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Tertiary Alkoxy Radicals / Peroxide Decomposition /
Density Functional Theory

Rate coefficients ofβ-scission reactions in tertiary alkoxy radicals, R(CH3)2CO (R= methyl,
ethyl, tert-butyl andneo-pentyl) have been estimatedvia density functional theory (DFT)
calculations in conjunction with statistical unimolecular rate theory. Fortert-butoxy,
results obtained by employing different basis sets are compared with experimental values,
indicating that UB3LYP/6-31G(d,p) excellently predicts kinetic data. Rate coefficients for
inter- and intramolecular hydrogen abstraction are also reported. Depending on R, the
β-scission rate may vary by orders of magnitude. The predicted temperature dependence
of the alcohol-to-ketone product ratios for alkoxy radical decomposition in a hydrocarbon
environment is in remarkably close agreement with the corresponding ratios measured on
the product mixtures from decomposition oftert-butyl and tert-amyl peroxyacetates in
solution of n-heptane.

1. Introduction

Organic peroxyesters of general structure R(CH3)2CO–OC(O)R′, with R and
R′ being alkyl moieties, are widely used as initiators in free-radical poly-
merizations [1–4]. Dissociation of theperoxy bond yields an alkoxy radical
R–(CH3)2CO· and a carbonyloxy radical·OC(O)–R′. Both species may un-
dergoβ-scission reactions, by which oxygen-centered radicals are converted
into carbon-centered ones. These secondary decomposition reactions may re-
sult in a decrease of initiator efficiencyand may affect the microstructure of
the final polymer, as oxygen- and carbon-centered radicals differ in chain-
transfer activity [4]. Whereas recombination of the primary R–(CH3)2CO·
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and·OC(O)–R′ radicals does not affect initiator efficiency, as the peroxyester
molecule is recovered, radical-radical reactions in which species produced
by β-scission of R–(CH3)2CO· and/or ·OC(O)–R′ are engaged may result in
a loss of radicals and thus in a lowering of initiator efficiency, as the products
of such reactions are thermally stable under typical polymerization conditions.
A reduction of initiator efficiency will occur in cases where suchβ-scission
C–C bond breaking reactions occur as in-cage processes on a sub-ns time-
scale, i.e. during a period in which the two radical species from peroxide
decomposition are in close proximity. Although the kinetics of thermally and
photochemically induced peroxide decomposition reactions have been exten-
sively addressed in the past [1, 2, 4–6], the implications of the decay dynamics
of radical intermediates on initiator efficiency have not been investigated in any
detail so far.

Detailed investigations into the mechanism and the time-scales of decar-
boxylation of carbonyloxy radicals·OC(O)–R′, to yield CO2 and the radical
R′·, have been reported [5–9]. Recently, the combination of several ultrafast
spectroscopic techniques with theoretical modeling on the basis of DFT cal-
culations has provided detailed insight into the decarboxylation mechanism
of aryl carbonyloxy radicals [6]. In both experimental [4–6, 9] and the-
oretical [6, 10] studies, the mechanism and the rate of decarboxylation of
·OC(O)–R′, with R′ being phenyl, naphthyl, phenyloxy or benzyl, were found
to crucially depend on the stability of the substituent R′·.

Scheme 1. Simplified scheme of sequential dissociation reactions occurring with per-
oxyesters. R and R′ are alkyl moieties. The present article focuses onβ-scission-type
C–C bond breaking processes of the alkoxy radical intermediate R(CH3)2CO· for which
two reaction pathways,I andII, are indicated.

The present contribution focuses on DFT-based estimates of thermal
rate coefficients forβ-scission reactions of tertiary alkoxy radicals. Such
species occur in chemically initiated radical polymerizations. As displayed
in Scheme 1, R–(CH3)2CO· radicals from decomposition of peroxyesters (or
from dialkyl peroxides) may undergoβ-scission reactions along two pathways,
producing either a methyl radical+ the ketone R-C(O)CH3 (channelI), or an
alkyl radical R· + acetone (channelII). Additional reaction channels for alkoxy
radicals are isomerization [11–14] and, in condensed phase, are reactions with
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·OC(O)–R′ or with R′·, which latter radical is produced by decarboxylation
of ·OC(O)–R′. Moreover, the alkoxy radical may abstract hydrogen from sol-
vent molecules (channelIII) [15, 16]. To ensure close correspondence of the
obtained data, a unimolecular reaction is considered for channelIII, where ab-
straction takes place in a solvent-complexed alkoxy radical species. Propane is
used as the complexing agent, because this molecule is the smallest hydrocar-
bon with secondary hydrogen atoms. As was shown by Atkinson [13] and Blitz
et al. [17], isomerization may be neglected for small alkoxy radicals, but may
be very fast in cases where a 1,5-hydrogen shiftvia a six-membered transition
structure may take place (channelIV) [11, 14]. The rate coefficients for inter-
molecular H-abstraction were found to bealmost insensitive to the structure of
the alkoxy radical [16].

Because of the eminent relevance of alkoxy radicals in atmospheric chem-
istry [13], several theoretical studies into the decomposition of these species
have already been carried out. Rate coefficients have been reported for the
decomposition of thetert-butoxy radical [18–20], of linear alkoxy radicals
with up to five carbon atoms [21], and of a series of linear and branched
alkoxy radicals [18, 19]. Density functional theory (DFT) calculations [18–20]
and compound methods such as CBS-RAD [18] and G2 theory in its variants
G2(MP2) [20] and G2(MP2,SVP) [21] have been used for modeling experi-
mental kinetic data [17, 20, 22, 23]via statistical rate theories. Within the study
into alkoxy radicals containing up to five carbon atoms [19], quantum-chemical
calculations have been performed employing theab initio BAC-MP4 method
and DFT using the B3LYP hybrid functional with the polarized double-zeta
6-31G(d,p) basis set. The decomposition of thetert-butoxy radical that has
been extensively studied in the past [13, 17, 19, 20, 22, 23], but also oftert-
amyloxy (2-methyl-2-butoxy) [19], may serve for evaluating the reliability of
the applied electronic structure methods for predictingβ-scission rates. For this
reason, within the present study, the decomposition rate of these two alkyloxy
radicals has been estimatedvia DFT calculations. The present study focuses
on tert-alkyloxy radicals which are of relevance for chemically induced free-
radical polymerization. In addition to reactions oftert-butoxy andtert-amyloxy
radicals, the decomposition kinetics of alkyloxy radicals with R· = tert-butyl
(1,1,2,2-tetramethyl propyloxy) and R· = ·CH2-tert-butyl (1,1,3,3-tetramethyl
butyloxy) is of importance. Data for these two larger radicals are reported here
for the first time.

The paper is organized as follows: Sect. 2 describes the methodology.
The results from quantum-chemical calculations and the Arrhenius parame-
ters for thermal decomposition reactions oftert-butoxy (TBO), tert-amyloxy
(TAO), 1,1,2,2-tetramethyl propyloxy (TMPO), and 1,1,3,3-tetramethyl butyl-
oxy (TMBO) radicals (see Scheme 2) are presented and discussed in Sect. 3,
where the data for TBO and TAO is also correlated with product distributions
measured for the decomposition oftert-butyl peroxyacetate andtert-amyl per-
oxyacetate in liquidn-heptane [24].
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Scheme 2. Structures of the alkoxy radicals under investigation:tert-butoxy (TBO),
tert-amyloxy (TAO), 1,1,2,2-tetramethyl propyloxy (TMPO), and 1,1,3,3-tetramethyl
butyloxy (TMBO).

2. Methodology
The determination of reaction barriers and reaction energies for theβ-scission-
type C–C bond breaking of tertiary alkoxy radicals is based on density func-
tional theory (DFT) calculations. The adequate description of the transition
state forβ-scission of alkoxy radicals requires the inclusion of a large part
of the electron correlation energy. Since in the present case an open-shell
species dissociates into a closed-shell species plus an open-shell fragment,
non-dynamical electron correlation is not expected to play a major role. A con-
siderable fraction of dynamical electron correlation is included in UMP2
or UB3LYP [25, 26] calculations. In particular for larger systems, the lat-
ter method usually provides good agreement with experimental data at low
cost [27]. As a reference, we used the recently developed G3//B3LYP [27]
procedure for the calculation of the energetics of the TBO radical employ-
ing the UB3LYP/6-31G(d) geometry and zero-point energy (ZPE) including
single-point energy calculations up to the MP2(full)//GTLarge level.

The program package Gaussian03 [28] was used for the quantum-chemical
calculations reported here. The structures of the relevant stationary points (re-
actants, products, and first-order saddle points for reaction) on the potential
energy surfaces (PESs) of the alkoxy radicals were fully optimized employing
the UB3LYP functional in conjunction with basis sets up to 6-311+G(d,p). To
confirm that true minima on the PESs have been found, the Hessian matrices
at the stationary points were calculated. The TS routine of Gaussian03 and the
intrinsic reaction coordinate (IRC) method [29, 30] have been used to confirm
the transition state (first-order saddle point) geometries.

As the present study aims at the understanding ofβ-scission reactions in
larger radicals, it appears preferable to use the relatively small 6-31G(d,p)
basis set. An assessment of the quality of the predictions obtained by employ-
ing this basis set is obtained by comparison with available experimental data
for the tert-butoxy radical (TBO). The polarization functions on the hydrogen
atom, which are almost without any influence on the decomposition of TBO,
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are crucial for the adequate description of the hydrogen abstraction processes
(channelsIII and IV). The 6-31G(d,p) basis was also used in the work by
Méreauet al. [11, 19].

Calculated harmonic vibrational frequencies and equilibrium rotational
constants are used to derive the thermal contributions to enthalpies and en-
tropies of reaction and activation, respectively. A point of debate is the inclu-
sion of reaction path degeneracies into the statistical reaction rate expressions.
They may originate from the symmetry factor in the rotational partition func-
tion of the reactant. While from a naive point of view,C3v symmetry is antici-
pated for thetert-butoxy radical, the symmetry is lost in the doubly degenerate
2E electronic ground state due to Jahn–Teller coupling which, in addition, lifts
the degeneracy of the2E electronic ground state [31]. As a consequence, nei-
ther for rotational symmetry nor for ground state degeneracy, factors have been
included into the expressions for the partition functions used in our calcula-
tions. Moreover, the actual dynamics should include both sheets of the PES,
not only for the reactant species, but also for all situations along the way to
dissociation. Thus it would be incorrect to include electronic degeneracy only
for the reactant. An investigation of the dynamic Jahn–Teller effect of thetert-
butoxy radical has not been reported so far, while there are several studies into
the simpler, structurally related methoxy radical (CH3O·) [32–35]. However,
even in this much smaller system, a thorough investigation of the vibronically
fully coupled dynamics at higher internal energies, close to dissociation into
formaldehyde and a hydrogen atom, is still beyond reach.

It is well known that unrestricted single-determinant wave functions (such
as unrestricted Hartree–Fock, UHF) mayexhibit a considerable spin contami-
nation in radicals [36, 37]. Although such a contamination from higher-spin ex-
cited states would certainly affect the molecular geometries and the energetics,
it was shown that spin contamination in unrestricted density functional calcula-
tions is usually small (no spin contamination would occur in DFT calculations
if the exact functionals were known) [38–40]. Hybrid density functionals such
as B3LYP have a somewhat higher spin contamination due to the admixture
of Hartree–Fock exchange. In all our calculations, the deviation of the average
〈S2〉 values from the eigenvaluesS(S +1) = 0.75 does not exceed 5%. Thus
spin contamination does not affect our results to a significant extent.

3. Results and discussion

3.1 Energetics of β-scission and H-transfer reactions of alkoxy
radicals

Barrier heights and reaction energies for reaction of the radicals TBO, TAO,
TMPO and TMBO along the relevant channels of each species have been
calculatedvia UB3LYP using various types of basis sets. The results are sum-
marized in Table 1. The influence of the selected basis set on barrier heights
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and reaction enthalpies will first be investigated for theβ-scission reaction of
the tert-butoxy radical. (Results obtained for the other radicals upon varying
the basis set may be obtained from the authors upon request).

Using the 6-31G(d), 6-31G(d,p), and SVP basis sets yields very similar
barrier heights,Eel, for TBO. They differ by at most 2 kJ mol−1, with the num-
ber obtained employing the 6-31G(d,p) basis set being in between the two
other values. Inclusion of diffuse functions (6-31+G(d) instead of 6-31G(d) and
6-31+G(d,p) instead of 6-31G(d,p) basissets), decreases the barrier height by
about 5 kJ mol−1. Applying the triple-zeta basis 6-311+G(d,p) further lowers
the barrier by about another 4 kJ mol−1. The barrier height deduced from G3B3
almost coincides with the one obtained using the 6-31+G(d) basis. Comparison
of the Eel andEel,r values for TBO in Table 1 indicates that the effects of basis
set selection on the electronic reaction energies,Eel,r, are about twice as large as
the ones on barriers heights,Eel, e.g., a difference of about 18 kJ mol−1 results
for Eel,r, in passing from the 6-31G(d) to the 6-311+G(d,p) basis set. This effect
is partly due to the basis set superposition error (BSSE).

The barrier heights corrected for zero-point vibrational energy,E0, are
by about 10 kJ mol−1 below the associated electronic energies,Eel, for the
β-scission reaction. This effect is essentially due to the loss of one vibrational
degree of freedom in the transition state. The∆r H ◦ (298 K) values are by
about 16 kJ mol−1 below the associated electronic energies at 0 K,Eel,r, as two
product species are formed with their additional rotational and translational
degrees of freedom providing larger thermochemical contributions than vibra-
tional modes.

The experimental reaction enthalpy forβ-scission oftert-butoxy is avail-
able from measured standard enthalpies of formation:−90.4 kJ mol−1 for
tert-butoxy [41], −218.5 kJ mol−1 for acetone [42], and 145.7 kJ mol−1 for
methyl [43]. The resulting value of∆r H ◦ (298 K) = 17.6 kJ mol−1 is re-
markably close to the numbers estimated by DFT using the 6-31G(d) and
6-31G(d,p) basis sets, which are 15.6 and 14.5 kJ mol−1, respectively. Interest-
ingly, the∆r H ◦ (298 K) value deduced employing the larger triple-zeta basis
set 6-311+G(d,p) differs by as much as 19 kJ mol−1 from the experimental
value and would even suggest an exothermic reaction.

The multitude of basis sets has also been used for estimating the barrier
heights and reaction energies of channelIII for TBO and of all relevant re-
action channels for the radicals TAO, TMPO and TMBO. The resulting data
shows the same trends as outlined for TBO. Because of the remarkable qual-
ity of predictionsvia UB3LYP in conjunction with the 6-31G(d,p), only results
deducedvia this basis set will be discussed in what follows and are presented
in Table 1.

The barrier height for the intermolecular H-transfer reaction between
TBO and propane, to yieldtert-butanol, is significantly below the one for
the β–scission reaction. Zero-point energy effects decrease the barrier for
the bimolecular channelIII to a slightly larger extent, by about 13 kJ mol−1,
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Fig. 1. Optimized geometries of the tetramethyl propyloxy (TMPO) radical and of the sad-
dle points toward methyl+ 3,3-dimethylbutyl ketone (I) and tert-butyl + acetone (II)
formation (results from UB3LYP/6-31G(d,p)).

than the one for unimolecularβ-scission (channelI). Due to formation of
a strong O–H bond, the H-abstraction reaction is exothermic,∆r H ◦ (298 K)=
−12.3 kJ mol−1.

The barrier for channelI with TAO is slightly below the associated TBO
value (Table 1). The barrier of the channelII β-scission in TAO is by about
14 kJ mol−1 below the channelI value. Hydrogen abstraction of TAO from
propane shows almost the same energetics as the channelIII reaction for
TBO.

Fig. 1 illustrates the optimized geometries of the tetramethyl propyloxy
(TMPO) radical and of the associated saddle points toward formation of
methyl + 3,3-dimethylbutyl ketone (channelI) and of tert-butyl + acetone
(channelII), as obtained by UB3LYP calculations using the 6-31G(d,p) ba-
sis set. In the saddle point structure for channelI, the breaking C–C bond
is elongated by about 0.58 Å, whereas thisdistance is slightly shorter in the
channelII saddle point structure. Fig. 2 presents the corresponding informa-
tion for decomposition of the tetramethyl butyloxy (TMBO) radicalvia saddle
point I, to yield methyl+ 4,4-dimethyl-2-pentanone, andvia saddle pointII, to
yield neo-pentyl+ acetone.

The barrier heightsE0 for methyl loss (channelI) are close to each other
for TMPO and TAO. A considerably lower barrier is, however, obtained for the
channelII reaction with TMPO, in which the relatively stabletert-butyl radical
is produced. The latter process is the most exothermic one of all the reactions
considered in this work.
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Fig. 2. Optimized geometries of the tetramethyl butyloxy (TMBO) radical and of the sad-
dle points toward methyl+ 4,4-dimethyl-2-pentanone (I) and neo-pentyl + acetone (II)
formation (results from UB3LYP/6-31G(d,p)).

For TMBO,β-scission according to channelI exhibits anE0 barrier which
is slightly, by about 5 kJ mol−1, below the associated TAO value. The barrier to-
ward acetone formation (channelII), E0(TMBO), is by about 9 kJ mol−1 below
the TAO value, but is by 15 kJ mol−1 aboveE0(TMPO). The barrier toward hy-
drogen abstraction (channelIII) for TMBO is slightly above the corresponding
TAO value.

In Ref. [16], it was stated that the rate coefficients for intermolecular H-
abstraction were almost insensitive toward the structure of the alkoxy radical.
Inspection of the entries for the channelIII reactions in Table 1 indicates that
this statement is supported by our DFT results, although the energy barrier
for this reaction slightly increases in going from TBO, TAO to TMBO and
to TMPO. The barrier estimated for the intramolecular 1,5-H shift reaction
of TMBO (channelIV) is slightly above the one for intermolecular hydrogen
abstraction (channelIII) of the same radical.

3.2 Kinetics of β-scission and H-transfer reactions of alkoxy radicals

Among the four alkoxy radicals under investigation, TBO has been most
widely studied so far. Before addressing theβ-scission and H-transfer reactions
of the entire group of alkoxy radicals,the TBO rate parameters obtained by
using different basis sets for the UB3LYP calculations will be compared with
the available experimental material. Arrhenius parameters,A and Ea, and rate
coefficients,k, for 298 K are presented in Table 2. Temperature-dependent rate
coefficientsk(T ) between 200 and 700 K have been estimated on the basis of



1214 M. Bubacket al.

our quantum-chemical data employing transition state theory:

k(T ) = kBT

h

Q �=
vib Q �=

rot

Q vib Q rot

exp

(
− E0

RT

)
, (1)

wherekB and R denote Boltzmann’s constant and the gas constant, respec-
tively. Q and Q �= are the vibrational and rotational partition functions of
reactants and transition states, respectively. The parametersA and Ea are ob-
tained from fits ofk(T ) to the Arrhenius expressionsk(T ) = A exp(−Ea/RT ).
The resulting Arrhenius parameters andk(298 K) values are listed in Table 2.
The pre-exponentials,A, are almost insensitive toward the basis set used for
the estimates of geometries and vibrational frequencies. The resulting num-
bers are in close agreement with the pre-exponentialA = 1×1014 s−1 ob-
tained or adopted by other groups [18, 20]. As is to be expected from the
calculated barrier heights in Table 1, the activation energies obtainedvia the
6-31G(d), 6-31G(d,p), and SVP basis sets are close to each other and are
clearly above the numbers obtained by using the diffuse functions or the
triple-zeta basis set. Inspection of the Arrhenius rate coefficients for ambi-
ent temperature,k(298 K) tells that the numbers deducedvia the 6-31G(d),
6-31G(d,p), and SVP basis sets are in good agreement with the experimental
data [17, 20, 22, 23]. Thek(298 K) value estimatedvia the extended triple-
zeta basis is by more than one order of magnitude above the experimen-
tal values. Ḿereauet al. recently proposed the structure–activity relationship
(SAR) with a fixed value ofA = L �= ×1014 s−1 to be used in conjunction
with barrier heights estimated from UB3LYP/6-31G(d,p) [19]. Applying this
strategy totert-butoxy, with a reaction path degeneracy ofL �= = 3, results in
a clear overestimate of theβ-scission rate coefficients, as may be seen from
Table 2 and also from Fig. 3, where an Arrhenius plot of TBOβ-scission
rate coefficient is shown. The rate coefficients deduced from UB3LYP in con-
junction with 6-31G(d), 6-31G(d,p),and with SVP yield good estimates of
the experimental data. The line in Fig. 3 which representsβ-scission rate
obtainedvia the 6-31G(d,p) basis appears as if this were the line fitted to
the entire set of experimental data. This noticeable agreement of calculated
and measured data provides a furtherstrong argument for using UB3LYP/
6-31G(d,p) toward estimating the kinetics of alkoxy radical reactions. While
this finding is in agreement with results of Mereauet al. [19], obtained from
a structure–activity-relationship for tertiary alkoxy radicals, we propose to use
calculated pre-exponentials without an additional degeneracy factor (owing to
the Jahn–Teller effect, see methodology Sect. 2), resulting in values close to
A = 1×1014 s−1 and in a much better agreement with the experimental rate
data.

The rate parameters follow the trends suggested by the calculated barrier
heights presented in Table 1. The pre-exponential factors of theβ-scission re-
actions according to either channelI or II are around 1×1014 s−1. k(298 K) for
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Table 2. Upper seven rows: Arrhenius parameters,A and Ea, and rate coefficients for
298 K deduced from a fit of temperature-dependent rate coefficients between 200 and
700 K forβ-scission oftert-butoxy to methyl+ acetone (channelI≡II) estimatedvia tran-
sition state theory on the basis of rate parameters from UB3LYP/6-31G(d,p) and G3B3
theory; Rows 8 to 12: Reported experimental values (8 to 11) and data estimatedvia the
structure–activity relationship (SAR) (from Ref. [19]).

Method A/1014 s−1 Ea/(kJ mol−1) k(298 K)/103 s−1

UB3LYP/6-31G(d) 1.3 63.4 1.0
UB3LYP/6-31+G(d) 1.2 59.0 5.7
UB3LYP/ SVP 1.2 61.6 2.0
UB3LYP/6-31G(d,p) 1.3 62.6 1.4
UB3LYP/6-31+G(d,p) 1.2 57.9 8.4
UB3LYP/6-311+G(d,p) 1.1 54.6 30
G3B3 1.3 58.9 6.1

Fittschenet al. (2000) [20] 1.0 60.5 2.5
Blitz et al. (1999) [17] 0.14 57.0 1.4
Batt et al. (1989) [22] 1.1 62.5 1.2
Choo and Benson (1981) [23] 1.3 64.0 0.8

SAR 3.0 59.4 12

Fig. 3. Arrhenius plots forβ-scission of thetert-butoxy radical. Individual points represent
experimental data taken from literature [20] and data points according to experimen-
tally obtained Arrhenius parameters [17, 22, 23]. The dashed line indicates data derived
from the structure–activity-relationship (SAR) proposed by Méreauet al. [19]. The other
straight lines result from our DFT estimates using different types of basis sets.
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the channelII reaction increases by orders of magnitude in going from TBO,
via TAO and TMBO to TMPO. This enormous change reflects the increasing
stability of the alkyl radical produced by theβ-scission reaction. That the dif-
ferences in decomposition rate coefficients of alkoxy radicals are primarily due
to activation energies rather than to pre-exponentials is consistent with earlier
findings [13, 18, 19].
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Fig. 4. Evans–Polanyi correlation of the activation energy for theβ-scission reaction,via
channelII, of alkyloxy radicals with the bond dissociation energy,BDE(R–H) of the asso-
ciated hydrocarbons R–H. The activation energies are obtained from UB3LYP/6-31G(d,p)
calculations. TheBDEs are taken from literature [44] or are estimated according to Ben-
son’s rules. The solid line represents a linear fit with slope unity.

In Fig. 4, the so-called Evans–Polanyi plot is presented, in which the ac-
tivation energy for decomposition of the alkoxy radicalsvia channelII is
plotted against the bond dissociation energy,BDE(R–H), which is a measure
of the stability of the alkyl radical R· produced by “de-acetonization” of the
alkoxy radicals. The close fit of the datavia the straight line with slope unity
is strongly indicative of (i) the Evans–Polanyi correlation being suitable for
analysis and prediction ofβ-scission rates of the radicals under investigation
and of (ii) the DFT calculations on the UB3LYP/6-31G(d,p) level providing
excellent estimates of the activation energies of these radical decomposition
reactions.

The intermolecular hydrogen-abstraction rates (channelIII reactions in
Table 3) are less sensitive toward the specific type of radical, which finding
has already been reported [16]. However, for the two larger radicals, TMPO
and TMBO, which have been studied here for the first time, a clearly lower
abstraction rate than for the small-size alkoxy radicals is predicted by our
DFT calculations. The studies into TMBO also allow for estimates of the rate
of 1,5-H-shift (channelIV) relative to the intermolecular H-abstraction reac-
tion within the alkoxy radical–propane complex (channelIII). Although the
activation energy for channelIV is higher, the intramolecular 1,5-H shift re-
action occurs at a higher rate. This effect which is due to the much larger
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pre-exponential factor (Table 3) becomes even more pronounced at higher tem-
peratures. The Arrhenius parameters for the 1,5-H shift with TMBO are in ex-
cellent agreement with previous studies on alkoxy radicals, where a hydrogen
atom was abstracted from a CH3 group [11, 13, 21]. Note that the Arrhenius
parameters were found to be significantlydifferent, when H-abstraction oc-
curs from CH2 or CH-groups. The rate coefficients increase within the series
CH3 <CH2 < CH [11, 13]. A tunneling correction factor of 2.7 was suggested
to be used for the intramolecular H-abstraction from CH3-groups in alkoxy
radicals at 298 K [11]. Taking this correction into account, we obtain a rate
constant close tok(298 K)= 1.0×107 s−1 for channelIV with TMBO.

The data presented in Table 3 constitutes a large body of information on
gas-phase kinetics oftert-butoxy radicals. It is tempting to use this data also for
modelling kinetics in the dense fluid or liquid state of non-polar materials,e.g.,
of radical reactions in hydrocarbon solution or during free-radical polymeriza-
tions, such as fluid-phase ethene polymerization.

Although solvent effects, in particular in polar environments, are known
to result in smaller activation energies for channelsI to III with alkoxy rad-
icals [15, 16], theβ-scission rate coefficients in Table 3 might be helpful for
estimating the extent of in-cage radical–radical termination after the primary
peroxyester decomposition step in condensed non-polar fluid phase. Such ter-
mination reactions reduce initiator efficiency and thus may affect the eco-
nomics of the polymerization process. The situation may be visualized by
taking free-radical ethene polymerizations initiated by three peroxyacetates
into account,e.g., by tert-butyl peroxyacetate (TBPA),tert-amyl peroxyacetate
(TAPA), and tetramethylpropyl peroxyacetate (TMPPA). The acetyloxy radi-
cal, which is one of the two primary species from peroxyacetate decompos-
ition, is relatively stable with the half-life for decarboxylation most likely
exceeding the time period of about one nanosecond during which the two
primary radicals remain in a caged situation. Whether irreversible radical re-
combination and/or disproportionation reactions,i.e. processes other than the
back-reaction to the parent peroxyacetate, will take place during this short
in-cage period, primarily depends on theβ-scission rate of the associated
alkoxy radical. Thisβ-scission reaction produces a carbon-centered radical
which may readily react with the acetyloxy radical. Estimating (from the pa-
rameters listed in Table 3) half-lifes for theβ-scission channelII at a typical
ethene polymerization temperature of 200◦C yields: 36 ns for TBO, 0.6 ns for
TAO, and 40 ps for TMPO. These numbers suggest that, in case of initia-
tion by TBPA, the undesired in-cage reaction between the acetyloxy radical
and a methyl radical from TBO decomposition will not occur to a large ex-
tent and initiator efficiency thus should be high. For TMPPA, on the other
hand, alkoxy decomposition will occur as a very fast in-cage process. As
a consequence, a large fraction of radicals will be lost by in-cage reaction
between acetyloxy andtert-butyl radicals and initiator efficiency will be sig-
nificantly below the one of TBPA-initiated polymerization. The efficiency in
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case of initiation by TAPA should be intermediate between the situations
occurring with TBPA and TMPPA. These trends, suggested by the data in
Table 3, are indeed consistent with whatis experimentally observed in ethene
high-pressure polymerizations [45–47]. It is beyond the scope of this article
to quantitatively analyze initiator efficiency on the basis of the rate coeffi-
cients from DFT. Work in this area which additionally requires consideration
of in-cage dynamics of bimolecular reactions is currently underway in our
laboratory [48, 49].

The applicability of the DFT-derived rate coefficients toward the pre-
diction of reaction rates in non-polar environment may also be checked by
inspection of product distributions from peroxyester decomposition in hy-
drocarbon solution. Such experiments have been carried out for a series of
peroxyesters dissolved inn-heptane within a wide range of pressures and tem-
peratures [24, 50]. The alcohol-to-ketone product ratio has been determined
gas-chromatographically after complete peroxyester decomposition. For com-
parison with the rate data in Table 3, the product distributions obtained for
decomposition oftert-butyl peroxyacetate and oftert-amyl peroxyacetate are
of particular interest. As the acetyloxy radical will not undergo reactions that
yield either the alcohol or the ketone species produced during TBO or TAO
decomposition in hydrocarbon solution, the measured alcohol-to-ketone prod-
uct ratio should be essentially determined by the ratio of channelIII to chan-
nel II rates. As the strategy for treating bimolecular H-abstraction reactions
(channelIII) has not yet been adequately worked out, the comparison will not
be madevia absolute concentration ratios, but by the temperature dependence
of the measured alcohol-to-ketone product concentrations. Arrhenius plots of
the gas-chromatographically measuredalcohol-to-ketone product ratios yield
straight lines with the slope being given by the difference in activation ener-
gies,∆Ea(ol/on), of intramolecular H-abstraction (“ol”-formation according
to channelIII) andβ-scission (“on”-formation according to channelII). The
experimental values deduced from decomposition studies carried out at 500 bar
are:

∆Ea(ol/on)= −36.4 kJ mol−1 for TBO (from TBPA decomposition) and

∆Ea(ol/on)= −18.1 kJ mol−1 for TAO (from TAPA decomposition) [24].

These values are to be compared with the energy differences deduced from
the UB3LYP/6-31G(d,p) calculations. As the picture underlying the calcula-
tions of channelIII kinetics (in which a solvent-complexed radical reacts and
releases the solvent molecule thereby gaining translational and rotational de-
grees of freedom) is not appropriate for reactions in dense liquid phase, the
comparison is madevia the energy barriersE0 (listed in Table 1). The so-
obtained energy differences between channelsIII andII are:

∆E0(ol/on)= −35.5 kJ mol−1 for TBO and

∆E0(ol/on)= −19.2 kJ mol−1 for TAO.
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The almost perfect agreement of experimentally determined and DFT-
derived differences in energy barriers for both TBO and TAO provides another
strong argument for applying UB3LYP/6-31G(d,p) toward estimates of rate
coefficients for reactions of alkoxy radicals. It should further be noted, that the
DFT-derived number for TBO,∆E0(ol/on) = −35.5 kJ mol−1, is in excellent
agreement with the experimental value of∆Ea(ol/on) = −36.6 kJ mol−1 that
follows from the associated literature rate data forβ-scission and H-abstraction
from cyclohexane dissolved in benzene [15].

For a full understanding of initiator efficiency in free-radical polymer-
izations, the complex sequence of radical reactions subsequent to peroxide
decomposition should be analyzed on the basis of rate data from DFT calcu-
lations on the UB3LYP/6-31G(d,p) level and special attention should be paid
to aspects of bimolecular in-cage reactivity.

4. Conclusions

Rate coefficients ofβ-scission in tertiary alkoxy radicals, R(CH3)2CO·, with R
being methyl, ethyl,tert-butyl, andneo-pentyl, have been estimatedvia density
functional theory (DFT) calculations. Thestructures of the relevant stationary
points on the potential energy surfaces of reactants, products, and first-order
saddle points were fully optimized. For thetert-butoxy radical, results from
DFT calculations using several basis sets were checked against experimental
values. The comparison shows that UB3LYP/6-31G(d,p) allows for excel-
lent predictions of kinetic data. Thequantum-chemical data serve as input
parameters for the determination of temperature-dependent rate coefficients,
k(T ), which were obtained within the framework of transition state theory.
The R(CH3)2CO· radicals occur as primary intermediates in the decompos-
ition of peroxyesters and dialkyl peroxides which are important initiators of
free-radical polymerization. Depending on the type of R-group, the scission
rate of the C–C bond inβ-position to the radical functionality may vary by
orders of magnitude. Rapidβ-scission of R(CH3)2CO· favors in-cage radical–
radical combination and disproportionation reactions, which reduce initiator
efficiency in chemically induced polymerizations. For R(CH3)2CO· also rate
coefficients for intermolecular hydrogen abstraction, from propane, were es-
timated via UB3LYP/6-31G(d,p). This data, in conjunction with the calcu-
latedβ-scission rate coefficients, allowsfor an estimate of alcohol-to-ketone
product ratios associated with reactions of alkoxy radicals in a hydrocarbon
environment. The predicted temperature dependence of this ratio is found to
be in remarkably close agreement with alcohol-to-ketone ratios measured on
the product mixtures from decomposition oftert-butyl andtert-amyl peroxy-
acetates in solution ofn-heptane. For the tetramethyl butyloxy radical, also the
kinetics of the intramolecular 1,5-hydrogen shift reaction has been estimated
via DFT.
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