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Addition Reactions of Alkyl and Carboxyl Radicals to Vinylidene Fluoride
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The addition reactions of alkyl radicals CFse and CH3e and carboxyl radicals C;HsOe, C;HsOCOOQOe, CF;COOe,
and CH3COOe to a vinylidene fluoride (VDF) molecule are studied using ab initio calculations. These radicals
were selected because they are intermediate or final products of diacyl peroxides decomposition in the initiation
reactions of VDF polymerization. Two combinations of methods for energetics and structure optimization
are applied: QCISD/6-311G(d,p)//HF/6-31G(d) and B3LYP/6-311G+(3df, 2p)//B3LYP/6-31G(d). It is found
that the formed bond length of the product, the forming bond length of the transition state, and the attack
angle of the product structures are not sensitive to the level of theory even though the attack angle of the
transition state structures is. Early transition states are obtained upon attack at both high-substituted and
nonsubstituted carbon atom VDF ends. Kinetic and thermodynamic control rules play different roles on
governing the reactivity of the addition with the studied radicals. Both theoretical methods yield the same
trends for the preferential attack site in terms of regioselectivity, barrier energies, and reaction enthalpies. It
is shown that the addition reactions of the intermediate radicals C;HsOCOQe, CF;COQe, and CH;COQOe of
the decomposition of diethyl peroxydicarbonate, trifluoroacetyl peroxide, and diacetyl peroxide initiators yield
smaller energy barriers than the additions of the corresponding final radicals, C,HsOe, CFse, and CH3e; therefore,
the reactions of the intermediate radicals should not be ignored when analyzing the initiation process of the

VDF polymerization using those initiators.

1. Introduction

Poly vinylidene fluoride (PVDF) is an important fluoropoly-
mer that presents a unique combination of good mechanical
properties, excellent chemical resistance, high thermal stability,
and superior resistance to wear, high temperature, corrosion,
and weather and possesses good electric insulation and high
dielectric constant properties.! Also, it is an anti-ultraviolet ray,
anti-radiation, and low flammability compound.! PVDF is
widely used as insulation material for wires, cables, tubing,
piping, sheet, and melt-cast films in electronic/electric and
computer industries.!> Moreover, it is used in fluid-handling
systems for solid and lined pipes, fitting, valves, and pumps in
chemical industry.!> Commercial PVDF is usually produced by
free radical emulsion and suspension polymerization.>-> These
polymerization processes involve a free radical polymerization
where an initiator generates primary radicals and culminates in
addition to the carbon—carbon double bond of a monomer so
as to form initiating radicals which continue to the propagation
reactions. Vinylidene fluoride is a monomer used to produce
PVDF. The radical addition to alkenes is the central reaction in
many polymer processes, and it has been studied extensively
both experimentally®!! and theoretically.!%12-18 Although ex-
tensive and useful experimental information has been reported
on the radical addition, theoretical investigations are very useful
in offering greater insights into the mechanism, complete
geometries and vibrational frequencies of all species can be
obtained including transition state structures which are difficult
to be determined experimentally. Wong et al.'* performed a
theoretical study of the controlling factors of the addition of
methyl radical to monosubstituted alkenes (reaction 1).
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CH, « + CH, = CHX — CH,CH,CHXe (1)

They found that the barrier to this process was primarily
governed by reaction thermodynamics whereas polar effects play
an unexpectedly small role. This is in contrast to the CH,OHe
radical, which generally exhibits nucleophilic behavior, and to
the CH,CNe radical, which normally shows electrophilic
behavior; the reactivities of these radicals are strongly influenced
by polar effects. Also, many studies have led to the conclusion
that polar, steric, and reaction thermodynamics effects all play
a key role in governing reactivity in the radical addition to
alkenes. 013,19

One of the important factors that influence the quality of an
ab initio calculation is the careful selection of the applied level
of theory. Because high quality calculations are usually more
expensive, it is necessary to compromise between the accuracy
of the estimations and the computational expense. Wong and
Radom!? used various levels of theory in ab initio calculations
to study geometry optimization, vibrational frequency analysis,
and energetics of the addition of radicals to alkenes where the
radicals are CHze, CH,OHe, and CH,CNe. The results suggested
that the use of energies, corrected for zero-point energy (ZPE),
given from QCISD/6-31G(d) or B3-LYP/6-31G(d) calculations
are preferable to combinations such as UHF/6-31G(d) or UMP2/
6-31G(d). Also, energies from B3-LYP/6-311+G(3df,2p) level
with B3-LYP/6-31G(d) geometries and ZPE corrections yielded
barriers in good agreement with experimental values for methyl
radical addition in solution. Additional work from Radom and
co-workers!0-12.1820-23 a45essed the procedures for calculations
on radical addition and on free radical thermochemistry. In
addition, Gomez-Balderas et al.'® reported a comparative
assessment of the accuracy of computational procedures for
calculating geometries, frequency factors, barriers and reaction
enthalpies for methyl radical addition to C=C double and C=C
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Figure 1. Molecular structures of initiator species: (a) C,HsOs, (b) CFse, (c) CHse, (d) C:HsOCOOe, (e) CF3COOQe, and (f) CH3COOse.

triple using high theoretical levels of the G3-type, W1-type,
and CBS-type methods. Furthermore, other properties such as
standard enthalpies of formation for a set of hydrocarbons,
including alkanes, alkenes, alkynes, and radical molecules
ranging from C1—C10 were theoretically studied by Saeys et
al."> using CBS-QB3 and B3LYP methods. They also reported
that the reactivity of carbon-centered radical addition reactions
to alkenes of the studied radicals is governed by a combination
of polar and reaction thermodynamics factors.

Diacyl peroxides are widely used as radical initiators in free-
radical polymerization reactions.! Diethyl peroxydicarbonate
(DEPDC) is generally used as an initiator in VDF polymeriza-
tion.>*26 Peroxydicarbonates are traditionally included in the
diacyl peroxide category.?” Decomposition of diacyl peroxide
initiators yields alkyl radicals and may show carboxy radicals
as intermediates.?® In this paper, we use QCISD and B3LYP
levels of theory to investigate energy barriers, reaction enthal-
pies, product and transition state structures of the addition
reactions between a VDF monomer and the carboxy radicals
(C2H50CO0¢, CF3COQ0Oe, CH3COOe, and C;Hs50¢), and alkyl
radicals (CFse, and CHjse) resulting from the decomposition of
DEPDC, trifluoroacetyl peroxide (TFAP), and diacetyl peroxide
(AP). The decomposition pathways of DEPDC, TFAP, and AP
that yield those studied radicals were proposed by Gu et al.”
Because C,Hs0COQOe, CF;COOQOe, and CH3;COOQOe are the
intermediate radicals during the decompositions of DEPDC,
TFAP, and AP, respectively, we are interested in determining
if these radical species may favor the addition to VDF better
than the final radicals yielded when the decompositions are
complete (C,Hs50e, CFse, and CHze).

2. Computational Methods

The molecular structures of the studied radicals are shown
in Figure 1. The ab initio calculations were performed with the
Gaussian03 program?® for the reactants, products and transition
state structures of all species. The addition reactions of the
initiator (I*) shown in reactions 2-3 are the result of the
asymmetric substitution pattern of VDF.

Ie + CH,CF,— I1—CF,—CH,e
Ie + CH,CF,— I1—CF,—CH,e

2)
(3)
where I are C,H50°¢, C,Hs;OCOOQOe, CFze, CF3COOQOe, CH3e, and
CH3COOe (Figure 1).

Reaction 2 is head addition, which involves radicals adding
to the high-substituted end (CF, end) of the double bond, and

reaction 3 is tail addition, which involves radicals adding to
the nonsubstituted end (CH, end) of the double bond.!®

In a first series of calculations, geometries were optimized
and vibrational frequencies and zero-point energies were
determined at the UHF/6-31G(d) level. ZPE corrections were
calculated from HF/6-31G(d) vibrational frequencies scaled by
0.8929.1230 The transition state structures were located using
synchronous transit-guided quasi-newton (STQN) methods.3!
Energy barriers and reaction enthalpies were obtained through
calculations using the quadratic configuration interaction method,
QCISD, with the 6-311G (d,p) basis set. These methods were
previously applied to the reaction between the CH,OH radical
and CH>CCl; and the methyl radical with CH,CCl, by Wong
and Radom!? and provided quite good estimations compared
to experimental data and other applied theoretical calculation
methods. The differences between theory and experiment of
energy barrier and reaction enthalpies for the CH,OH radical
were 17 and 6%, respectively.!? Also, the methyl radical showed
differences of 44% for energy barrier and 8% for reaction
enthalpy.'? The energy barrier difference was reduced to 28%!2
when the second series of calculations as described in the next
paragraph was applied. Although the calculations with the higher
level of theory method, QCISD(T), gave good estimations, the
computational expense is quite high, especially with a large
system.

In a second series of calculations, we used density functional
theory (DFT). Optimized geometries and zero-point energies
were obtained at the B3LYP/6-31G(d) level and vibrational
frequencies were scaled by 0.9806.° Single-point energy
calculations were carried out on these optimized structures to
determine reaction enthalpies at the B3LYP/6-311G+(3df, 2p)
level. This calculation series was also suggested by Wong and
Radom,'? indicating that barriers are usually in good agreement
with experiment, with a mean absolute deviation from the
experimental values for methyl radical additions in solution of
1.34 kcal/mol where the magnitudes of the experimental barriers
are in the range of 3.82—7.27 kcal/mol. Also, this combination
has been recommended as the lowest level of theory yielding
reasonable reaction barriers and enthalpies.'® This second
method has been chosen because it could be suitable for
examining radical additions involving large systems. The results
from the two methods are reported for comparative purposes.

The calculated barriers refer to energy differences between
transition structures and reactants. Rate coefficients can be
obtained with eq 432
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where « is a transmission coefficient, kg is the Boltzmann
constant, and A is Planck’s constant. Q(7T) stands for the
partition functions evaluated at temperature 7, and AE(0 K) is
the 0 K energy difference between reactants and transition state,
including the zero-point energy difference. The transmission
coefficient represents the extent of recrossing where molecules
are reflected back to the reactant side and tunneling effect where
species with low energy tunnel through the barrier to the product
side.3? For computation of accurate rate coefficients, determi-
nation of the transmission coefficient and partition functions
with particular attention to internal rotations are required.!6-23-33
However, because the main objective of this paper is to obtain
relative reactivity trends rather than numerical accuracy of the
barriers, the transmission coefficient is assumed to be one, the
tunneling correction is not included, and we do not account for
hindered internal rotations in the calculation of the partition
functions. Rate coefficients are employed to estimate the
regioselectivity, measured by a ratio between the rate coefficient
of reactions 2 and 3, and we do not report absolute rate results.
Thus, the calculation methods were chosen based on accuracy
of energy barrier prediction rather than on that of absolute rate
coefficients.

3. Results and Discussion

3.1. Geometries. Figure 2 shows schematic molecular struc-
tures of the possible formed products. The optimized products
resulting from head addition (reaction 2) of the C,;HsOe,
C,H50COOQe, CH3ze, CH3COOQe, and CF;COQe radicals are more
stable than those of tail addition (reaction 3), except for the
CFse radical whose products from tail addition have lower
energy than those from head addition as shown in Table 1. For
each radical, the new formed bonds (B1) of the more stable
(lowest energy) products are shorter. However, the trend of
attacking angles A1l in product structures is not predictable based
on product energies. Since the F atoms are strong electron-
withdrawing substituents of the alkene, the studied radicals
except CFze tend to be nucleophilic, even the CHze radical which
generally prefers to be an electron acceptor rather than an
electron donor!® and this could lead to head addition being a
major pathway for the addition of the studied radicals to VDF
except for the reactions involving the CFse radical. However,
in a later section we revise this preliminary conclusion taking
into account also energy barriers, reaction enthalpies, and
regioselectivity.

The bond lengths B1 of the optimized product structures at
the HF/6-31G(d) level of calculation are only slightly shorter
(differences of 0.004-0.036 A) than those given by the B3LYP/
6-31G(d) level. The differences in attacking angles Al between
the two methods are in the range of 0.03-1.6°, in agreement
with ref 10, which found the attacking angle not particularly
sensitive to the level of theory. The formed bond length B1 of
the stable products from addition of the following radicals is in
the order (from the shortest to the longest): C;HsOe, CH3COOQe,
C,H50COOe, CF3COQe, CFse, and CHse; thus, as expected, the
formed C—O bonds are shorter than the formed C—C bonds.
The C—O bonds formed with the C,HsOe radical are the
strongest compared to C—O bonds formed with the other
radicals, and the C—C bonds formed with CFze are shorter than
those with CHjze. Although the largest difference of the formed
bond from those radicals is only 0.164 A, a large difference in
energy barriers of the reactions is found, as discussed in a later
section.
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Figure 2. Schematic molecular structures of products, where R
represents C;HsO, CF3, and CHs.

Table 2 lists the calculated forming bond lengths and angles
of attack of the transition state structures shown in Figure 3
and their energies. Transition states of CF3COQOe and CH3COOQOe
radicals could not be located via the DFT method. The energy
properties of Co;HsOCOOe radical at the level of QCISD theory
(method 1) could not be reached due to the very high
computational expense requirement.

Like in the product structures, the forming bond lengths of
the transition state structures calculated at the HF/6-31G(d) level
of theory are shorter than those given at B3LYP/6-31G(d) level,
with differences in the range 0.013-0.138 A. The angle of attack
differences between the two methods lie between 1.2 and 13.2°.
Thus, calculations at the HF/6-31G(d) level and the B3LYP/
6-31G(d) level show a very small dependence on the calculation
method for the forming bond length but a larger effect on the
attack angle in the transition structures for the studied radicals.
Unlike the product structures, the angles of attack are more
sensitive to the levels of theory. For the given carboxyl radicals,
the forming bond length in the transition state structures (Table
2) is longer when the radicals attack the high-substituted carbon
atom whereas this trend is the other way around for the products
(Table 1). Also, CF3e but not CHze radicals show longer forming
bond length of the transition structures of radicals attacking the
high-substituted end atom (Table 2).

The energies and geometries of all the transition states (Figure
3 and Tables 2 and 3) more closely resemble the reactants than
the products. Considering the results given by DFT (method
2), the lengths of the forming bonds in transition structures are
long (more than ~2.1 A) and the bond lengths between two
carbon atoms in the VDF fragment of the transition structures
are much closer to the reactant than to the product ones as shown
in Table 3. These results quite clearly show that early transition
states are obtained upon attack at both high-substituted and
nonsubstituted carbon atoms of a VDF. An early transition state
necessarily implies a loose structure with little bond formation
and little change in the alkene and radical geometries.’
Furthermore, in all transition structures, the imaginary frequency
is predominantly the radical-VDF C—C stretch. Larger frequen-
cies always correspond to the radical attack at the high-
substituted end of VDF except for the C,HsOe radical. However,
the difference between those frequencies for the C,HsOe radical
is very small (—344 cm™! for attacking the high-substituted end
and —350 cm™! for attacking the nonsubstituted end).

3.2. Energy Barriers, Reaction Enthalpies, and Regiose-
lectivity. All of the addition reactions are strongly exothermic,
and the computed value of energy barriers and reaction
enthalpies are shown in Table 4. The difference of energy
barriers between the two methods is in the range 0.23-2.11 kcal/
mol and lays in the range 4.31-9.19 kcal/mol for reaction
enthalpies. For the addition of methyl radical to ethene, Fischer
and Radom found that the calculated barriers show a massive
dependence on the level of theory used but it affects less to the
calculated reaction enthalpies.' However for our systems,
methods 1 and 2 give the opposite trend (larger differences for
reaction enthalpies). The experimental energy barrier data of
the CFse radical reacting with a high-substituted carbon atom
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TABLE 1: Calculated Formed Bond Lengths B1 A), Attacking Angle A1 (deg), and Energy E + ZPE (Hartrees) of Products

Bl Al E + ZPE¢
product species HF DFT HF DFT method 1 method 2
C,Hs0C*F,CH,? 1.348 1.370 115.0 115.4 —430.46881 —431.54418
C;Hs0C*H,CF, 1.391 1.418 113.6 115.2 —430.44444 —431.52344
C,Hs;0COOCH*F,CHy* 1.388 1.421 115.6 115.5 —620.17379
C,Hs;0COOC*H,CEFy* 1.409 1.431 106.8 107.2 —620.16300
CF;C*F,CHy” 1.529 1.549 114.3 114.3 —613.46740 —614.85616
CF;C*H,CF’ 1.509 1.518 113.2 113.1 —613.47170 —614.86263
CF;COOC*F,CH,* 1.391 1.425 109.2 108.8 —801.18708 —803.46636
CF3;COOC*H,CF,* 1.426 1.462 109.9 111.2 —801.17339 —803.45994
CH;CF,C*H,? 1.512 1.521 115.6 115.8 —316.21884 —317.00584
CH;CH,C*F,? 1.528 1.532 112.6 112.7 —316.21351 —317.00240
CH3COOC*F,CHy* 1.378 1.406 109.4 109.1 —504.37906 —505.62362
CH3;COOC*H,CE,* 1.417 1.450 109.9 111.0 —504.36597 —505.61599

@Bl is the bond length between O1 and C2 (Figure 2a). Al is the angle of O1—C2—C3 (Figure 2a). ? B1 is the bond length between R and
C1 (Figure 2b). Al is the angle of R—C1—C2 (Figure 2b). ¢ Energy values (without ZPE) are listed in Supporting Information. * Indicates

attack site.

TABLE 2: Forming Bond Length (A), Angle of Attack (deg), and Energies + ZPE (hartrees) of the Transition State Structures

forming bond length

angle of attack energy + ZPE"

radical reactant site of attack* atom HF DFT atom HF DFT method 1 method 2
C,H;50e *CF,=CH, 2-14 1.952 2.080 1-2-14 103.5 93.8 —430.40767 —431.49624
CF,=C*H, 1-14 1.908 2.047 2-1-14 110.7 103.5 —430.40481 —431.49426
C,Hs0COO0- *CF,=CH, 7-1 2.071 2.190 8-7-1 99.2 86.0 —620.13470
CF,=C*H, 14-1 2.014 2.807 13-14-1 103.2 79.1 —620.13591
CF;e *CF,=CH, 2-1 2.258 2.382 3-2-1 103.4 101.81 —613.40473 —614.80928
CF,=C*H, 3-1 2.244 2.271 2-3-1 109.5 106.6 —613.40834 —614.81396
CF;COO- *CF,=CH, 5-1 2.190 6-5-1 91.5 —801.12810
CF,=C*H, 6-1 2.077 5-6-1 104.9 —801.13805
CHje *CF,=CH, 2-1 2.259 2.281 3-2-1 106.4 103.9 —316.16057 —316.94944
CF,=C*H, 3-1 2.283 2.345 2-3-1 109.9 111.1 —316.16265 —316.95290
CH;COOe- *CF,=CH, 5-1 2.111 6-5-1 94.6 —504.31689
CF,=C*H, 6-1 1.999 5-6-1 106.6 —504.32938

@ Atom numbers refer to Figure 3. » Energy values (without ZPE) are listed in Supporting Information.

is 5.2 kcal/mol;3’ thus, from the results in Table 4, the calculated
barriers using methods 1 and 2 are 1.87 and 1.11 kcal/mol higher
than this experimental value, respectively. The experimental
barrier energy of CF3e attacking the nonsubstituted carbon atom
is 3.2 kcal/mol,® and the theoretical results using methods 1
and 2 overestimate this value by 1.6 and 0.17 kcal/mol,
respectively. The experimental trend yielding higher energy
barrier for the head than for the tail CFze addition is followed
by the calculated barriers. On the other hand, the experimental
barrier energies of CHjze radical addition to the non-fluorinated
carbon atom is 11.2 kcal/mol'! whereas methods 1 and 2 slightly
underestimate the barriers, yielding 10.8 and 8.69 kcal/mol,
respectively, and the experimental barrier for addition of CHze
to the fluorinated carbon atom has been reported to be 8.2 kcal/
mol'! that is overestimated by methods 1 and 2 predictions of
12.1 and 10.86 kcal/mol, respectively. In this case, none of the
methods follow the experimental trend that yields lower barrier
to the head addition.

The regioselectivity is another indicator of which end of a
substrate is preferentially attacked by a radical as measured by
the ratio between the rate coefficient of the addition attacking
the carbon atom at the CF, end and that at the CH, end. Table
5 shows that the regioselectivity trends are the same for both
methods, suggesting preferential tail attack except for C,HsOe
and CF;COOe, which show preferential head attack. Also, the
same trends suggested by the regioselectivity analysis is
indicated by the calculated energy barriers (Table 4, except for
the addition of CF3COOe radical) suggesting that the radicals
have more propensities to attack at the end of VDF, which gives

lower energy barriers. The experimental regioselectivity ratio
of the addition of CF3e radical to VDF at the CF, end and at
the CH, end is 0.03:1 at 423 K!! and that of the CH3e radical
is 0.179:1% at the same temperature, in qualitative agreement
with the calculated values listed in Table 5. To the best of our
knowledge, experimental thermodynamic data for the additions
of C,H50°, CoHs0COQOe, CE;COQOe, and CH3COOe to VDF
have not been reported.

Experimental work on the radical CHze addition reported that
the ratio of attack at the non-fluorinated substituted end of VDF
is about six times greater than the attack at the more substituted
end at 423 K.!! This large propensity of the CHze radicals to
react with the non-fluorinated carbon atom of VDF is confirmed
by the theoretical results. As shown in Table 4, the addition
reaction of a CHjze radical to the less-substituted attack site of
VDF is characterized by a lower barrier height (8.69 kcal/mol)
and the regioselectivity (Table 5) is 0.188:1 (obtained by method
1) between the attack at the CF, end and at the CH; end. Also,
the forming bonds in transition structures of the addition reaction
of a CHj3e radical to the nonsubstituted attack site are longer.
Regarding reaction enthalpies, the addition to the nonsubstituted
end gives lower reaction enthalpy (—23.71 kcal/mol) only
slightly different than —25.58 kcal/mol for the addition to the
fluorinated end. This may confirm a large predominance of
the steric control rule, the preferential attack should occur to
the non substituted carbon atom,* whereas the thermodynamic
control rule that the most exothermic reaction should be the
easiest* is not followed.
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Figure 3. Transition structures of the addition reactions between VDF
monomer and radicals (a) C,HsOe, (b) C;HsOCOOe, (c) CFze, (d)
CF;COOQe, (e) CHse, and (f) CH3COOe. (x-i) is the radical reacting
with the fluorinated carbon atom and (x-ii) is the radical reacting with
the non-fluorinated carbon atom.

Experiments on the addition reaction of the CF3e radical to
VDF show that at 423 K the attack at the nonsubstituted end of
VDF is 33 times higher than at the more substituted end,'! in
qualitative agreement with the results of both methods shown
in Table 5. According to method 2, the energy barrier corre-
sponding to the attack at the nonsubstituted carbon atom is
~2.94 kcal/mol lower than that corresponding to the attack at
the more substituted carbon atom. Also, the reaction enthalpies
favor the attack at the nonsubstituted carbon atom. Therefore,
the calculations suggest that the addition of CFze to VDF is
either kinetically or thermodynamically favored whereas the
addition of CHj3e to the nonsubstituted end of VDF is kinetically
favored.

The addition of the CF3COOQOe radical to the VDF nonsub-
stituted carbon atom gives lower barrier energy than that at the
other end, whereas the regioselectivity and the reaction enthal-
pies yield the opposite trend, favoring the attack at the
fluorinated end. In this case, the barriers and regioselectivity
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lead to a different preferential attack site; however, the barriers
of both attack sites differ only by 0.13 kcal/mol; such small
difference is not enough to show that the CH; end is preferred.
Also, the regioselectivity trends tend to be more reliable than
the absolute results of energy barriers yielding better agreement
of the preferential attack site with the experimental results as
discussed earlier. It is interesting to point out that the addition
of CF3COOe to VDF at either end shows much lower energy
barriers (78 times lower for the attack at the CH, end and 37
times lower for the attack at the CF, end) than those of the
addition of the CF3e radical. Thus, the CF;COQe radical could
be more reactive, and its addition to VDF during the decom-
position of TFAP can not be overlooked in the initiation step
of the free radical polymerization of PVDF using TFAP as an
initiator. However, temperature and solvent factors have not
been addressed in this analysis except for the temperature effects
implicit in the regioselectivity analysis.

The radical CH3;COOre is an intermediate of the decomposition
of the AP initiator. Considering the results obtained from method
1, the radical CH3COOe yields lower energy barriers than those
of the CHjze radical for either the attacks at the fluorinated or at
the non-fluorinated carbon atom of VDF, especially the addition
at the non-fluorinated carbon atom is about 31 times lower.
Thus, the addition to CH3;COOe should not be disregarded when
the initiator AP is considered. Also, the regioselectivity analysis
(Table 5) and the energy barriers (Table 4) show that CH;COQOe
greatly prefers to attack the nonsubstituted end of VDF. Thus,
like the CH3e radical, although reaction enthalpies favor the
attack at the high-substituted end the kinetic results (barriers
and regioselectivity) suggest that the addition will be at the
nonsubstituted end. Furthermore, CH3ze and CH3COQe radicals
are nucleophilic and they still add preferentially to the nonsub-
stituted end of VDF, confirming that the steric effect may
become more important than the polarity influence for these
addition reactions.

DEPDC is the typical initiator used for VDF polymerization.
As shown in Table 4, the C,HsOe radical does not yield
significant lower barrier energies or higher exothermicities
compared to the other studied radicals. Based on the lower
energy barrier, larger exothermicity (Table 4), and regioselec-
tivity ratio (Table 5), the radical C,HsOe kinetically and
thermodynamically preferentially adds to the fluorinated carbon
atom of VDF. The higher energy barriers of the addition
correspond to shorter forming bond lengths in the transition
structures for both C,HsO¢ and C;HsOCOOQe radicals. Consider-
ing the polarity influence, the C,HsOe radicals are nucleophilic
and they likely add preferentially to the substituted end of VDEF.
This clearly suggests that the polar effect is more dominant than
the steric effect for the addition of C,HsOe¢ to VDF. On the
other hand, according to barrier heights and regioselectivity,
the intermediate radical Co;HsOCOOe generated by the DEPDC
decomposition preferentially adds to the nonsubstituted end, and
it has lower barrier heights than the radical C;HsOe on either
attack sites. Therefore, the addition reaction of C;HsOCOOQe to
VDF should not be overlooked in the analysis of DEPDC
initiated VDF polymerization. However, this study does not
consider the effect caused by other factors such as temperature
(except that included in the regioselectivity analysis) which may
be important for the initiation process.

4. Conclusions

The addition reactions of alkyl radicals CFze and CH3ze and
carboxyl radicals C,HsOe, C;Hs0COOe, CF3COQe, and CH3-
COQOe to VDF are studied using ab initio calculations to
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TABLE 3: C—C Bond Lengths (A) of VDF Fragment in Transition State Structures and Products®

r(C=C) of transition state structures

r(C—C) of product structures

species attack site method 1 method 2 method 1 method 2
C,H;50e *CF,=CH, 1.378 1.352 1.493 1.489
CF,=C*H, 1.386 1.350 1.450 1.504
C,Hs0CO0° *CF,=CH, 1.366 1.356 1.486 1.481
CF,=C*H, 1.366 1.331 1.496 1.499
CF;e *CF,=CH, 1.367 1.351 1.486 1.481
CF,=C*H, 1.359 1.342 1.498 1.501
CF;COOe° *CF,=CH, 1.372 1.484 1.482
CF,=C*H, 1.352 1.493 1.489
CHje *CF,=CH, 1.373 1.352 1.491 1.488
CF,=C*H, 1.367 1.346 1.495 1.498
CH;COOe° *CF,=CH, 1.385 1.487 1.485
CF,=C*H, 1.363 1.494 1.492
@ ((C=C) of VDF = 1.304 A (method 1) and 1.322 A (method 2).
TABLE 4: Calculated Energy Barriers and Reaction Enthalpies (kcal/mol)
barrier enthalpy”
radical reactants attack site at*® method 1 method 2 method 1 method 2
C,H;50e *CF,=CH, 6.69 6.46 —32.14 —23.76
CF,=C*H, 8.48 7.71 —17.04 —10.97
C,Hs0CO0° *CF,=CH, 3.50 —21.14
CF,=C*H, 2.74 —14.47
CF;e *CF,=CH, 7.07 6.31 —32.33 —23.14
CF,=C*H, 4.80 3.37 —35.35 —27.59
CF;COOe° *CF,=CH, 0.19 —36.85
CF,=C*H, 0.06 —28.49
CHje *CF,=CH, 12.10 10.86 —30.85 —25.58
CF,=C*H, 10.80 8.69 —28.02 —23.71
CH;COOe° *CF,=CH, 8.18 —30.98
CF,=C*H, 0.35 —22.98
@ At 298 K.

TABLE 5: Calculated Regioselectivity Defined As a Ratio
between the Rate Coefficient of the Addition Attacking at
the Carbon Atom of High-Substituted End (Head) and That
of the Nonsubstituted End (Tail)

CF2=CH2

radical method 1 method 2
C,H50e 20.216:1¢ 7.533:1¢
C,Hs0COQO- 0.004:1¢
CF;e 0.03:120.093:1* 0.013:1¢0.056:1°
CF;COQOe 2.621:1¢
CHjse 0.098:1¢0.188:1> 0.012:1¢0.035:1%
CH;COOe- 5.06%100:1¢

@At 298 K. ” At 423 K.

characterize product and transition structures, energy barriers,
reaction enthalpies, and regioselectivity. Two methods are
applied: the first consists of reactant, transition and product
structure optimizations using UHF/6-31G(d) and energies
calculated using QCISD/6-311G(d,p), and the second method
involves structure optimization via B3LYP/6-31G(d) whereas
B3LYP/6-311G+(3df, 2p) is used for the energetics. The
formed bond length of the product, the forming bond length of
the transition state, and the attack angle of the product structures
are not sensitive to the level of theory but the attack angle of
the transition state structures is. The C,H;Oe radicals make the
strongest formed C—O bonds compared to the other studied
radicals. Early transition states are obtained upon attack at both
high- and nonsubstituted carbon atom ends of VDF.

Both methods yield the same trends for the preferential attack
site in terms of regioselectivity, energy barriers and reaction
enthalpies. The regioselectivity suggests the same preferential

attack location with that given by the energy barriers, except
for the CF3COOe radical. The regioselectivity analysis indicates
that attacks at the high-substituted carbon atom end of VDF
for C,H50e and CF3COQe, and at the nonsubstituted carbon
atom end for the additions of CoHsOCOQe, CFze, CHse, and
CH3COOQe radicals are more favorable, whereas analyses of the
reaction enthalpies imply the opposite trends for C;HsOCOOe,
CHzse, and CH3COOQe. Thus, it is suggested that the addition
reaction of Co,HsOCOQe, CHse, and CH5COOe radicals to VDF
is most likely dominated by kinetic than by thermodynamic
control rules. For the addition of the CF3COOe radical,
regioselectivity favors addition to the CF2 end, and the same
trend is suggested by the reaction enthalpy values but the energy
barrier shows preferential addition to the CH2 end, although
the energy barrier difference of the two attack sites is so small
that we could conclude that both thermodynamics and kinetic
factors are dominant for CF3COOQe additions. On the other hand,
kinetic and thermodynamic control rules are in agreement for
the addition of the CF5e radical, and also for the addition of the
C,H50e radical where the polar effect overrides the steric effect.
The carboxyl radicals Co;HsOCOQe and CH3COOe show very
small tendency adding to the substituted end of VDF (in contrast
to CF3COQr) and they are nucleophilic radicals. Thus, for them,
the steric effect overrides the polar effect. The addition reaction
of the intermediate radicals C,HsOCOQOe, CF;COQe, and
CH3COOe of the decomposition of DEPDC, TFAP, and AP
initiators show smaller barrier heights than the addition of the
corresponding final radicals: C,HsOe, CF3e, and CHse. Thus,
the addition reactions of those intermediate radicals should be
taken into account when VDF polymerization initiators such
as DEPDC, TFAP, or AP are used. However, it should be noted
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that this study does not consider solvent and temperature effects
which may be significant in the initiation process as well.
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