in Table 8. The activation
energy of hydrogen abstraction by a tertiary radical is higher
than that of hydrogen abstraction by a secondary radical. This
suggests that the tertiary radical center probably prefers to react
with a monomer and form chain branches or undergo S-
scission reaction, rather than abstracting hydrogen atoms. This
agrees with previous reports,'">'* where NMR and mass
spectrometry have shown the formation of chain branches
from tertiary radicals.

4. CONCLUDING REMARKS

The mechanisms for chain transfer to monomer in self-initiated
high-temperature polymerization of three alkyl acrylates were
studied using different levels of theory. Abstraction of a
methylene group hydrogen by a live polymer chain in EA and
n-BA and a methyl group hydrogen in MA were found to be the
favorable mechanisms for chain transfer to monomer reaction.
The kinetic parameters calculated using M06-2X/6-31G(d,p)
are closest to those estimated from polymer sample measure-
ment. The C—H bond lengths of transition state structures for
CTM reactions in MA, EA, and n-BA were found to be
insensitive to the choice of functionals. NMR spectra of various
reacting species in CTM reactions in MA, EA, and n-BA were
predicted. The NMR chemical shifts of dead polymer chains
from MA-1, EA-1, and n-BA-1 are comparable to those from
polymer sample analyses, which confirms that the products of
the chain transfer reactions proposed in this study are formed
in polymerization of MA, EA, and n-BA. It was found that the
polymer chain length had little effect on the activation energies
and rate constants of the mechanisms of CTM reaction when
applying B3LYP/6-31G(d) functional. However, M06-2X/6-
31G(d,p) showed differences between the kinetic parameters of
CTM reactions involving live chains with two and three
monomer units. MA, EA, and n-BA live chains initiated by M,*
and those initiated by M,* showed similar hydrogen abstraction
abilities, which indicates the lesser influence of self-initiating
species on CTM reaction. Hydrogen abstraction by a tertiary
radical has a much larger energy barrier than abstraction by a
secondary radical.
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