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ABSTRACT: In this work we used quantum mechanics hybrid models (QM/QM) to investigate the high-
temperature polymerization of styrene with the aim of elucidating its elementary chemistry. High and low quality
guantum mechanics calculations were performed at the B3LYP/6-31g(d,p) and PM3 levels, respectively. Reaction
kinetic constants were calculated for oligomers composed of up to 6 styrene units with classic transition state
theory on potential energy surfaces determined at the QM/QM level. The capability of this approach to predict
kinetic constants of elementary processes relevant to styrene polymerization was validated through the satisfactory
comparison with well-known experimental data. One of the main results of this study is that a new kinetic route
is proposed to describe the polymer growth mechanism, in which the succession of backbitjiga@ssion
reactions plays a critical role. In particular we found that the 7:3 backbiting reaction can proceed fast and influence
significantly the polymer weight distribution. Finally, the so evaluated kinetic constants were introduced in a
polymerization reactor model and used to compare the distribution of the produced oligomers measured
experimentally with that predicted from first principles. The agreement with experimental data is good, suggesting
that the proposed approach provides a valuable tool to investigate the kinetics of polymerization systems for
which experimental data on elementary reactions are not available.

1. Introduction is however more complicated. In addition to chain propagation

The high-temperature polymerization of styrene has been used(CP) reactions followed by combination (TA) or disproportion-
for several decades in industry to produce large amounts of ation (TD) termination reactions, dead polymer chains can be
styrene oligomers, typically referred to as waxes. The kinetic 9enerated by two other mechanisms. The first consists in a
mechanism responsible for styrene polymerization has been the'andom hydrogen abstraction reaction (RHA) of a radical on a
subject of many investigations. First, the kinetics of the thermal dead chain followed by g-scission reaction (left side of Figure
initiation reaction was studied by Hui and Hamiélend by 1), while the second is started by the transposition of the radical
Husain and Hamiele@ The developed models were able to center from the chain end to an intermediate position, which
simulate the monomer kinetics in the temperature range can take place through a backbiting reaction (BB), followed by
comprised between 100 and 23, but they were less  af-scission reaction) (right side of Figure 1). For the sake
successful in predicting the oligomer molecular weight distribu- of simplicity in this work, which is focused on oligomers, we
tion. Successively, the same authors extended the model todo not consider branching reactions that can further complicate

predict the polymerization kinetics of styrene/acrylic acid the reaction scheme. Thus, the main reaction events are the
copolymers in a CSTR up to 30 2 In order to refine these following:

results, empirical relationship between molecular weight and
both temperature and reactor residence time were introduced.

The styrene polymerization kinetics was investigated at lower S+ s—k'» R, 1)

temperatures by Kirchner et @lSeveral kinetic models have

been developed to describe the polystyrene degradation mech- R+ Sﬁ’, R, )

anism, which were based on the introduction of a continuous m m

molecular weight variable and on the use of kinetic mechanisms o Kt mid—chain

of increasing complexity-8 Pot Ry — Riin ©)
The styrene polymerization mechanism can be rationalized kb idechain

on the basis of these studies through the complex kinetic scheme Ry —Rn (4)

shown in Figure 1. As for all free-radical polymerization K, _ _

systems, the kinetics is based on the classical chain mechanism P,+ R, —>P, + RMd-chan (5)

involving initiation, propagation and termination steps. Because

of the high temperatures considered in this study the mechanism R:id—chain X P+R, (6)
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Figure 1. Global reaction mechanism of polystyrene production adopted in this work.

The self-initiating polymerization of styrene, represented by kMI[R] _ koM
reaction 1, is conduced in a temperature range comprised KIR] ki
between 250 and 35€C. For this process, extended studies

were performed to determine the complex initiation mechahism whereK represents the rate constant of the rate determining
and this will not be further analyzed in this work. The main  termination process. In particul&f is constant or proportional
effect of this reaction is that of prOdUCing the radicals which to [R] if the rate determining process is a unimolecular or
can then grow through the successive addition of styrene unitspimolecular reaction, respectively.

(reaction 2,kep), or through addition fragmentation reactions  |n order to identify the rate-determining step of the polymer
(reaction 3kar), which are characterized by the formation of a termination process it is necessary to investigate in detail the
midchain radical from a terminal-chain radical and a dead kinetics of the degradation reactions. It has been recently
polymer. Addition fragmentation reactions, backbiting reactions proposed that the molecular weight distribution is not controlled
(reaction 4 kyp), which consist in an intramolecular hydrogen by bimolecular termination reactions, and that the dominating
transposition in a radical, and chain transfer to polymer (reaction termination process takes place through backbiting, leading to
5, kep) reactions, in which a hydrogen is abstracted from a the formation of a midchain radical, followed by the production
hydrocarbon chain by a free radical, lead to the production of of dead-chain through A-scission reaction. This conclusion
free radicals with the unpaired electron positioned in the internal was based mostly on fitting of experimental data simulated

part of the polystyrene chain on a tertiary carbon atom. These through reactor models using values of the relevant kinetic
radicals can give easilg-scission reactions (reactions i), constants calculated with semiempirical methBdsince recent

by which the carborrcarbon bond in thep” position relative NMR analyses have shown that branches are not formed in the
to the midchain radicals breaks forming a dead-chain and a freehigh-temperature styrene polymerizatidrthe number of paral-
radical. Finally polymers can be produced by termination lel reaction pathways active in this system is limited, which
reactions, in which two radicals add to form a dead polymer offers t_he possibility of perf_orming a detailed_kinetic an_alysis.
(reaction 7 k), or disproportionation termination reactions, in In this framework, the aim of this paper is to provide an

which a hydrogen tranfer between two radicals leads to the accurate first principle estimation of the kinetic constants of
formation of two dead-chain polymerk, reaction 8). The the most important elementary reactions that take place during

formation of a dead chain polymer can thus take place eitherthe styrene _polymerization process. To pursue _this aim,_theoreti-
through reactions 58 cal calculations were organized as follows. First a reliable ab

initio calculation approach, based on our experience of modeling
The knowledge of the mechanisms of formation of polymer complex reacting systems, was chod&i? Then its capability
chains is of extreme importance in order to be able to tailor tg predict kinetic constants of elementary processes relevant to
their properties. Thus, the first aim of this paper is to investigate styrene polymerization was tested using as reference values well-
the relative contribution of reactions-8 to the polymerization known experimental data. Finally, the so evaluated kinetic
process. This is in fact a key step in the comprehension of the constants were inserted into a polymerization reactor model.
polymerization process, as the average polymer molecular The aim is to compare the structure of the produced oligomers,
weight is determined by the ratio of the rate of propagation to mainly in terms of the chain length distribution measured
that of termination. The average degree of polymerizatioy) ( experimentally, with the one predicted from first principles. This
can in fact be expressed as provides a hint on the contribution that first principle modeliegv

D, 0 9)
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Figure 2. The 98 atoms model of polystyrene. The backbiting 1:5

reaction, where underlined atoms are those treated at a high level of O
theory, is reported schematically.

can give to the design of polymerization reactors, at least in

the case of high-temperature styrene polymerization. ©) O
2. Computational Details g g g

The styrene polymerization reactions investigated in this work Figure 3. Structural models of polystyrene considered in the calcula-
are relatively simple molecular processes, as they involve the tlo?s. (a) isotactic, (b) SRRSSX" atactic, and (c) SRSSRR" atactic
contemporary formation or cleavage of no more than two bonds. POymers.

The difficulty arises from the large number of atoms that must be . . . . .
considered in each calculation, even if only small portions of the /-Scission reactions involve the formation or rupture of a single
molecule are directly involved in the reaction. A computational Pond in a well-defined reacting zone, which involves few vicinal
approach that has been devised to treat such systems is a hybri@l0ms. Moreover these reactions are not characterized by a

(QM/QM) approach, that allows to describe different parts of the significant distortion of f[he polymer mairj chain. This is however
same molecule at different levels of thedfy2® The hybrid not the case for backbiting reactions, which involve the transfer of

computational method adopted is the ONIOM procedure, imple- & hydrogen atom along the_ main polym_er chain between sites that
mented in Morukama’s group, that permits to subdivide a molecular €1 be several angstroms distant. For this reason we have considered
system into different layers which can be described adopting i this work three s_tere_ochemlcally different polystyrene molecular
different approaches (quantum mechanical, semiempirical, or mo- M0d€ls, sketched in Figure 3, to represent the atactic polystyrene
lecular mechanicg221t is thus possible to treat the atoms more POlymer kinetic behavior. The first is a six units isotactic polymer
directly involved in the reaction using a suitable quantum mechan- chain, while the others are two atactic chains with different relative

ical method, while the remaining parts of the molecule, which role Orientation of the phenyl groups, to which we will refer to in the
is often essentially steric, can be described at a much lower level following as SRRSSR* and SRSSRR. Kinetic constants were
of theory, using a semiempirical approach. calculated using the following strategy. Propagation, termination,

In this work all the QM/QM calculations were performed using and f-scission r_ea(_:t_ions were determined only with the isotactic

the semiempirical PM3 meth8tto represent the part of the model, as no sllgnlfllcant differences were expegted for the qt.her
molecule farther from the reacting region and density functional WO models, while kinetic constants of all the considered backbiting
theory (DFT) for the other&25In particular in all DFT calculations reactions were determined using the three different molecular
the exchange and correlation energy were calculated with the BeckeMOdels.
3 parameters and the Le¥ang—Parr functional€82? The all In order to reduce the computational time necessary for geometry
electron 6-31 basis set with added polarization functions (6-31G- optimization, we first determined molecular structures and energies
(d,p)) was used in the calculatioffs.All quantum chemical at the PM3 level, then the geometries so optimized were used as
calculations of radicals were performed with a spin multiplicity of guesses for new geometry optimizations performed at the higher
2 and using an unrestricted wave function. QM/QM level of theory. Several different structures were consid-

Six styrene units (98 atoms) composed the polystyrene molecularéred as starting point for the optimization process in order to
model chosen as representative of the polystyrene polymer. Theimprove the conformational search of the minimum energy
assignment of the level of theory at which each atom is treated is Structure. As a general rule, all geometries were fully optimized
an important choice, as it can influence significantly the outcome With the Berny algorithm and were followed by frequency calcula-
of the calculations. In the following, we refer to this assignment tions. A structure was considered stable only if possessing no
process as QM/QM or ONIOM partitioning. Our simulations, as imaginary vibrational frequencies.
will be discussed more in detail in the following, show that good The analysis of low vibrational frequencies of calculated
results can be obtained if the primary chain of polystyrene and minimum energy structures evidenced that many low vibrational
the benzene rings involved in the reactions are considered at thefrequencies are present. While some of them can be attributed to
DFT level of theory, while the remainder is treated at the complex vibrational modes, other correspond to torsions around
semiempirical level. The structure of the polystyrene model used sp* bonds of the main polymer chain. The correct description of
to study the +5 backbiting reaction, where the parts of the such motions would require the solution of the multidimensional
molecule treated at the QM level of theory have been highlighted, Schralinger equation for coupled rotors, an approach that is
is shown in Figure 2. currently unfeasible given the complexity of the potential energy

A second choice concerns the level of description of the surface (PES) of this system (at least 10 dimensional, excluding
stereochemical composition of the considered polystyrene chain.the phenyl rotations). We therefore decided to calculate the partition
At the temperatures considered in this work free radical styrene functions associated with these torsions in the harmonic approxima-
polymerization produces an atactic polymer, characterized by ation. Though this approximation might seem restrictive, it must
random relative orientation of the lateral phenyl groups. Though however be pointed out that relative internal motions in the
atactic polymers have different conformational properties with structures here considered are significantly hindered by repulsive
respect to isotactic or syndiotactic polymers, we expect stereo- interactions between the phenyl groups, which are among the
chemistry to play a significant impact on the polymerization kinetics driving forces toward the formation of thé Botactic polystyrene
only for backbiting reactions. In fact propagation, termination, and helix. However, while such approximation is reasonable andésr{/
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Table 1. Comparison between Experimental and Calculated Rate A. Calculation of the Propagation Kinetic Constant. The
Constant Values of the Propagation and Termination by kinetic constant of monomer addition was calculated using the
Combination Reactions polystyrene molecular model sketched in Figure 2 and the
Eaexpf3:3 Ea calcd computational approach described in section 2. In order to
parameter lkoexpf®*  (kcalmol)  kocaled (kcal/mol) determine the ONIOM partitioning of the model molecule that
ko 4.30x 10t 7.8 1.37x 10'° 8.4 gives best agreement with the experimental data, four different
ke 1.06 x 1012 15 1.13x 1012 0.0

cases have been considered. Two calculations were performed
@ Geometries and frequencies were calculated by adopting the QM/QM in which all atoms were treated in one case with a semiempirical
method described in the text for the propagation constant and variational approach (PM3) level and in the other using density functional
calculations for the termination by combination. Preexponential factors and
activation energies are reported in units consistent with kcal, s, mol, and theory (BSL_YP/G-S_lg(d,p)). The Iatter repr(_asents_ our reference
cm. The isotactic molecular model was used in the calculations. system and ideally is the one b_eSt suited to investigate a complex
reacting system. However it is computationally onerous, and
be used as a reference value for future higher level treatments oftherefore, we decided to treat some part of the model molecule
internal rotations, it is known that in transition states torsional at a lower level of theory. Two different systems were
vibrations, because of the formation or cleavage of one or more considered. In the first case, only the main polystyrene chain
bonds, can easily degenerate in relatively unhindered internal rotors.was treated at a high level of theory and the other atoms at a
Since the corresponding partition functions can reach very high |ower one; in the second, both the main polystyrene chain and
}aalue_?, &Nehdeu?‘ed_go ‘?Xpl'lc']fly treat such lmo_tlons, which \INed the benzene rings involved in the reaction are considered at the
Ihiﬁgtelrle?d rtotroorlég” vibrational frequency analysis, as uncouple high level of theory. The benzene rings involved in the reaction
o ) . . . . are two and are those bonded with the reacting tertiary radical-
Kinetic constants of reactions for which a distinct transition state A
carbon atoms, as shown in Figure 2. In the second case, the

could be identified were calculated with classic transition state . . . .
theory. Transition state structures were located adopting the explicit consideration of the benzene rings at the DFT level has

synchronous transit guided metfid@ind are characterized by a  the purpose of improving the description of the hyperconiugation
single imaginary vibrational frequency. Activation energies effect of tertiary carbon atoms bonded to aromatic units, which
were calculated as the difference between the electronic energyis unlikely to be correctly described by a semiempirical
of the transition state and that of the reactant and include zero approach.

point energies (ZPE). For dissociation reactions proceeding Reactant and transition state structures and energies were

without a distinct transition state kinetic constants were det ined for the f . tioated | | dels. Th
calculated with variational transition state theory (VTST). All etermined for the four investigated molecuiar modeis. 1he

quantum chemistry calculations were performed with the Gaussian C@lculated propagation activation energies, as well as some key
03 suite of program& while all pictures were drawn using Molden ~ geometrical parameters are reported in Table 2, while the

4,232 transition state structure is sketched in Figure 4. As it can be
_ _ observed, the activation energy calculated adopting the QM/
3. Results and Discussion QM partitioning in which only the main polystyrene chain is

The computational work was organized as follows. First we treated at the high Ievel_ of theory differs only by 0.3 k(_:aI/moI
tested the QM/QM computational approach calculating the from th_at calculated using DFT f_or all the atoms, while that
kinetic constants of well-known reactions related to the reacting détérmined at the PM3 level differs by about 3 kcal/mol.
system under examination. Then we calculated the kinetic INtérestingly the activation energy computed considering the
constants of key reactions involved in the polymerization Main polystyrene and the benzene rings involved in the
process, thus developing a framework for compiling a kinetic réaction at the high level of theory is equal to the reference
mechanism consisting of elementary reactions. Finally we val_ue. Th_us,we decided to _per_form all the following calculations
embedded the detailed kinetic mechanism in a continuous stirredUSing  this QM/QM partitioning of the molecular model.
tank reactor (CSTR) model and simulated experimental data Finally it is important to obserye t_hat the difference bgtween
collected in previous work®. This allowed as to draw some cal_culated and experimental activation energy, as shown in Table
conclusions on the main kinetic pathway determining the high- 1. is less than 1 kcal/mol (0.6 kcal/mol), which shows that DFT
temperature polystyrene polymerization process. Three differentcalculations performed at the B3LYP/6-31g(d.p) level can
detailed kinetic mechanisms, corresponding to three stere-describe very well polystyrene reactions, at least for the
ochemically different molecular models, were considered in the investigated case.
calculations. In the following we mostly report the CSTR The calculation of the pre-exponential factor for the poly-
simulation results determined using the isotactic molecular styrene chain propagation reaction is complicated by the fact
model, as they are intermediate between those obtained withthat this polymer has several internal rotational degrees of
the other two models, which are however reported as Supportingfreedom. The frequency analysis of the transition state structure
Information. has in fact shown that three vibrational frequencies smaller than

3.1. Method Validation. As a first part of this work, we 150 cm! can be attributed to internal rotations. The low
tested the capability of our computational approach to evaluate vibrational frequencies are 47.47, 70.94, and 93.50camd
kinetic constants of relevant reactions involving styrene for correspond to the internal motions shown in Figure 5. The
which experimental data are available. This operation has degeneration of a vibrational in a rotational motion can
required to individuate a set of reactions whose kinetic constantssignificantly affect the calculation of a pre-exponential factor
have been measured at a high level of accuracy. This is indeedof a bimolecular reaction since a rotational partition function is
the case for the propagation kinetic constant, reaction 2, as wellusually significantly larger than a vibrational one. These internal
as for the termination kinetic constant, reaction 7, reported by motions were treated as hindered rotors. The corresponding
Buback et aP334 Both kinetics have been studied through partition functions were calculated using the method proposed
pulsed-laser polymerization (PLP) in conjunction with molecular by Fascella et a? This requires to calculate the potential energy
weight distribution and styrene conversion measurements. Thesurface for the rotation of a part of the molecule with respect
measured kinetic constants are reported in Table 1. to the other, which was performed using the ONIOM metlaf)[gv
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Table 2. Comparison of Activation Energies of the Propagation Reactionkp) Calculated Adopting Different QM/QM Partitioning and the
Isotactic Molecular Model

E, calcd
QM/QM partitioning (kcal/mol) o} d; ds a %
all PM3 11.0 1.43 1.38 2.15 122.9 106.0
all DFT 8.3 1.46 1.38 2.26 126.8 109.9
QM(DFT main chain)/QM 8.7 1.43 1.45 1.97 126.1 111.4
QM(DFT main chairt involved styrene)/QM 8.4 1.46 1.38 2.27 126.6 109.9

Table 3. Comparison between Vibrational Q") and Internal
Rotation (Qi) Partition Functions for Three Significant Low

Vibrational Frequencies (Isotactic Molecular Model)

associated rotation v[cm™Y Qn Qm
r 47.47 491 7.18
ra 70.94 3.465 7.33
rs 90.50 2.77 14.51

Table 4. Calculated Partition Functions, Molecular Energies (the
Reference Is the Reactant) and Kinetic Constant for Different
Reaction Coordinate @) Values for the Termination by Combination
Reaction (Isotactic Molecular Model)

D(A) EJd)(kcal/mol) Q3D @,.D0 QLD Qptot
45 39.9 675.6 13690 113.21 2.28104
5.0 42.2 670.1 13690 113.21 2.30104
5.5 44.0 661.8 13690 113.21 2.3310M
6.0 45.0 653.3 13690 113.21 2.3810M
6.5 46.1 615.9 14975 113.21 2.48101
7.0 46.9 722.1 15610 113.21 2.8810
75 47.8 2684.6 37594 113.21 2.95101

described above. The calculated rotational PES for thérRR

and R, motions are shown in Figure 6. Subsequently the PES
was interpolated using cubic splines and the internal rotation
partition function was evaluated as

€k

ke T

wheregy is the degeneracy of the rotational energy lexeind
oint is the symmetry number of the internal rotatigr,; ex, and
oint are determined by solving a one-dimensional Sdimger
equationt3

The maximum energetic barrier for the Riternal rotation
is 13.0 kcal/mol, as shown in Figure 6. Similar results are
obtained with other two low vibrational frequency which
correspond to the rotational motion around the polystyrene-
(CH—CgHs) bond and the polystyrene-(GHCH—CgHs) bond,
respectively. The calculated internal partition functions are
compared with the corresponding vibrational partition functions

1
Qrotint = — ) 9 €X (10)
rot,in UlntZ

in Table 3 and were used to evaluate the pre-exponential factor

of the investigated reaction through transition state theory. As
it can be observed, the explicit consideration of internal motions

viscosity values characteristic of the high-temperature styrene
polymerization, it is reasonable to assume that the reaction
kinetics is independent of the length of the polymeric chain.
We therefore choose as molecular model of the reactants two
identical molecules, each one comprising two monomeric units.
Thus, the reaction can be written as

Ka
R,+R,—P,

(11)
Calculations were performed using the QM/QM partitioning
procedure introduced in the previous section that gave results
in good agreement with those obtained with a full calculation

using DFT level.

The measured experimental activation energy for this process
is very low, 1.5 kcal/mol. Even if this might suggest the
existence of a transition state, our analysis, performed by both
scanning the PES as a function of the length of the bond that is
being formed and using an automatic algorithm for the search
of a saddle point? could not find a maximum on the PES. In
particular, we calculated that the reaction is exothermic by 49.5
kcal/mol, which is in agreement with the 4A81.5 suggested
value for this class of bond8.Our calculations have also shown
that the total energy of the investigated system increases
constantly with the length of the bond that is being broken. To
determine the kinetic constant of the termination reaction we
followed a reverse approach. We first evaluated the kinetic
constant of the inverse reaction, the dissociation pinPR,,
and then determinek, by applying thermodynamic consistence
(i.e., from the equilibrium constant) with calculated enthalpy
and entropy changes. The calculated entropy change for the
dissociation reaction is 43.8 (cal/K)/mol. When applying VTST,
it is important to explicitly consider the possibility that some
internal vibrations degenerate in hindered internal rotors. To
account for this, we calculated the VTST kinetic constant using
the following equation:

backward _ kBT
cin - h

o
Qirot‘ Qi/ib' Qiel

reactants

K (AEo(d)+ZPEVRT)

12)

as hindered rotors led to an increase by a factor of 10 the kinetic WhereEq(d) is the difference between the electronic energy of

constant. The calculated pre-exponential factor of 6650°
is in good agreement with the experimental value of>4.B8010,

B. Calculation of the Termination by Combination Kinetic
Constant. Termination by combination is a family of exothermic
reactions characterized by the formation of a singleond

the reacting molecule calculated when the length of the bond
that is being broken isl. The molecular partition function of
the transition stat€ * was calculated following the procedure
suggested by Gilbéit as

. . . — R R tot, ~2D 2D 1D

between two reacting radicals. These reactions usually proceed Qi)t = Qiib"Quib’ if’ “Nrot1"rot2" Wrot (13)
without passing through a distinct transition state, which makes 12

. o ; . L kg T ks T
classic transitional theory inapplicable. In these cases, it is rlc'i: — Qrzcl)?: = (14)
possible to evaluate an upper limit of the kinetic constant using B B
variational transition state theory (VTST). In its essential - .
features, VTST requires to scan the reaction PES and to evaluatevhere Q[ is the vibrational partition function of R is

the reaction kinetic constant using TST as a function of the the external rotational partition function of the reacting molecule,
reaction coordinate. The VTST kinetic constant value is the Q3 andQ’, are the internal rotational partition functions of

minimal of those calculated through this procedure. For the low the 2D rocking motions of the two moieties in which the reac@BtV
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r,=70.94 cm-
r,=93.50 cm-

Figure 5. Assignment of the three vibrational frequencies treated as
free internal rotors (isotactic molecular model).

0 12 -
Figure 4. Transition state structure of the propagation reaction -.E_
(isotactic molecular model). E 9.6 1
= 7.2 -
is being dissociatedQy, is the 1D partion function for the 3 , o |
torsional mutual rotation of the two moieties around the breaking §
bond,B is equal to (?/8)7?, ando is the rotational symmetry | § 24
number. The reduced moments of inertia for all the internal 0 : . .
rotations, as well as hindrance angles that can limit these relative
. . - 0 1 2 3 4 5 6

motions, were calculated using the GEOM program distributed Angle (rad)
with the UNIMOL suite3”

According to the VTST described above, the kinetic constant = ol
depends on two factors: the reaction activation energy and theg 168
pre-exponential factor. Both of them are function of the reaction = 144
coordinate and increase with it. The calculated partition func- § 120
tions, molecular energies and kinetic constants are reported in<. 9.6 -
Table 4 for different reaction coordinate values at a temperature a 72
of 600 K. 5 48

Next the kinetic constant was interpolated and its minimum u=.| 24
value was found at a distance of 6.84 A, which we thus 0 : : : :
considered as the transition state. The calculated activation 0 1 2 3 4 5 6 7
energy and pre-exponential factor are 46.7 kcal/mol and<5.0 Angle (rad)

10" s71, Then the termination by combination rate constant was % 7.0 -
calculated from thermodynamic consistence, and was found to £ 5.0 4

be 1.1x 10" at 300 K and 4.3x 10 cm?mol-s at 600 K, l“j' |
which is near the experimental value of 3<110', measured O 487
at 600 K. = .6 |
The experimental and calculated data for the reactions ;’
. . . . . . . 24 -
investigated in this section are summarized in Table 1. 5
3.2. Dominant Chain Growth Mechanism.The dominant I.E 1.2

chain growth mechanism investigated is sketched in Scheme 1, | \ _ . ,
where the possible reactions of @ Rdical are summarized. A 0 1 2 3 4 5 6 7
growing radical R can depoly_merlze_ to give ajR radlcgl_, Angle (rad)
add a monomer to form R, or isomerize through a backbiting
reaction transposing a hydrogen atom to form a mid chain Figure 6. Rotational potential energy for the three internal rotors of

; e the transition state for the propagation reaction described in the text
radl_ca_l. As sketchgd in Flgl_Jre 2, the_hydrogen_ atoms that are(isotactic molecular model).
statistically more likely to give backbiting reactions are those
attached to the tertiary carbon atoms in positions 3, 5, and 7.reaction pathways: decompose througf-acission reaction
Once formed, the mid chain radical can follow two different into an oligomer (P) and another radical \Ror transpose baCEiDV
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Scheme 1. Possible Reactions of a Midchain Radical found for the isotactic chain, which presents a well-defined 3
R, P, R, R"-<lain helix structure.
b LT Ty ok ke ke It is interesting to compare the backbiting reaction rates
- » af * e Mta® i

. . reported in Table 5 with those proposed in the literature for H

R 2R o T2 PR internal transfer in linear alkane radicdfs®® These works
’ propose that pre-exponential factors decrease substantially with
the number of atoms in the transition state ring structure. This
trend can be ascribed to the blocking of internal rotations in
) i ) ) ) the transition state. On the contrary, the data reported in Table
the hydrogen forming again the,Rerminal radical. This 5 4o not show any significant variation in pre-exponential
represents a path\(vay for the proo!uctl_on of ollgomers that is in t5ct0rs. This is due to the fact that we treated torsional motions
competition with bimolecular terminations. While for the latter  5.5,nd the main polystyrene chain in the harmonic approxima-
good kinetic constants estimates are available, this is not the(q ‘rather then as free or hindered rotors. Thus, the negligible
case for the backbiting and-scission mechanism. For this  gependence of pre-exponential factors from the transition state
reason we decided to investigate in detail this last reaction ring size can be ascribed to the low sensitivity of vibrational
pathway. o ) frequencies to the structural deformation necessary to reach the

A. Backbiting. Hydrogen transposition in a \Rierminal transition state. In order to check whether this approximation
radical can easily occur at the process temperature because of reasonable, partition functions of transition state and reactant
the high reactivity of the radical in the terminal position of the might be computed considering the internal rotations along the

growing chain. In particular the abstraction of a hydrogen atom \4in holymer chain as a system of hindered coupled rotors. As
bonded with a tertiary alkyl carbon is more favorite with respect §iscussed in the method section, this is a task particularly

to qther hydrogen_ato_ms, because it leads to the ]‘ormatiop of acomplicated by the high dimensionality of the PES to be
tertiary radical, which is the most stable carbon radical. Sterically ¢ongjgered, and is likely to give results significantly different
and energetically, the third, fifth, and seventh tertiary carbons ., those proposed for linear alkane radicals. While in fact
from the chain-end are the more favorable positions for jniemal rotations in alkanes are only slightly hindered, this is
hydrogen transpositiot?. not the case for polystyrene, because of the repulsive interactions

The b.a.ckbiting reagtions of 1:3, 1:5,'and 1:7 hydroge.n among phenyl groups and partiaf$ybridization of the radical
transposition, reported in Scheme 2, were investigated adopting.gnter.

the QM/QM partitioning procedure previously described. All
reactions are slightly exothermic, and in particular by 1.1, 0.3,
and 1.2 kcal/mol for the 1:3, 1.5, and 1.7 transposition,
respectively, for the isotactic polymer. The kinetic constants
calculated for the three considered structural models (isotactic S ) . .
and atactic, as reported in Figure 3) were determined with Symmetf'c since the mid chain radical can react.tp formathe.
transition state theory and are reported in Table 5 (where we _bond \.N'th the se_condary carbon atoms positioned at its
also reported the kinetic constant for the 7:3 backbiting reaction, immediate left or right.
which relevance to styrene polymerization is described in  The products of this reaction can be several, as shown in
paragraph 3.3), while the corresponding transition state structuresScheme 3. Following thé-scission reaction a midchain radical,
are shown in Figure 7 for the isotactic model. composed byr() monomers and produced as a result of a 1:5
The calculated activation energies for the isotactic chain are Packbiting reaction, can, for example, form either the 2,4,6-
41.3,17.9, and 21.7 kcal/mol, respectively. As can be observed,triphenyl-1-exene and an(— 3) units terminal chain radical
the 1:5 hydrogen transposition is the most favorite, while the (615) or a dimer radical and an unsaturated dead chain formed
1:3 reaction requires overcoming a high-energy barrier. Theseby (0 — 2) styrene monomerg:-scission reaction from a mid-
results may be explained in terms of transition state stability. radical in position 7 produces both the 2,4,6,8-tetra-phenyl-1-
In fact, the 1:5 backbiting reaction leads to the formation of a octene and an(— 4) units terminal chain radical, or a trimer
6 membered ring transition state characterized by a low internal fadical and an unsaturated polymer formed hy(3) units.
strain, while the 1:3 backbiting reaction is much less favorite S-scission from a mid-radical in position 3 produces both 2,4-
because its transition state is a highly strained 4 membered ring diphenyl-1-butene and a (~ 2) units radical molecule, on(
To test the correctness of this interpretation we studied at the — 1) polymer units chain and a benzylic radical. Finally, a
B3LYP/6-31g(d,p) level the same backbiting reactions, but in A-scission from a radical in position 1 is equal to a depropagation
the case of polyethylene. This allows one to eliminate the effect reaction to form styrene and the relative growing radical.
of steric hindrances and mutual repulsions due to the phenyl The first reaction investigated has been that of depropagation.
rings of polystyrene. The calculated activation energies for this Adopting the ONIOM partitioning introduced above, transition
process were 38.7, 18.3, and 18.4 kcal/mol for 1:3, 1:5, and state theory, and the isotactic molecular model it was found
1:7 backbiting, respectively, for the isotactic polymer. This that this reaction requires an activation energy of 19.6 kcal/
confirms our hypothesis that the difference in activation energies mol with a pre-exponential factor of 17 10'2 s~1. Moreover
for the three reactions is due to the strain of the main polymeric we calculated that both the right and Igfscission reactions
chain in the transition state rather than to interactions among have the same activation energy, while the activation energy
the styrenic rings. Once formed, midchain radicals can then reactchanges with the position of the midchain radical. The transition
following the different pathways shown in Scheme 1. state geometry for thg-scission reaction of the polystyrene
Activation energies and enthalpy changes calculated for the mid chain radical in position 5 is shown in Figure 8. It is
two atactic chains are similar to those obtained for the isotactic interesting to observe that the distance between the carbon atoms
polymer, with reactions rates generally slightly slower. This can in position 6 and 7 is smaller than that between the carbon atoms
be attributed to repulsive intramolecular interactions between in position 7 and 8. This is due to the change of the ibridation
the phenyl rings in the transition state, with respect to those state from spto sg of the carbon atom in position 6, whic&":lDV

kAT kAT k)
R

branching
n+l R

B. f-Scission.This is a unimolecular decomposition reaction
of a mid chain radical that involves the rupture of aC o
bond between a secondary and a tertiary carbon atom partially
compensated by the formation ofrabond. The reaction is
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Scheme 2. Backbiting Reactions
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Table 5. Calculated Rate Constants for Backbiting Reactions for the for the three different sets of reactions, though we mostly report

Three Different Molecular Models Considered in This Work? here the results obtained with the isotactic kinetic scheme, as
reaction logo A Ea log 10A Ea they are intermediate between those obtained using the atactic
Isotactic Model models. However, the calculated results are qualitatively similar
Rni=Rns kepiz 11.340 4130 kst 11.834 4250 and differ only slightly quantitatively, as can be observed by
Rii=Rns kepis 10.773  17.92 kppis? 11.447  18.10 comparing the polymer weight distribution obtained for 90 min

Rni=Rn7  kepiz 11.620 21.70 kem7 ! 12.046  23.50
Rn7=Rnz kepza 11.372  16.90 kpprst  11.362 18.13

RRRSS-R* Atactic Model
Rnylﬁ Rnyg kob13 11.516 41.05 kbblsfl 12.053 43.39

residence time at 343C, reported in Figure 9, for the three
different structural models considered. Therefore, in order to
limit the discussion, we decided to comment in detail in the

Rui=Rns kepis 11102  21.96 kppie? 11118  22.00 follpwing only the results obtained With. the isotactic scheme,
Rii=Rn7 kopiz 10.839 2048 kppy7 !  10.440  22.34 while we report as Supporting Information the data calculated
Rn7=Rnz  keozs 10.944  22.82 kepys' 11.241  23.76 with the two other kinetic schemes.

N RSRRS-R" Atactic MOd‘Ejl It is worth noting that with respect to the lumped kinetic
SM; S“S 'l:zm ﬂ;gg ‘l‘g'g(l’ E’;blil ﬁ'gﬁ ‘l‘g'gé model developed by Campbell et #l.we have included here
Rii= R kg 10707 2054 kel 9795 2240  the new backbiting reaction 7:3 as well as the reversibility of
Rn7=Rns keprza 11.431 20.30 kpys? 12.253  23.57 all backbiting reactions, i.e., the backward backbiting reactions

aPre-exponential factors and activation energies reported in units 71,51, 3:1,’ and ,3:7' This \,Nas su.ggested ,by the results of the
consistent with kcal, s, mol, and cm ks= A exp(~E4/RT). QM calculations discussed in section 2, which showed that the

activation energy for backward reactions is relatively small.
Similarly the 7:3 backbiting reaction has been introduced
because, passing through an unstrained six-membered ring
transition state, has a low activation energy.

results in the formation of the terminal double bond that
characterizes the oligomer.

The calculated kinetic constants for tfiescission of mid ) ] ) )
chain radicals in positions 3, 5, and 7 are reported in Table 6. The results of the simulations performed with a residence
Computed activation energies are comprised between 20.otime of 90 min are reported in Figure 10a for four tempera-

and 24.2 kcal/mol while pre-exponential factors are almost the tures: 260, 288, 316, and 34€, in terms of the molecular
same. weight distribution. We found that the oligomer weight distribu-

3.3. Reactor Simulations and Data Analysisin order to tion is rather broad at the lowest temperature, while it moves
identify the dominant chain growth mechanism, it is necessary towa_rd_ sr_naller molecular weig_hts as the temperature incr_eases,
to perform a simulation of the polymerization process in which @nd itis in fact centered on dimers and trimers at the highest
all the relevant involved reactions are explicitly considered. For temperature. This is in good agreement with the experimental
this purpose, the reaction rates calculated in the previous sectiorfiata shown in Figure 108. At the lower temperatures the
were embedded in a kinetic scheme and inserted in a perfectlymolecular weight distributions show a peak in proximity of the
stired reactor model to simulate the experimental setup trimer and are centered over molecular weight up to 1000 Da.
described in ref 10. The range of temperatures and residenc@'_mmaﬂons at hlghgr temperatures are centered about.smaller
times investigated is comprised between 250 and°85and 5 oligomers and maintain the same _trend as a function of
and 90 min, respectively. The reaction scheme is composed oftémperature as shown by the experimental results. The only
68 chemical species involved in 378 reactions, which describe Significant disagreement between experimental and calculated
step by step the conversion of the styrene monomer in andata is at the highest temperatures, i.e., 3€3 where the
oligomer composed of up to 16 monomers. The reaction schemeSimulations overpredict the dimers production. We will come
is summarized in Tables 5 and 6 and includes: the initiation |ater to discuss this point in detail, while we now proceed to
reaction, polymerization and depolymerization reactions; 1:3, analyze the effect of the residence time in the reactor.

1:5, 1:7, and 7:3 forward and backward backbiting reactions; The results of simulations performed at 316 and for
p-scission reactions, and all the possible radical combination residence times ranging from 5 to 90 min are shown in Figure
and disproportionation termination reactions. We considered 11a. It can be observed that the effect of temperature and
three different kinetic schemes, corresponding to the three residence time is similar. This is particularly true for low
molecular models adopted to describe the random configurationmolecular weight oligomers, with dimers and trimers being the
of the polystyrene oligomer. The kinetic schemes differ for the must abundant species for higher residence times. The simula-
rates of the backbiting reactions. All simulations were repeated tions are in agreement with the experimental data show&ér{/
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d1 = 1.4529
d, = 1.4353
a = 102.96°

Figure 7. Transition state geometry for the polystyrene 1:3, 1:5 and 1:7 backbiting reactions calculated with QM/QM ONIOM partitioning. Distances
are reported in angstroms and angles in degrees (isotactic molecular model).

Scheme 3-Scission Reactions
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Figure 11b' In particular it is seen that the dimer, trimer, and termination between two styrene radicals. However using the
tetramer concentrations increase with residence time as is alsadeveloped kinetic model we are now in the position to clarify
observed experimentally. It can be noted that the production of this issue. In particular, two different pathways have been
high molecular weight oligomers seems to be more influenced investigated. First, it has been observed that styrene dimers can
by the temperature than by the residence time. The mole fractionbe formed as a result of 1:5 and 1:7 backbiting reactions
of oligomers with a molecular weight higher than 1000 Da followed by -scission from growing polystyrene chains com-
produced at 260C and for a residence time of 90 min is in  posed by four and five styrene units, respectively. The abun-
fact about 0.35, while that obtained at 343 for a residence  dance of these species is confirmed by experimental observa-
time of 5 min is only 0.075. tionst? that show how the molecular weight distribution, in the
An intriguing aspect of this process, which is confirmed both considered temperature range, is centered about oligomers
by the experimental investigation as well as by our simulations, containing three to six styrene units.
is the significant presence of dimers particularly at high  The second investigated mechanism proceeds through the
temperatures and high residence times. This cannot be justifiedformation of a midchain radical in position 7. This chemical
either by the 1:3 backbiting reaction, for which we calculated species can further react following three different pathways to
a very high activation energy, or by the very slow bimolecular give: aradical in position 1 through a backward 7:1 backbigﬂgv
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Figure 8. Transition state geometry for thfescission reaction of the
polystyrene radical in position 5 (isotactic molecular model). Distances
are reported in angstroms.

Table 6. Rate Constants forf-Scission and Termination Reactions
Calculated Using the Isotactic Mode?

reaction logo A Ea

S—Ri1 ki 8.276 27.44
Rn1+S— Rn+11 Kep 10.137 8.43
Rn+1,1— Rn1+ S o L 9.748 19.57
Rnz— P2+ Rn-21 S;gh‘ 12.707 20.63
Rn3— Pr-1+ R11 ;3“ 12.719 22.50
Rns— P3+ Rn-31 §ght 12.737 20.00
Rns— P2+ Rz . 12.737 20.00
Rn7— Pa+ Rn-a1 Sgigh‘ 12.487 24.02
Rn7—Pr3+Re1 w4 12.487 24.02
Rn,l + le - Pn+m k(a 12.050 0.0

Rn1+ Rmi— Pn+ Pm Kid 11.180 1.50

aLeft and right rate constants were assumed to be the same fp6the
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Figure 10. (a) Molecular weight distribution obtained for 90 min
residence time at different temperatures: 260, 288, 316, and@43
(isotactic kinetic scheme). (b) Experimental results taken from ref 10;
the number of styrene units of the first peaks is reported to help the

and 7 scission reactions. Pre-exponential factors and activation energiescomparison with the calculated data.

were reported in units consistent with kcal, s, mol, and crkasA exp(—
E4/RT). Experimental values of initiatidn(k;) and termination by dispro-
portionatiod* (kg) are included and have been used in the reactor
simulations.
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Figure 9. Molecular weight distribution calculated at 34@ for 90
min residence time using three different kinetic schemes.

reaction, a radical in position 3 through a 7:3 backbiting reaction
or a dead chain and a radical througf-acission reaction. As

backbiting reaction. Thus, this appears as a feasible reaction
pathway for the production of a radical in position 3. After being
generated, the radical in position 3 can then react following
pathways similar to those previously described for the radical
in position 7. This chemical pathway, characterized by a
succession of-scission and backbiting reactions, is sketched
in Scheme 4, while the values of the corresponding rate
constants are reported in Table 5 and 6.

As it can be observed, this kinetic mechanism provides a
pathway for the formation of dimers that does not require
passing through a 1:3 backbiting reaction or a bimolecular
termination by combination. To test the importance of the
contribution of this reaction pathway to the formation of dimers,
some simulations were made changing systematically the global
kinetic mechanism. First, simulations were performed suppress-
ing the 1:3 backbiting reactions, which lead to a substantially
unchanged polymer weight distribution and thus confirmed the
irrelevance of this mechanism. On the other hand the elimination
of the 7:3 backbiting reactions (and of the corresponding
backward reactions) produces at 343 a polymer weight
distribution with a reduction of about 20% of dimers concentra-
tion. Similarly, simulations performed without considering
p-scission reactions of growing radicals formed by four or five
monomers led to a decrease of about 15% of the amount of
dimers in the final products. Thus, it can be concluded that the

discussed above the rate of the 7:3 backbiting reaction is similartwo pathways proposed to explain the dimer production mech-

to that of the 1:5 reaction. The 7:1 backward reaction is the
slowest while thegs-scission is only slightly faster than the 7:3

anism play both an important role in the high-temperature
styrene polymerization. CDV
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! A i process. Simulations performed at lower temperatures, in fact,
s e show a decrease of the production of 2,4-diphenyl-1-pentene

. [ . while bimolecular termination reactions (in particular termina-
tion by combination) become more important, as discussed in
1 detail in the following.

05 [ In agreement with the conclusion of Campbell et'&lhe
developed kinetic model shows that the dominant chain
termination mechanism proceeds through monomolecular rather

0 T than bimolecular reactions. This can be clearly seen by

2 25 3 35 4 4.5 comparing the relative contribution of the two mechanisms to

log(M) the formation of oligomers as predicted by the reactor model
Figure 11. (a) Molecular weight distribution calculated at 3% and based on the global kinetic mechanism. The results are shown

five residence times: 5, 15, 30, 60, and 90 min (isotactic kinetic in Figure 12 for different temperatures and residence times. The
scheme). (b) Efxger;menta' Ir(es_u'ts take’(‘j froﬂ‘ Irefhloi the number ,Orf] mole fraction of each oligomer is reported in ordinates, while
styrene units of the first peaks Is reported to help the comparison With 1, ,niform and dashed areas represent the contribution of
the calculated data. . Co .
bimolecular and monomolecular terminations, respectively.
Monomolecular dominates over bimolecular termination reac-

Scheme 4. Second Chemical Pathway Proposed for the tions for all the considered operating conditions. Note that the
Formation of Styrene Dimers from Right §-scission Reactions contribution of bimolecular terminations depends on the pro-
R, ez R, e R, o R, duced oligomer length, and it is most important for oligomers

B having a molecular weight comprised between 500 and 1000

un \]/ o Da, which are however present in a very low concentration. A
Py + Ry Pi+ Ry comparison of the results in Figure 12, parts a and b, shows

that the relative contribution of monomolecular and bimolecular

It is interesting to note that the two new chemical pathways reactions to the formation of the various oligomers is almost
investigated above lead to the production of dimers with a independent of temperature and residence time, except for the
slightly different chemical structure. In particular, as shown in dimers, for which the temperature decrease from 343 to 288
Scheme 5, the product of the first investigated mechanism is °C leads to a corresponding decrease of the monomolecular
the 2,4_dipheny|_1_pentene, while the second one leads to 2,4_C0ntributi0n from 94.9% to 78%. Finally, it is worth noting that
diphenyl-1-butene. Although these are both “dimers”, they have by comparing the rates of the two bimolecular termination
a molecular weight which differs by about 10%: 222 Da and reactions it appears that combination is favored upon dispro-
208, which in terms of lod{l) correspond to 2.35 and 2.32, portionation. The chemical structure of the dimer produced
respectively. By a close inspection of the experimental results through combination by reaction d of Scheme 5, 2,3-diphe-
at 343°C and 90 min residence time (Figure 10b), it can be nylbutane, is very close to that of 2,4-diphenyl-1-butene (210
clearly seen that in the proximity of the dimer molecular weight Vs 208 Da), which is produced by disproportionation. This is
two different peaks are present_ This peak Sp||tt|ng has neverCOherent with the absence of the Sp'lttlng of the dimer peakS at
been discussed in previous papers, but using our computationafemperatures lower than 34€.
results, it can be explained through the existence of two Summarizing, it can be concluded that the high-temperature
equivalent pathways that produce different “dimers”. In order styrene polymerization is a complex process that is not
to further confirm the above result, one can now investigate characterized by a single rate-determining step. Although
with the model why the splitting of the dimer peak occurs only monomolecular termination reactions dominate over bimolecular
at 343°C while it disappears at lower temperatures. This can reactions, the termination process is characterized by a succes-
be explained by considering the effect of temperature on the sion of backbiting andpj-scission reactions that have
rates of the different reactions that control the chain termination similar rates. Thus, with reference to Scheme 1, the rat&s){/
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Figure 12. Contributions in terms of oligomers production of

monomolecular (dashed area and number are the percentage of produce

oligomer) and bimolecular termination reactions in simulations per-
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of monomolecular termination reactions that lead to the produc-
tion of two different styrene dimers: 2,4-diphenyl-1-pentene
and 2,4-diphenyl-1-butene. These results are in accordance with
the MALDI-TOF experimental data, which show the presence
of two dimers with the corresponding molecular masses. At
lower temperatures we found that both mono and bimolecular
reactions are active in the production of dimers; in this case
the two different products (2,4-diphenyl-1-butene and 2,3-
diphenylbutane) are not experimentally distinguishable.

Notation

Kaf addition fragmentation rate constant

Kb backbiting rate constant

Ketp chain transfer to polymer rate constant

Kep propagation rate constant

Kec termination rate constant by combination

Keg termination rate constant by disproportionation
kg p-scission rate constant

Pn dead polymer chain of length

Rn radical chain of lengt

Rom radical chain of lengtm with radical inm position
S styrene

Supporting Information Available: Tables of geometries of
reactants, products, and transition states and figures showing
molecular weight distributions calculated for the two atactic chain
kinetic schemes considered. This material is available free of charge
via the Internet at http:/pubs.acs.org.
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