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ABSTRACT: The main reaction routes that lead to the formation of structural defects in PVC are studied on a
theoretical basis with the BMK/6-3#1G(3df,2p)//B3LYP/6-3%G(d) method. All studied reactions can be
classified into four classes: the reactions following a head-to-head addition, intramolecular H-transfer (backbiting),
and chain transfer reactions to polymer and to monomer. The head-to-tail propagation is the reference reaction
for estimating the probability of the reaction routes leading to defect formation. Variations of chain length of the
reacting polymer chain were taken into account in the calculations, leading to more than 100 studied reactions.
The ab initio kinetic parameters, combined with typical monomer and polymer concentrations during suspension
polymerization, serve as an input for the calculation of the defect concentrations that can be compared to the
experimental data. This work supports the overall mechanism of defect formation during vinyl chloride
polymerization as established experimentally.

1. Introduction Structural defects in PVC have been measured mainly by

Poly(vinyl chloride) (PVC) is the second most produced NMR techniques by the IUPAC working party devoted to that
plastic in the world ¢ 30 Mton/year), placing it after polyolefins ~ subject. The typical defect structure concentrations reported in
but before styrene polymetdhe industrial production proceeds literature are summarized in Table 1. The most abundant side
mainly via the heterogeneous process of suspension polymer-Chain structures are the methyl branches with tertiary hydrogen
ization. The structural defects in PVC, such as the tertiary (MB, 3.3—4.8/1000 VC), followed by the butyl branches (BB,
chlorines at branched carbons, allylic chlorines (adjacent to 0.5-1.7/1000 VC) carrying tertiary chlorine. The concentration
internal unsaturations), oxygen containing groups, end groups,of long chain branches (LCB with tertiary Cl and LC®ith
..., are of practical importance despite their low concentrations, tertiary H) and 1,2-dichloroethyl branches (EB) is an order of
since they affect the color, thermal stability, crystallinity, magnitude lower, while the concentrations of pentyl branches
processing, and mechanical properties of the finished matérials. (PB) and diethyl branches (DEB) are below the detection limit
In particular, the susceptibility of PVC toward thermal degrada- (j.e., < 0.1/1000 VC), as well as the concentrations of potential
tion is a point of interest, since the thermal instability of PVC methyl branches and 1-chloro-ethyl branches with tertiary
is far more pronounced than that of other important thermo- chiorine (MB and EB). The most abundant unsaturated end
plastics (such as polystyrene and polymethyl methacrylate). group is the 1-chloro-2-alkene end group (EA, allylic end group,
More details about the structural and mechanistic aspects ofg 45-0.95/molecule), the most abundant saturated end group
the thermal degradation of PVC can be found in a recent review g the 1,2-dichloroalkane end group (I.B.8-0.9/molecule).
of Starnes. This problem is circumvented by adding thermal The 1,3-dichloroalkane (LE) end group also occurs but at a

stabilizers to the finished polymer during compounding opera- | ver concentration than the LEnd group. The internal double
tions, which however have a strong negative influence on the bond content (IA) is about 0-00.6/1000 VC. It has been shown

environment. Further |n§|ghts Into the for_matlon of the defect that the sums of the concentrations of EA and IA structures are
structures is thus desirable with the final aim to suggest
always very close to 1.0 per polymer molectile.

alternative ways of stabilizing PVC. The labile defect structures
have been extensively investigated by both chemical and Xie et al. have established a correlation between the
spectroscopic methods. Nowadays, it is believed that tertiary concentration of tertiary chlorine atoms and the dehydrochlo-
chlorine and internal unsaturations are the most important labile rination rate d[HCI]/d, and have argued that the tertiary chlorine
defects in PVC. The former structure is associated with the butyl (found at branching points in PVC) is probably the defect
branches and with a major part of the long chain branéhs. structure that is most responsible for the reduced thermal
Recently Starnes published a review of his research on defectstability of PVC. Also internal double bonds have been
structures in PVC performed over the last 30 yéarhis work measured but their concentration is a factor of 10 lower and no
has led to the identification and quantification of the anomalous clear relationship was found with d[HCI}8 However the
structures in PVC and the detailed descriptions of their techniques used by Hjertberg and others to measure internal
mechanisms of formation. Xie et al. and Hjertberg et al. also unsaturation have been criticized, and the same is true for other
did a lot of experimental efforts to elucidate the mechanisms chemical methods and the earlier NMR techniques, including
of defect formation in PVC. those of the IUPAC working party. This situation is reviewed
in ref 8, which argues that the use of high-field proton NMR is

* Corresponding author. Fax:+32)9-264-6697. E-mail: Veronique.  the only reliable approach to the quantitative determination of
Vanspeybroeck@UGent.be. . .

T Current address: BASF Antwerpen N.V., Haven 725, Scheldelaan 600, both internal and terminal double bonds. Most researchers
B-2040 Antwerpen 4, Belgium. now believe that both tertiary chlorine and the IA structure

10.1021/ma062174s CCC: $37.00 © 2007 American Chemical Society
Published on Web 01/26/2007



1322 Van Cauter et al. Macromolecules, Vol. 40, No. 4, 2007

Table 1. Experimental Concentrations of Structural Defects in PVC, in Number per 1000 VC Units, Where the Results Are Obtained by NMR
Techniques {H and 13C)

type defect experimental range references

MB chloromethyl branch (tertiary H) 3:34.8 3.8-4.4/3.3-4.8°4.523.81

BB 2,4-dichloron-butyl branch 0.51.7 0.5-1240.50-1.7° 1.5?
0.7-0.9220.9-1.253°0.8"

EA 1-chloro-2-alkene end group 0.48.99 0.7,40.4-0.88 0.42,°0.85-0.99,120.75"

LE' 1,2-dichloroalkane end group 0-8.9 0.8-0.94

EB 1,2-dichloroethyl branch 0.140.55 0.14-0.5550.47 0.4*

1A internal allylic bond 0.6-0.6 0.08-0.15¢0.05-0.15'50.08-0.118 0.0-0.68
0.4-0.4590.1-0.2%70.1-0.3¢ 0.4542

LCB long chain branch (tertiary CI) 0.670.14 2/3 of ((LCBH-[LCB])*

LCB' long chain branch (tertiary H) 0.63.07 1/3 of (LCBH-[LCB'])*

LCB+LCB' long chain branch 0:0.2 0.1+0.20%0.14

LE 1,3-dichloroalkane end group <0.7%

DEB 1,3-bis(2-chloroethyl) branch ND only observed at low monomer pres€ures

MB' chloromethyl branch (tertiary ClI) ND

EB' ethyl branch (tertiary CI) ND only observed at high t€mp

PB pentyl branch ND

a Includes also the LCB concentration but this is a minor contribufidrhe end group structures EA and 'L&re expressed in number per molecule.
¢ By ozonolysis.4 From!H NMR. € The value of 0.75 from ref 25 is an overestimation since hydrogen abstraction from cyclohexane produced most of the
LE ends in the studied polymer. (N® Not Detected.)

Scheme 1. Possible Reaction Pathways during PVC

make important contributions to the thermal instability of Polymerization, Leading to a Number of Important Defect

PVC3? Structures

The extensive research on PVC polymerization reflects the Head-to-tail - A
enormous interest in the subject. A lot of experimental data are P
available concerning the polymerization kinetics. Some averaged m
rate constants for the main polymerization steps (initiation, Backbiting - C “ Head-to-head - B
propagation, chain transfer,...) have been derived by regression g‘éB ¢f. Scheme 3 . cf Scheme2 MB
of experimental data for the monomer conversion and molecular 5 aaaa L/ gﬁ
mass distribution as a function of reaction time and temper&tute. a
Nevertheless, a comprehensive kinetic model which can ac- LCB ,
curately predict all properties of the synthesized polymer is still LCB' Transfer to + Transfer to
lacking due to the complexity of the polymerization process. MB polymer - D €| monomer-E
In this respect ab initio calculations on individual reaction steps MB’ cf Scheme 4 LE> ¢ Scheme5
can improve the fundamental insight into the polymerization, i";
since all effects can be studied separately and the relative \ a d d

importance of concurrent reactions can be estimated. Theoretical

chemistry has been often applied in the field of polymer al

chemistry during the past decade by several research groups

(Radom et alt¥ 1> Gilbert et al.}5-18 Coote et a9, but despite  contains both bimolecular and unimolecular reactions, it is not
this the number of modeling studies on PVC polymerization is possible to compare directly the rate constants of the elementary
rather limited. Recently, a combined experimental and theoreti- reaction steps. Therefore, typical concentrations of monomer
cal work was published by Purmova et al. concerning the effect ang radical during suspension polymerization are taken into
of monomer conversion on the nature and concentration of account. The latter process is the most common process in the
struc_tural defects in radical suspension polymerization of vinyl PVC industry and is known to give rise to lower concentration
chloride. Some elementary reaction steps were modeled 104 nsaturations and branches than solution polymerization.

explain trends in ?r]n;zlasured S:Efled c?jncentrgtlgnst art] high The final validation of the network consists of the prediction
Monomer CoNVersionAlso recently 1zgorodina and LOOI® have ¢ 0 oncentration of defect structures at normal conversion.

proposed a systematic me_thodology for calculatlng propagation p«qjpie alternative reaction routes that come into play at higher

rate constants of acrylonitrile and vinyl chloride, taking into conversions are not taken into account. The oxvaenated

account effects of solvent and chain length of the polyHién. : : Y9
structures coming from the byproducts of the reactions of

the current work, the effect of chain length was also properly idental tr f oxvaen are not considered. Also initiator
taken into account. Previously, we already investigated this item accigental traces ot oxygen are not considered. Ao ato
residues will not be considered in the calculations, since most

for the propagation of polyethyleffeand also Heuts has : :
addressgd t?lis?item n re?Zi/ y of the chain end structures are formed through chain transfer to
monomer (reinitiation§.Diffusion effects are not accounted for

reaction steps that give rise to anomalous structures i Py, 23 105€ Mgt come into play only n the polymer rch phase
P 9 "at high monomer conversiofis.

To this end, a reaction network is introduced that ties together
the most important reaction steps leading to defects. Basically, The current work is organized as follows: in section 2 the
five different reaction classes can be distinguished, as schematireaction mechanisms as schematically represented in Scheme
cally presented in Scheme 1. The normal head-to-tail propaga-1 are discussed in detail. Section 3 highlights the methodology
tion (reaction class A) is competed by a number of alternative for the ab initio calculation of the reaction rates and defect
reaction routes (reaction classes-B) that produce irregular ~ concentrations while section 4 is dedicated to the interpretation
structures. The kinetic parameters of all proposed reaction routesof the ab initio data (Results and Discussion). Section 5
are determined on an ab initio basis. Since the reaction networksummarizes the main conclusions of this work.
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Scheme 2. Reaction Class B: Reactions Following Head-to-head Propagafiéfi2+2>
n-11°
CH,Cl Cl

Ba n
+ (7| (head-to-head
¢l | addition)

c Bb (ntl) Bc_(ln-kh])ﬁ a
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cH, ac a a
a CH;Cl Cl CH3 Cl £ Cl
MB EA EB
2. Detailed Reaction Mechanisms (Scheme 3) which gives rise to butyl branches (BB), pentyl

branches (PB), internal allylic chlorines (IA) and diethyl
branches (DEB). The growing radical abstracts a H atom from

steps: initiation, propagation, chain transfer to monomer, and 1€ Sth or the 6th carbon atom on its backbone trough a cyclic
termination. Since we do not aim to describe defects arising {ransition state (reactiorSa andCb). Further propagation of
from initiator fragments, the radical chain is terminated by a the new radical center gives rise to butyl branches (BB) and
methyl radical in all proposed reaction schemes. This approachPentyl branches (PB) respectivel¢q and Cf). For instance

is validated since the IUPAC Working party has reported that CC_3_1|S the first addition of VC to the radical formed after
the chain end structure of PVC derived from initiator is 1,5 backbiting of a living polymer with 3 monomer units. The
negligible, indicating that chain transfer to monomer is pre- radical formed after 1,5 backbiting is also the precursor for the
dominant?® The propagation takes place mainly by head-to- formation of diethyl branches (DEB). In this reaction mechanism
tail addition of the growing radical to the monomer (VC). the radical undergoes only one VC additio@d) which is
Exclusive head-to-tail additions would yield a perfectly regular followed by an intramolecular H-transfe€g) before further
PVC structure. The kinetic parameters of the propagation servepropagation Ch). The radical formed after 1,6 backbiting can
as a reference to estimate the importance of the reactions leadinglso undergo a Cl abstraction reaction by the monoi@erof

to structural defects (reaction classes). Cé€), generating internal double bonds in the polymer chain (IA).

Reaction Class B: Head-to-Head PropagationA first Reaction Class D: Transfer to Polymer.The living radical
competitive mechanism is the head-to-head propagation of théjn Scheme 1 can be involved in intermolecular H-transfer
living radical (Scheme 2) and results in the production of methyl o ctions (transfer to polymer) with the dead polymer (Scheme
branches (MB), ethyl branches (EB) and allylic end groups (EA). 4y "ang this leads to long chain branches with tertiary Cl or
The parameten which is taken up in the reaction scheme o i3y 14 (LCB and LCB) and IA. Similar reactions with the
indicates the number of monomer units in the living ra}dlcal, typical end groups LE and U'Enave been proposed as an
€.g.Ba_lstarts from a rad!cal comp_ose.d of a &gfoup W't.h alternative source of methyl branches MB and as an origin of
one added monomer unit. The kinetic parameters will be methyl branches containing tertiary chlorine (MIBH abstrac-
evaluated in terms of varying numbers rof After a head-to- tion from a midchain CHCI or Chisite Da and.Db resDec-
head addition a very reactive radidall is formed which is . : . P

tively) followed by propagatione and Df) introduce long

expected to undergo rapidly a 1,2-Cl shib) toward the ; . . . : .
radical R2. Propagation from radic#®2 introduces a methyl chain branches with tertiary chlorine (LCB) or with tertiary

branch (MB) defect in the polymer chain. This mechanism was hydrogen (LCB). As in previous reaction schemes .radicals of
originally suggested by Rigo and was proven to be the main the type—CH*—CHCI— can undergo a Cl abstraction by the
route to the formation of MB in PVE@425 Alternatively, the monomer Dg), forming an internal double bond in the polymer
radical R2 can also be involved in a Cl abstraction by the chain (IA). Note that in this scheme the midchain position of
monomer Bf), forming an allylic end group (EA). The radical ~H abstraction is defined by giving the number of monomer units
R2 can also undergo a second Cl shificf to produce the  to the left @) and to the rightif), where the total number of
radical R3. Further propagation leads to an ethyl branch (EB) monomer units amounts to= n; + ny + 1. The abstraction
on the polymer backboneBh) or a Cl abstraction by the reaction in this case is written &t_n;_n, witht =a or b. H
monomer Bg) again leads to allylic end groups (EA). For the abstraction from a Ckisite of a LE chain endc) with
reactionsBe and Bh an additional parameten is introduced subsequent propagatioblf) is an alternative mechanism for
to evaluate the chain length dependence of propagation to anthe formation of methyl branches (MB), while H abstraction
anomalous radical. from the CHCI site of a LEchain end Pd) with subsequent

Reaction Class C: Backbiting. The second competitive  propagationDi) leads to the formation of methyl branches with
reaction scheme is the intramolecular H shift or backbiting tertiary Cl (MB').

Reaction Class A: Head-to-Tail Propagation.The process
of free radical polymerization consists of four main reaction
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Scheme 3. Reaction Class C: Intramolecular H-Transfer (Backbiting)*°
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Scheme 4. Reaction Class D: Intermolecular H-Transfer (Transfer to Polymer)°
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Reaction Class E: Transfer to Monomer. The chain polymerization and leads to an LEhain end after propagation
transfer constant to monomer in the polymerization of VC is (Ee).
very high compared to other polymers such as MRiAhus, However in literature some other chain transfer reactions to
this process plays an important role in determining the molecular monomer have been suggested. or Cl abstractions by the
weight and chain end structure of PVC. The CI abstractions growing radical from the head-side of the monoméa @nd
appearing in reaction classes B, C, and D give rise to a 1,2- Eb), H abstractions from the tail-side of V&), and finally
dichloro-ethyl radical (Scheme 5). This reaction is the predomi- a H transfer to VC from the Clisite near the radical center in
nant mechanism of chain transfer to monomer during PVC the growing radicalEd). The H abstraction reactiorsa and
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Scheme 5. Reaction Class E: Transfer to Monomé#:’
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Ec lead to a dead polymer with an LE chain end. The Cl parameters are deduced from fitting the results of the TST

abstractionEb produces a 1,1-dichloroalkane end group and expression to the Arrhenius rate law in a specific temperature

reactionEd introduces a 1-chloro-1-alkene end group on the range:

polymer chain. Further propagation reactions from the radical

structures derived from VC leads to living polymer chains with k(T) = Ag ERT 2)

different end groups with minor relevance, since they have not

been mentioned in literature. This is an indication that the |n our case, the temperature range of experimental relevance is

alternative mechanisms in Scheme 5 are of negligible importance320-350 K. Comparison of the TST expression with the

for the chain transfer to monomer, as will also be validated by Arrhenius rate law shows that the pre-exponential factor A is

our ab initio data. largely determined by the molecular partition functions, while
the molecular energy differeneeg is a first order approxima-

3. Methodology tion for the activation energi..

Reaction Kinetics. Within transition state theory (TST) the Computational Details. All calculations are carried out with
rate constant of a uni- and bimolecular reaction¢AB and A the Gaussian 03 software packa@&he geometry optimizations
+ B — C) is related to molecular properties of the reacting are performed on the B3LYP/6-315(d) level of theory whereas
specie(sf’-28 single point calculations are performed with the new BMK
method optimized for kinetic¥. There is a general consensus
_ kgT a/V (AEyksT) that B3LYP methods provide an excellent low-cost performance
k() = h WV € ' for structure optimization&t For energy predictions, however,
Ky (@/V) B3LYP is less accurate and the use of other more advanced
K(T) = —— ¥ ~(AEKaD (1) functionals with a more reliable performance for reaction
h (g,/V)(gg/V) energies is desirable. Recent studies have shown that the new

hybrid meta-GGA-functional such as BMK (Boesiartin for

ks represents Boltzmann'’s constahthe absolute temperature,  kinetics) performs much better with an overall accuracy of
h Planck’s constant, and the reference volume in which the  maximum 8 kJ/mol for the barriers heigi#sThe combination
translational part of the partition function is evaluated. The of a high percentage of Hartre€ock exchange with terms
molecular partition functiongy and gs relate to the two dependent on the kinetic energy density in the functional is the
reactants, andj; is the molecular partition function of the  origin of the surprisingly good performance of BMK. BMK can
transition stateAEp represents the molecular energy difference actually be considered as a reliable general-purpose functional
at absolute zero between the activated complex and the reactantwhose domain of applicability has been expanded to cover
(s), with inclusion of the zero point vibrational energies. transition states without losing its accuracy for geometry

The molecular properties, such as geometries, ground stateoptimizations. A lot of recent studies confirm these findifgs.
energies and frequencies, that are required for the evaluationConsequently, in this work the two-component method BMK/
of the partition functions, and the reaction barri®E, are 6-311+G(3fd,2p)//B3LYP/6-31-G(d) will be systematically
obtained by ab initio molecular calculations. The kinetic used in all calculations. All stationary points were localized by
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Table 2. Concentration of Monomer, Radical and Polymer in mol/n# The defect concentrations are obtained by dividing the rate
Sushomsen St o ot s o Sonvrar sl ©1formalio of the defect by the heatko-ai propagaton rte
the Critical Conversion® i.e., the reference reaction Ieadmg to a perfect PVC structure.
This procedure has been applied by Gilbert et al. for the
MP PP calculation of the butyl branch (BB) concentration in polyeth-
monomer 13400 4020 ylenel” An analogous approach can be followed for the defects
ra?'ca' 305 316 107 formed in Schemes25. The concentration of the reactive
polymer intermediates that appear in the rates of formation of the

full geometry optimizations. The transition states were verified modeled defects can be eliminated by the hypothesis of the

to have only one imaginary frequency corresponding to the pseudo steady state (PSS). This is illustrated for the MB
reaction coordinate. concentration in the Supporting Information. The PSS hypothesis

It is well-known that PVC chains can adopt several confor- implies that the concentrations of the reactive intermediates are
mations of similar energy. To identify all those conformations supposed to be very small and the time derivatives of the
would be a very time-consuming task within the context of this concentrations of the reaction-intermediates are set to zero. The
work, due to the large number of reaction paths under study derived formula for the theoretical relative defect concentrations
and the substantial chain lengths involved. For instance a chaincan be found in the Supporting Information. The rate coefficient
with 10 internal rotations would require the calculation of 10 of the reference propagation reactiokaj that figures in the
one-dimensional rotational potentials. In addition the coupling denominator of the formulas is also calculated on theoretical
of each internal rotor with its nearest neighbors must be basis, rather than using the experimental propagation rate. This
considered. This procedure has been outlined in detail in aapproach gives the best results since the relative kinetic
previous publication of the authors concerning the propagation parameters are supposed to be well predicted with the selected
of polyethylene?® In the present work we studied approximately ~cost-effective method due to the cancellation of systematic
100 reactions and a full conformational search would require €rrors.
about 2000 rotational potentials. However the conformations
have been chosen on a systematic basis based on stered!. Results and Discussion

electronic arguments, we always used the extended (all trans) |, this section the ab initio kinetic parameters and the derived
syndiotactic conformation of the PVC radical chains involved. 4, injtio defect concentrations are discussed for the investigated
In the study of Izgorodina and Coote, a conformational search yeaction mechanisms. Table 3 summarizes all kinetic data for a
indeed revealed that this type of conformation was the global cain |ength of three monomer units. For reaction class C, the
energy minimum for the linear PVC chains containing up 0 gata forn = 4 are listed since this is the minimum chain length
three monomer units. _ to model the backbiting reactions realistically and those values
Calculation of Defect Concentrations.Rate constants of  \ere ysed for the calculation of the defect structures arising
unimolecular reactions (e.g., backbiting or Cl shift) and bimo- o this reaction class. The extensive data for each reaction

Iecul_ar reactions (e.g., propagation_ and chai_n transf_er) cannoty|ass—with varying chain lengthsare given as Supporting
be directly compared as they have different units. To circumvent |htormation in Tables S1S5.

this problem modified rate constants are introduced for bimo-
lecular reactions, by multiplication with the concentration of
one of the reactants:

dc

The head-to-tail propagation serves as a reference for the
kinetics of all other elementary reactions leading to anomalous
structures in PVC. The kinetic parameters of the addition with
roduct . a radi(_:al consisting of three monomeric gr)its are us_ed through-
e k(T)cacg = K'(T)cy 3) out this paper. The corresponding transition state is shown in

Figure 1 (tsAa_3). The theoretical activation energy for

For the propagation reactions and chain transfer reactions toPropagation is about 33 kJ/mol. The activation energies,
monomer, reactant B is the vinyl chloride monomer while for determined by experimental data fitting to a macroscopic kinetic
the chain transfer reactions to polymer, reactant B representsmodel vary between 23 and 28 kJ/mt!? The theoretical
the dead polymer chain. These concentrations can be obtainedstimate is within the accuracy limit of 8 kJ/mol of the used
by a macroscopic kinetic model of the PVC polymerization and BMK functional. For the experimental values of the propagation
are shown in Table At a temperature of 330 K, the rate coefficient, values are reported that differ over an order of
concentration of the monomer amounts to 13400 mbifnthe magnitude: ref 10 reports a value of about 1dmol~* s™* at
monomer phase (MP) and 4020 mo¥m the p0|ymer phase 330 K while in ré 9 a value of 12 n?‘ mol~1s1is giVen. Our
(PP,30 wt % VC)® These values are valid for the monomer theoretical estimate of 0.052%mol~* s™* underestimates these
conversion range during which both phases coexist. At a Vvalues due to the overestimation of the activation energy. As
conversion of about 70%, the monomer phase disappears and®Ur primary goal consists in predicting the relative probabilities
the monomer concentration in the p0|ymer phase starts to drop_of the different reaction routes Ieading to structural defects rather
The concentration of radicals is 70mol/m? in the monomer ~ than in reproducing the experimental rate constants, the applied
phase and 3« 10 4 mol/m? in the polymer phas® Finally methodology is sufficient to produce theoretical estimates of
the p0|ymer concentration in the p0|ymer phase is about 10 mol/ the concentration of structural defects that are quantitatively
m3. A typical polymeric chain contains about 1000 VC units, relevant.

so the concentration of polymerized VC in the polymer phase A head-to-head (HH) addition (reactid®a, Scheme 2) is
amounts to 16 mol/m®. This concentration can be directly disfavored over a head-to-tail (HT) addition as the stability of
determined from the density of poly(vinyl chloride), which is the resulting radical is much lower. In the addition product of
about 1.4 g/c933The polymer concentration is zero in the a HT addition, the free radical is located on the head end and
monomer phase since the solubility of PVC in its own monomer the substituent is able to provide stabilization by an inductive
is about 0.03% at ambient temperature and is also limited to effect. Bond dissociation enthalpy (BDE) values are a good
polymer chains containing 10 monomer units or fewer. measure for the stability of the formed radical. In this case the
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Table 3. Kinetic Parameters Fitted in the Temperature Range 270-400 K of the Studied Reactions with a Chain Length of Three Monomer
Units (Except for the Backbiting Reactions—Class C—Where the Values forn = 4 Are Given)?

AEq, A, m®*mol~? Ea, k330K,

reaction kJd/mol slorst kJ/mol m®mol-is1ors? K S Ko 571
Aa_3 28.52 4.82E03 32.69 3.17E02 4.24E+02 1.27E+02
Ba_3 39.52 1.34£03 43.37 1.80E04 2.41E+00 7.24E-01
Bb_3 50.51 1.85£13 51.86 1.14B05
Bc_3 51.70 1.718E13 53.24 6.38E04
Bd_3 47.84 1.14813 49.40 1.73E05
Be 3 1 29.73 2.26E03 33.70 1.03E02 1.38E+02 4.15E-01
Bf_3 4591 7.088-05 52.79 3.06E03 4.10E-01 1.23E+01
Bg_3 49.79 6.20E05 56.70 6.45E04 8.64E+00 2.59E+00
Bh_3 1 38.12 5.73E02 41.99 1.27E04 1.70E+00 5.10E-01
Ca_4 73.24 2.68E11 72.78 8.09E01
Cb_4 100.20 1.62E11 99.59 2.80E05
Cc 41 38.60 2.29E02 42.83 3.73E05 5.00E-01 1.50E-01
Cc 4.2 32.21 2.35E03 36.21 4.28E03 5.73E-01 1.72E-01
Cd_4=Cc 4 1 38.60 2.29E02 42.83 3.73E05 5.00E-01 1.50E-01
Ce_4 53.34 1.5006 61.11 3.12E04 4.18E+00 1.25E+00
Ce' 4 50.76 2.29E06 58.65 1.17E03 1.56E-01 4.69E-00
Cf41 49.58 2.65E02 52.64 1.21E06 1.63E-02 4.88E-03
Cg_4 77.00 3.64E11 76.37 2.98E01
Da 11 65.04 9.51E02 70.08 7.55E09 7.55E-05
Db 1 1 57.15 6.04£02 62.01 9.05E08 9.05E-04
Dc_3 56.31 1.258E03 61.14 2.57TE07
Dd_3 56.02 2.14802 60.71 5.17E08
De 111 32,51 5.89E02 36.81 8.62E04 3.46E-00
Df 111 41.30 4.00E02 44.85 3.13E05 1.26E-01
Dg 1.1 56.39 2.66E06 63.06 2.73E04 1.10E+00
Dh_3_1=Be_ 3 1 29.73 2.26E03 33.70 1.03E02 4.15E-01
Di_3_1 31.65 3.87#£02 35.71 8.44E04 3.39E-00
Eq 3 69.82 2.24804 75.16 2.77E08 3.72E-04 1.11E-04
Eb_3 107.95 5.34£04 114.43 4.02E14 5.39E-10 1.62E-10
Ec_3 79.32 2.85€04 84.82 1.05E09 1.40E-05 4.20E-06
Ed_3 118.43 8.54£03 123.58 2.29E16 3.07E-12 9.21E-13
Ee_3 23.22 5.39E03 27.68 2.20E01 2.95E+03 8.85E-02
Ef_3 24.36 5.56E03 28.51 1.68E01 2.24E+03 6.73E-02
Eg_3 24.17 7.94£03 28.38 2.51E01 3.37E-03 1.01E-03

aFor the bimolecular reactions also the modified reaction rate constagiven in the monomer and the polymer rich phase.

HT and HH product radicals are characterized by a BDE of upin Table S2 of the Supporting Information. The barriers vary
403.31 and 420.20 kJ/mol, respectively. These values werearound 33 kJ/mol which is very close to the values of the normal
obtained at the BMK/6-31tG(3df,2p)//B3LYP/6-31G-(D) H—T propagation (Table S1). Vinyl chloride (VC) can also add
level which was recommended by some of the present authorsto the radicalR3, which is formed after the second CI shift,
in ref 34 as a result of an extended level of theory study. leading to an ethyl branch (EB). This additioBh) is higher
Following the Evans Polanyi-Semenov relatiof? the activa- activated as the radical site on the polymer backbone is less
tion energy of the HH addition is about 10 kJ/mol higher than accessible which is reflected in the rate constant that is 2 orders
a HT addition. The rare event of a head-to-head addition (rate- of magnitude lower. Therefore, the number of MB defects will
determining step in Scheme 2) has however a large impact sincebe larger than the number of EB defects, which is in cor-
it initiates a cascade of reactions that have been proven to berespondence with literature (Table 1).
the main reaction routes to the formation of some short branches For both the radical®2 and R3 addition or ClI abstraction
and typical end group structures. The head-to-head radical will with the VC monomer Bf and Bg) are competitive reaction
rearrange itself very quickly to the more stable secondary radical routes and the relative rates determine the final number of MB
through the very fast ClI shift reactiddb (Figure 1, tsBb_3). and EB defect structures with respect to EA defects. In ref 8, it
Indeed our calculated rate constants reflect this tendency, thewas shown that the numerical ratios for (addition to VC)/(Cl
first Cl shift is about 3 orders of magnitude faster than the abstraction by VC) must be the same for radid@sand R3.
reference HT propagation. Recall that the rate constant of this This is not the case for our ab initio rate constants and this can
unimolecular reaction must be compared with the modified rate be attributed to the higher activation energy of additiBim)(
constantk’ of the bimolecular addition. The modified rate as indicated above. The transition state for Cl abstraction is
constant is given in the monomer phase (MP) as well as in the visualized in Figure 1 (tsBf_3). For the Cl abstraction reactions
polymer phase (PP). The first Cl shi®b is exothermic, i.e., with VC, a refinement of our theoretical treatment was
characterized by a reaction enthalpy at 298.15 K-@f7.3 kJ/ introduced due to the observation that the transition state normal
mol at the B3LYP/6-3+G(d) level of theory and is not  mode spectrum contains one very low frequency, corresponding
reversible. The second CI shBt is reversible-characterized to the internal rotation of VC about the forming/breaking bond.
by a reaction enthalpy ¢£0—as it concerns the rearrangement In the case of reactioBf 3 the frequency amounts to 7.6 cin
between secondary radicals (react®a). and the harmonic oscillator model is inappropriate for obtaining
Further propagationBg) after the first Cl shift leads to the  reliable partition functiond® For the Cl abstraction a mixed
formation of a methyl branch (MB) and this is the main reaction harmonic oscillator/free rotor (HO/FR) model is used in which
route toward this defect structure. The kinetic parameters of all internal motions except the rotation about the forming/
the latter addition were modeled in terms of varying chain breaking bond are treated in the harmonic oscillator model. In
length, i.e., by varying the parameterand the results are taken  the case of reactioBf_3, this theoretical refinement leads to a
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tsBf_3 tsCa_4 tsDb1_1

Figure 1. Optimized structure at B3LYP/6-31G(d) of some key reactions: the transition state of the propag&ida 3 of the first Cl shift
tsBb_3 of a Cl abstraction with the monom&sBf_3, of the 1,5 backbitingsCa_4 and of an intermolecular H shitsDb_1_1 The indicated
distances are in angstns (A).

Table 4. Experimental and Theoretical Concentrations of Structural VC) via the following equation: number per chai(number
Defects in PVC, in Number Per 1000 VC Units per 1000 VC * average degree of polymerization)/180@king

type calcd into account an average degree of polymerization of about 740

defect exptino. B c D E no. at 55 °C in commercial suspension P¥C the theoretical

MB 3.3-48 43 <1.6E-9 43 number of EA defects is about 1.0 per molecule. The experi-

BB 05-17 0.14 0.14 mental concentration of both defects and thus their relative

EA  0.45-0.95 14(1.0) 14(10) abundance is predicted correctly. The number of ethyl branches

LE  0.8-0.9 1.4(1.0) 1.4(L0) S p CLly. yio

EB  0.14-055 0.020 0.020 reg underestimates the experimental range, but the relative order

IA 0.0-0.6 4.7E-6 6.4E-3 6.4E-3 of abundance (MB> EA > EB) is in correspondence with

LCB 0.07-0.14 5.9E-4 5.9E-4 experiment.

LCB' 0.03-0.07 7.3E-4 7.3E-4 ) ) )

LE <0.75 91E-4 9.1E-4 To illustrate the failure of the B3LYP/6-31G(d) method in

DEB ND 6.9E-5 6.9E-5 predicting the relative probabilities of the reactions in class B,

'\P/'g' TIDD e 3.3E-10 3-35:10 the kinetic parameters are given in Table S6 of the Supporting

3.8E-9 3.8E-9 Information. The CI shift and ClI abstraction reactions are not
an = 3, except for reaction class C (backbiting, = 4).?The correctly described.
experimental concentrations of the end group structures EA anditeE .. . e .
expressed in number per molecule. (NDNot Detected.) The transition state for a typical 1,5 backbiting is shown in

Figure 1 (tsCa_4). It concerns an intramolecular H shift that
reduction of the rate constant by a factor three in the temperatureproceeds via a six-membered transition state. The kinetics are
range of relevance. Moreover the Cl abstractions are higher modeled in terms of varying chain length and the results are
activated than the additionsE{ = 34 kJ/mol for Be_3_1  given in Table S3 of the Supporting Information. As already
compared tE, = 53 kJ/mol for Bf_3). Finally the rate of the =~ mentioned, we use the data for= 4 for the calculation of
addition reaction Be_3_1 is about three times larger than that defect concentrations, since this is the minimum chain length
of the Cl abstraction reaction Bf 3. The competition between to model the backbiting reactions realistically (cf. Scheme 3).
these reaction routes is reflected in the defect concentrations ofThe 1,6 backbiting occurs via a seven-membered transition state
methyl branches (MB) and allylic end groups (EA). The absolute and is therefore expected to be higher activdfe@oth
values are taken up in column B of Table 4. The theoretical backbiting stepsGa and Cb) are relatively highly activated
number of methyl branches is 4.3, while the experimental range compared to the normal HT propagation but the 1,5 backbiting
is 3.3-4.8. This excellent agreement confirms that reaction is strongly preferred over the 1,6 backbiting. This is reflected
schemeB is the dominant route for the production of the most in both the activation energieg{® — ES° = 27 kd/mol,n = 4)
abundant branch structure MB in PVC. The number of allylic and the rate constantkcf/kcp, = 3 x 10% n = 4). Toh et al.
end groups (EA) amounts to 1.4, which is about a factor three found a similar value for the activation energy of an 1,5
lower than the MB branches. Remark that the experimental EA backbiting during polyethylene propagation (66.9 kJ/mol,
concentration is expressed in number per molecule, so we needQCISDT/6-311g**)7 Since these reactions are the rate-
to convert the calculated concentration (in number per 1000 determining steps for the formation of BB and PB in Scheme
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3, the PB concentration will be negligible in agreement with
the experimental findings. The propagation st€gdollowing
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also characterized by a very low-frequency mode, corresponding
to the rotation about the forming/breaking bond. Likewise the

the 1,5 backbiting converge rapidly to the kinetic parameters mixed HO/FR approximation was used for these class of

of Aa. The first monomer addition to the midchain radicabl(
= Cc_J) has an activation energy that is substantially higher

reactions. The abstraction at the Csite is preferred, with a
difference in activation energy of about 8 kJ/mBj & 70 kJ/

than that of the normal propagation (43 kJ/mol instead of 33 mol for Da_1_1 compared to 62 kJ/mol for Db_1 1). The

kJ/mol). Instead of further propagation after the first VC addition
(Cd_n=Cc_n_J, the pendent radical 1-chloro-eth-1-yl group
can abstraca H atom from an adjacent CHCI group on the
main chain (reactiog). These reactions have similar transition

preference must be traced back to specific unfavorable energetic
effects in the transition state when two CHCI groups approach
to abstract the hydrogen from the dead polymer.

Similarly as in the backbiting scheme, theCCI*— radical

states as the first 1,5 backbiting reaction of Scheme 3 and are g further propagate whereas th€H*— radical can either

likewise highly activated B, = 76 kJ/mol,n = 4). Further
propagation Ch) after this slow reaction step would introduce
a diethyl branch (DEB) in the polymer. As the formation of
DEB defects needs two very slow reaction stepa éndCg),

its concentration is expected to be very low. This is indeed

reflected in the quantitative value of the DEB concentration,
i.e., 6.9 E-5 (Table 4, column C). According to Starnes, the
DEB structure can only occur at significant levels in industrial
PVC fractions that are made at very high VC conversiohise
presence of diethyl branches was demonstrated #f@MWNMR

on a PVC sample that was made at subsaturation conditions.

undergo a propagation or Cl abstraction. The defects formed
after further propagation are long chain branches. From previous
discussions it can be expected that the propagation will be faster
than the CI abstraction, which is indeed reflected in the
activation energies, i.eEa = 45 kJ/mol forDf compared to 63
kJ/mol for Dg. The right side of Scheme 4 are alternative
pathways for the formation of methyl branches. In these cases
a hydrogen is abstracted at the £site of a chain end of type
1,3-dichloroalkane (LE) or at the CHCI site of a chain end of
type 1,2-dichloroalkane (LEE Both chain ends are formed in
reaction class E, that concerns the transfer to monomer. As for

Within reaction class C, we also investigate the possible the midchain case, abstraction at the Céite is preferred.
reaction paths following 1,6 backbiting. The radical can undergo Anyway both abstractions are relatively slow, characterized by

either an addition@f) or a Cl abstractionGe or C€'), which

reaction barriers of about 61 kJ/mol. The contribution of these

are two competitive pathways as already introduced in reaction reaction steps to the formation of methyl branches is negligible,
class B. As the 1,6 backbiting has a rate constant which is 4 as the rate-determining step of this scheme, i.e., the initial
orders of magnitude smaller than the 1,5 backbiting, we expect hydrogen abstraction is much higher activated than the rate-
low concentrations for the corresponding defect structures. Thedetermining step in Scheme 2, i.e., the head to head addition.

internal double bonds (IA) formed via Scheme 3 will thus give
a minor contribution to the total IA content in the polymer.

Furthermore, the reactants fbc andDd are defect structures
(LE and LE) which concentrations are very low in contrast to

Quantitative values for the defect concentrations are given in the monomer concentration. These results are in accordance with

column C of Table 4. The concentration of BB is about 0.14

per 1000 monomeric units, which underestimates the experi-

mental value (0.51.7/1000 VC). The latter defect is important
for the thermal instability, due to the presence of tertiary Cl.
The number of DEB is below the detection limit of 0.1/1000
VC, which is in accordance with experiment. The number of
internal bonds formed after 1,6 backbitinGk) is very low
(4.7 x 1076 /1000 VC) since this reaction is highly activated
and it only gives a minor contribution to the total internal double
bond content (0.60.6/1000 VC). The major contribution to

Purmova et al.In conditions of monomer starvation however
this mechanism can become competitive with the methyl branch
formation in Scheme 2. For the calculation of the defect
concentrations in reaction class D, the typical concentrations
of monomer and polymer in the polymer-rich phase were used.
The defect concentrations are given in column D of Table 4.
The concentration of LCB, LCBand IA are all underestimated
with respect to the experiment. This discrepancy seems to be
originating in the low theoretical predictions for the frequency
factor of the H abstraction reactions in Scheme 4. H abstraction

internal allylic bonds is formed as a result of reactions appearing reactions with a long chain are studied and it is not a priory
in reaction class D (see discussion below). Finally the number clear what repercussions this has on the pre-exponential factor.

of PB is also verly low (3.8x 107° /1000 VC), which is in

To unravel the origin of the low pre-exponential factor a

agreement with the lack of experimental evidence for this type thorough theoretical study would be advisable in which the effect

of defect.

Reaction class D groups all reactions following a transfer to
polymer, in which a living polymer abstraca H atom from a

of bending modes, internal rotations etc. needs to be taken into
account. The number of methyl branches with tertiary Cl (MB
is very low (below the detection limit) which is in cor-

dead polymer segment. The living radical polymer is modeled respondence with experiment. The contribution of reaction class

by a chain with three monomer units added to a methyl radical.

In all cases the transfer reactidbg—Db—Dc—Dd) is the rate-

determining step in the reaction sequences. The kinetic data for

D to the methyl branch concentration is negligible as anticipated
before.

Finally the kinetic parameters for the transfer reactions to

the transfer reactions to polymer (Scheme 4) are given in Table monomer are discussed. The main mechanism of transfer to

3 for n = 3. The extensive data are listed in Table S4 of the
Supporting Information.

For the formation of the long chain branches and internal
allylic bonds, the abstraction of the living polymer occurs at a
random midchain position in the dead polymer. The latter is
modeled by a regular chain with + n, + 1 monomer units,

monomer is the Cl abstraction by VC figuring in Scheme 2
(Bf, Bg). However, the auxiliary routes in Scheme 3 and 4 are
even more important since they give rise to the thermally
instable IA defect Ce, C€, Dg).2 More details about this

auxiliary mechanism for transfer to monomer during vinyl
chloride polymerization and its implications for the thermal

terminated by two methyl groups (cf. Scheme 4). The hydrogen stablility is given in ref 8. The 1,2-dichloroethyl radical that is

can be abstracted either at a £t CHCI site. The transition
states for the abstraction at the £site is shown in Figure 1

formed after a Cl abstraction can undergo subsequent propaga-
tions Ee). This is illustrated in Scheme 5, together with the

(tsDb_1_1). As for the Cl abstractions, the transition state is alternative mechanisms of transfer to monomer as suggested
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by Endo? The kinetic data fom = 3 are given in Table 3 can however be considered more important than the MB
whereas for other chain lengths the kinetics is summarized in structure since it gives a large contribution to the thermal
Table S5 of the Supporting Information. All alternative pathways instability due to the presence of the tertiary chlorine at the
proposed by EndoHa, Eb, Ec, and Ed) are much higher branch point. For the BB defect, an underestimation of the
activated than the Cl abstractior&f{Bg) occurring in Scheme  experimental value was noticed. The intermolecular H abstrac-
2 and might be expected to give negligible contributions to the tion reactions lead to internal double bonds (1A) and long chain
chain transfer. Comparison among the alternative reaction branches with tertiary chlorine (LCB). The internal double bond

mechanisms learns thBb andEd are extremely high activated content also contributes to the thermal instability but its

and therefore we did not calculate the subsequent propagationconcentration is lower than the tertiary chlorine content (ap-
reactions. The reactiortsa andEc introduce a LE end group  proximately 0.1 compared to 1 per 1000 VC). The calculated

in the polymer chain. The subsequent propagation stefpand value is approximately 10 times smaller than the experimental
Eg) are very fast due to the occurrence of the vinylic type of value. The number of LCB values was underestimated by 2
radicals. orders of magnitude, however it could be expected a priori that

The defect concentrations corresponding to reaction class Ethe deviations become larger for the less abundant defect
are listed in column E of Table 4. The 1,2-dichloroethyl radical structures, moreover the experimental values are less reliable
in Scheme 5 is formed by Cl abstraction from several reaction since they are in the same order of magnitude of the experi-
classes (B, C, and D). The total number of'Léhd groups mental errors. It can be concluded that the ab initio calculations
formed after the propagation stefe is 1.4 per 1000 VC and  on the presented reaction mechanisms leading to defect forma-
is mainly formed by reaction scheme B as generally acceptedtion in PVC lead to an excellent prediction of the experimentally
in literature (dominant mechanism of transfer to monomer). As measured concentrations of the most abundant defect structures
for the EA structure in class B, the experimental cBncentra- in PVC. This confirms that the presented reaction mechanisms
tion is expressed in number per molecule. Conversion to the are indeed the dominant reaction routes to the formation of the
number per 1000 VC (taking into account an average degreestudied defect structures for conversions below 85%.
of polymerization of about 740) leads to an experimental range
of 1.0-1.2/1000 VC. Our theoretical value of 1.4/1000 VC is Acknowledgment. This work was supported by the Fund
in good agreement with the experimental value. The number for Scientific Research, Flanders (FWO), and the Fund for
of LE chain ends formed by reactioks andEc is about 9x Scientific Research of the Ghent University.

1074 per 1000 monomer units, far below the detection limit of

0.1/1000 VC. It must be noticed however that the defect Supporting Information Available: Text discussing the de-
structure LE is also formed in the case of termination by termination of the ab initio concentrations of structural defects in

disproportionation. terms of the kinetic parameters and Table-Sb, containing the
kinetic parameters at the BMK/6-3+G(3df,2p)//B3LYP/6-3%G-
5. Conclusions (d) level of theory of reaction classes A-E with varying chain length,
In this work, an ab initio study on the BMK/6-33G(3df,- and Table S6, illustrating the failure of the B3LYP/6-3%(d)

method in predicting the relative probabilities of the propagation
2p)//B3LYP/6-31-G(d) level of theory was performed on the reactions compared to the Cl shift and the CI abstraction reactions

currently accepted reaction mechanisms for the formation of o 1eaction class B (reactions following a head-to-head addition).
structural defects in PVC at monomer conversions below 85%. This material is available free of charge via the Internet at http://
The chain length dependence was taken into account by varyingpubs.acs.org.
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