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We calculated an overallR/â-selectivity for the pyrolysis of phenethyl phenyl ether as a composite of the
R/â-selectivities in the hydrogen abstraction reactions by the phenoxyl and by the benzyl radical that is in
excellent agreement with experiment. The difference between the individual selectivities for these radicals is
explained by analyzing the electronic structure of the transition states. Spin delocalization of the single electron
favors theR-pathways. An opposing effect occurs for polarized transition states, such as the transition states
for the hydrogen abstraction by the electrophilic phenoxyl radical, where the adjacent ether oxygen in phenethyl
phenyl ether stabilizes theâ-transition states. These results indicate that theory will be able to provide excellent
predictions ofR/â-product selectivities for more complicated lignin model compounds bearing multiple
substituents. We have developed a scheme to predictR/â-product selectivities in the pyrolysis of model
compounds for theâ-ether linkage in lignin. The approach is based on computation of the relative rate constant,
which profits from error cancellation in the individual rate constants. The Arrhenius prefactors depend strongly
on the description of the low-frequency modes for which anharmonic contributions are important. We use
density functional theory in combination with transition-state theory in this analysis. Diagonal anharmonic
effects for individual low-frequency modes are included by employing a second-order Wigner-Kirkwood
expansion in a semiclassical expression for the vibrational partition function. The compositeR/â-product
selectivity is obtained by applying quasi-steady-state kinetic analysis for the intermediate radicals.

Introduction

Lignin is found in the cell walls of vascular plants and is
one of the most abundant organic compounds on earth after
cellulose and chitin. The naturally occurring biopolymer is a
potential source of oxygenated chemicals, such as phenols and
sugars, and liquid fuels. Large amounts of lignin are available
as a byproduct of the pulping process. Lignin is a complex,
highly branched, three-dimensional polymer that is processed
and analyzed1-3 mainly through pyrolysis. Because the decom-
position of lignin leads to a variety of products and bio-oils
that need further refinement, the development of efficient
processing techniques is an active area of recent research.
Comprehensive reviews on the gasification and thermochemical
conversion of biomass are available.4-7

The investigation of model compounds is a valuable tool to
gain insight into the fundamental kinetic and mechanistic details
of the reactions of the building blocks of lignin under the
influence of heat. The dominant interunit linkage in lignin is
the arylglycerol-â-aryl ether linkage shown in Figure 1. There
have been many studies devoted to the pyrolysis of model
compounds for theâ-ether linkage.8-12 The simplest model of
the â-ether linkage in lignin is phenethyl phenyl ether (PPE).

Britt et al.13 studied the thermal decomposition of PPE in
liquid and gas phases and similar product selectivities were

obtained in both cases. Different mechanisms for the thermolysis
of PPE have been discussed.14,15Britt et al.13 provided evidence
for a free-radical chain mechanism in the temperature range
330-425 °C to explain formation of the primary products,
PhCH3, PhCHO, PhOH, and PhCHCH2. The cracking of PPE
proceeds through two competitive pathways, defined asR/â-
selectivity, referring to the products derived from the hydrogen
abstraction at theR- andâ-position of PPE by chain carrying
benzyl and phenoxyl radicals, as will be discussed in more detail
below.

The averageR/â-selectivity in the liquid and the gas phase
was measured to be 3.1( 0.3 at 375°C. Products derived from
the radicals formed on theâ-position were not expected to have
such a high contribution because the radical formed at the
benzylicR-position is more stable than the radical formed on
theâ-position by an estimated 7 kcal/mol.13 The measuredR/â-
product selectivity is a composite of the individual hydrogen
abstraction selectivities for both benzyl and phenoxyl radicals,
which can only be crudely estimated for the benzyl radical from
existing experimental data.13 Kinetic data for hydrogen abstrac-
tion by phenoxyl radicals on hydrocarbons is difficult to access
experimentally because of the rapid recombination of phenoxyl
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Figure 1. Arylglycerol-â-aryl ether linkage in lignin.
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radicals. The current hypothesis to explain the unexpectedly low
R/â-selectivity invokes polar effects in the hydrogen abstraction
reaction by the electrophilic, chain carrying phenoxyl radical.13

Hence, a central issue to understanding and predicting the
reaction selectivity in lignin models is the ability to understand
the rates of hydrogen abstraction at theR andâ sites by both
benzyl and phenoxyl radicals.

The computation of rate constants is a challenging task, in
particular for large systems. Depending on the temperature,
calculated absolute rate constants for hydrogen abstraction
reactions can differ from experimental and otherwise calculated
values by orders of magnitude with large uncertainties also
present in the experimental rate constants.16-20 Small errors in
calculated activation energies (under 2 kcal/mol) and small
changes in the prefactors (difference in logA smaller than 2)
can change the absolute rate constant by an order of magnitude.
Accurate absolute rate constants have been calculated for
hydrogen abstraction reactions in small and rigid systems21-25

using a high level of theory and variational transition-state theory
based on the work of Truhlar and co-workers.26,27

However, we are interested in organic radical reactions where
the molecule size makes it necessary to find a cost-effective
but accurate way to provide kinetic data. Few computational
studies have been done that investigate the kinetics of hydrogen
abstraction reactions involving large molecules.28-31 The im-
portance of the correct treatment of the low-frequency modes
that correspond to internal rotation28,31 and the sensitivity to
the choice of the large amplitude motion coordinate32 has been
pointed out. A particular difficulty in our systems is the
occurrence of a large number of low-frequency modes; about
nine frequencies per transition state are below 100 cm-1. All
of these modes are coupled and have large anharmonic
contributions. The hindered rotor approximation on the other
hand assumes that the large amplitude motion corresponding
to the internal rotation is separable from the small amplitude
vibrations.

Our computation protocol to determine the relative rate
constant is consciously structured to cancel systematic errors
in the individual rate constants. In particular, theR/â-selectivity
is determined by the activation energies and partition functions
of similar transition states, because theR andâ pathways have
the same reactants. We expect the error cancellation to work
well for the activation energies. On the other hand, the
vibrational partition functions and therefore the prefactors are
very sensitive to the low-frequency modes. In fact, for related
hydrogen abstraction reactions we recently observed spurious
imaginary modes that are the consequence of exaggerated
numerical errors in finite-difference calculations on a flat
potential energy surface and the break down of the harmonic
approximation.33 For these modes the harmonic quantum
partition functions cannot be calculated. Without the incorpora-
tion of anharmonic effects in the low-frequency modes, a
systematic error cancellation is not expected for the prefactors.

Anharmonic corrections to vibrations can be calculated by
solving the vibrational Schro¨dinger equation with perturbation
theory34 or with a self-consistent field method35 where correla-
tion effects between modes can be included.35,36The necessary
anharmonic force field is commonly obtained by a finite-
difference procedure for calculating anharmonic force constants
from analytic second derivatives.37 Variations of this method,
depending on the availability of analytical derivatives, are
applicable to high-level electronic structure methods38 and
density functional theory (DFT).39 The calculated anharmonic
frequencies and zero point energies (ZPE) can be used to

calculate vibrational partition functions that include anharmonic
effects but retain the formal expression of the harmonic partition
function.40

However, we are not interested in the anharmonic frequencies
themselves but only in the corrected vibrational partition
functions. For the low-frequency modes, we therefore calculate
the anharmonic partition functions directly. For high-frequency
modes, which are described well by the harmonic approxima-
tion, we use the quantum harmonic partition function. Within
the experimental temperature range explored, the low-frequency
modes can be treated semiclassically. We calculate the anhar-
monic potential along each low-frequency normal mode numeri-
cally and use a Wigner-Kirkwood expansion41 for the particle
density in a semiclassical expression of the partition function.
This enables us to include diagonal anharmonic effects for
chosen normal modes to the precision to which we calculate
the corresponding anharmonic potential. Using the anharmonic
partition function for a single low-frequency mode to compute
the vibrational partition of the transition state can result in a
20% correction in the absolute rate constant.

Our goal is to develop a predictive tool to compute theR/â-
selectivity observed in the pyrolysis of substituted lignin model
compounds by calculating reliable relative rate constants involv-
ing medium size molecules and radicals (in this work, up to 22
heavy atoms but not limited to this number). We use DFT in
combination with transition-state theory42 to calculate relative
rate constants of very similar reactions. We include diagonal
anharmonic corrections for low-frequency modes. Needed
kinetic data to explain the observedR/â-selectivity in the
pyrolysis of PPE are provided, and mechanistic insight is gained
through the analysis of the electronic structure of the transition
states involved.

Computational Details

All calculations were carried out with the NWChem program
package.43 We used unrestricted density functional methods to
search for equilibrium and transition-state structures. There has
been evidence that DFT, including the B3LYP functional,44,45

underestimates the reaction barriers for hydrogen abstraction
reactions.46,47Regardless, the B3LYP functional is used to study
hydrogen abstraction reactions on medium size organic
molecules.48-50 In our work, the accurate determination of the
reaction barrier is less important than the correct reproduction
of trends. It has been suggested that the BHandHLYP45,51

functional is superior to the B3LYP functional in calculating
hydrogen abstraction barriers.52,53However, we studied hydro-
gen abstraction reactions similar to the hydrogen abstraction
reactions occurring in the pyrolysis of PPE to calibrate electronic
structure methods for this class of reactions. We found that the
B3LYP functional predicts reaction barriers in agreement with
experiment, whereas the BHandHLYP functional substantially
underestimates the barriers, and the MP2 method overestimates
them.33 It has also been shown that the B3LYP functional
computes anharmonic force constants well.39 We therefore use
the B3LYP functional to study the pyrolysis of PPE.

Additionally, for the hydrogen abstraction reaction on PPE
by the phenoxyl radical, we employed the MPW1K functional54

because it has been reported to give better reaction barriers for
hydrogen abstraction reactions than the B3LYP functional and
to be more suitable for kinetic studies.31,55,56 The transition-
state geometries obtained were similar to the ones calculated
with the B3LYP functional, and the reaction barriers differed
by an average of only 0.26 kcal/mol for the five investigated
transition states. The reaction energies differed by 2.9 kcal/mol
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for the R pathway and by 2.7 kcal/mol for theâ pathway.
However, reaction energies are not required to determine the
R/â-selectivity and we report only B3LYP results throughout
the paper.

The grid on which the exchange-correlation contribution to
the density functional is evaluated was set to be extra fine, which
gives an approximate accuracy of the total energy of 10-8 H.
A mixed basis set was used for the geometry optimizations and
frequency calculations. The mixed basis set consists of a 6-31G*
basis for all atoms, except for the ones on which the unpaired
electron is located; for these a 6-31++G** basis set was used.
In the transition states, the 6-31++G** basis set was employed
for the transferred hydrogen atom and the two neighboring
atoms. In the equilibrium structures the carbon atoms in aromatic
rings adjacent to the radical center were also treated with the
6-31++G** basis set. Single point calculations were performed
for all stationary points using the 6-311++G** basis set on all
atoms. Energy differences are zero point corrected. To verify
the validity of the mixed basis set, we repeated all geometry
optimization for the hydrogen abstraction on PPE by the
phenoxyl radical with the 6-311++G** basis set. The reaction
barriers for the five investigated transition states differed on
average by only 0.26 kcal/mol.

We preoptimized the transition states for the hydrogen
abstraction by the benzyl radical with a fixed hydrogen benzyl
as well as a fixed hydrogen PPE distance. The transition states
for the hydrogen abstraction by the phenoxyl radical were
preoptimized with a fixed hydrogen phenoxyl as well as a fixed
hydrogen PPE distance. To ensure that the conformational space
is well sampled, we chose five starting structures per reaction
distinguished by different orientations of the reactants to each
other. We found multiple transition states in the saddle point
search for all reactions investigated.

Rate Constants and the Wigner-Kirkwood Expansion

The rate constants are calculated with transition-state theory.42

The rate of the reaction is determined by the rate of crossing of
the barrier. We assume that the transition state is in equilibrium
with the reactants and that all transition states are accessible
from the ground electronic state. For the reactions considered
in this work, we obtain multiple transition states for the same
reaction, each one defining a reaction path. The rate constant is
the sum over all reaction paths

wherekB is the Boltzmann constant,R is the ideal gas constant,
T is the temperature,h is the Planck constant,∆Ei is the zero
point corrected activation barrier through theith transition state,
andQ are the partition functions for the transition states (TSi)
and the reactants (R). The superscript # means that the vibration
responsible for the dissociation of the transition state (the
imaginary frequency) is taken out of the partition function. The
molecular partition functions are a product of the partition
functions for translational, vibrational, rotational, and electronic
energy partition functions, where the electronic partition function
is unity.

The harmonic approximation to the quantum partition function
is given as

whereνj is the frequency of the normal modej andâ ) 1/kBT.
We use the harmonic quantum partition function for frequencies
larger than 100 cm-1; this choice is rationalized below.

Because of the exponential dependence of the harmonic
vibrational partition function on the frequencies, low-frequency
modes have a large contribution to the partition function. On
the other hand, for small frequencies the anharmonic effects
become increasingly important. Alternatively, an anharmonic
vibrational potential can be incorporated into a semiclassical
expression for the vibrational partition function. Within the
experimental temperature range 600-700 K, a semiclassical
expression of the partition function is appropriate for frequencies
below 100 cm-1, as will be demonstrated below. The semiclas-
sical partition function is an integral over the particle density
Fâ(xj) as a function of the normal mode coordinatexj

We use a Wigner-Kirkwood perturbation expansion41 of the
particle density in terms of the small parameterλ, which is given
as

whereµj is the effective mass for modej and is calculated as

The sum goes over the 3N coordinates andl is the vector of
Cartesian displacement of the normal modej. The second-order
Wigner-Kirkwood expansion is written in terms of the classical
particle densityFâ

Cl(xj)

The classical particle density is given by

and the expansion coefficients are

The coefficients depend on the various derivatives of the
potential V(xj), which is a function of the normal mode
coordinatexj. The potentialV(xj) is a fourth-order polynomial
fit to the potential obtained by displacing along modej. Using
an anharmonic potential along a normal mode in the calculation
of the partition function allows for diagonal anharmonic
corrections in the rate constants. The coupling between the
modes is only included on the level of the harmonic approxima-
tion.

Results and Discussion

Britt et al.10 concluded that the thermal decomposition of PPE
proceeds through a free radical chain mechanism, which is

k )
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hQR
∑

i

QTSi
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qV ) ∏
j
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shown in Scheme 1. The initial step is the homolytic cleavage
of the weakest bond in PPE (reaction 1), which is followed by
hydrogen abstraction by the phenoxyl radical on theR- or
â-position of PPE (reactions 2a and 2b). The hydrogen abstrac-
tion by the phenethyl radical (reactions 7a and 7b) has only a
small contribution to the radical chain. The PPER-radical, which
is formed in reaction 2a, undergoes rapidâ-scission (reaction
3) forming the chain carrying phenoxyl radical. The PPE
â-radical, formed in reaction 2b, reacts further through 1,2
phenyl migration (reaction 4) to generate a radical that undergoes
rapidâ-scission (reaction 5) to form the second chain carrying
radical, the benzyl radical. The benzyl radical also abstracts
hydrogen competitively at theR- and â-position of PPE
(reactions 6a and 6b).

The measuredR/â-product selectivity is a composite of the
R/â-selectivity of the hydrogen abstraction by the phenoxyl
radical (reaction 2) and theR/â-selectivity of the hydrogen
abstraction by the benzyl radical (reaction 6). To determine the

contributions of these two selectivities to the overallR/â-
selectivity, we therefore investigate in detail the four key
reactions: reactions 2a, 2b, 6a, and 6b.

A. Electronic Structure Calculations. We found three
transition states for the hydrogen abstraction by the phenoxyl
radical on theR-position of PPE (reactions 2a) and two transition
states for the hydrogen abstraction on theâ-position of PPE
(reaction 2b), which are shown in Figure 2. For each reaction
the transition states differ by the position of the phenyl ring
relative to PPE, which roughly corresponds to a rotation of the
phenyl ring around the C-H-O axis along which the hydrogen
atom is transferred. This observation suggests that the transition
states are connected by a hindered rotation and could be
combined into a single transition state by applying the hindered
rotor approximation. However, each transition state has a large
number of coupled low-frequency modes, which makes it
extremely difficult to separate the internal rotation from the
remaining low-frequency modes. We therefore assign a reaction

Figure 2. Transition-state geometries for hydrogen abstraction by phenoxyl radical (reaction 2): e, H-PPE bond lengths in Å; p, H-phenoxyl bond
lengths in Å.

SCHEME 1: Radical Chain Mechanism for the Thermal Decomposition of PPE
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path to each transition state. In all transition states the transferred
hydrogen atom is positioned closer to phenoxyl than it is to
PPE, which indicates late transition states.

The vibrational analysis showed that the transition states in
Figure 2 have a large imaginary frequency (∼1800i cm-1)
corresponding to the displacement along reaction coordinate.
For the transition states of theâ-pathway this is the only
imaginary frequency, but all three transition states of the
R-pathway have a spurious imaginary frequency of 3.6i, 3.5i,
and 7.3i cm-1 in TS1, TS2, andTS3, respectively. For similar
hydrogen abstraction reactions, we have seen that spurious
imaginary frequencies can occur not as a consequence of loose
convergence criteria but because of numerical errors in the finite
difference calculation of the second derivatives.33 For very low
frequencies these artifacts can cause the occurrence of imaginary
modes. Figure 3 shows the potentials obtained by displacement
along the spurious imaginary modes inTS1, TS2, and TS3.
The lowest energies are seen to be at zero displacement. The
fits to the potentials have large cubic and fourth-order coef-
ficients; for example, the fit to the potential forTS1 is E )
0.0003x4 - 3 × 10-6x3 + 4 × 10-5x2 - 4 × 10-6x - 2 ×
10-8. We use the anharmonic potentials obtained by displace-
ment along the normal modes directly in eqs 7-9, which is
discussed in the next section.

For the hydrogen abstraction on PPE by the benzyl radical
(reaction 6), we also found multiple transition states for both
pathways, which are given in Figure 4. Again, we see that the
difference between the transition states is the relative position
of the phenyl ring to PPE. The transition states for the
R-pathway (reaction 6a) are symmetric in the sense that the
distances from the transferred hydrogen atom to PPE and to
benzyl are equal. In the transition states for theâ-pathway
(reaction 6b) the hydrogen-PPE bond is longer than the
hydrogen-benzyl bond, as we have observed for the phenoxyl
transition states. The vibrational analysis for the benzyl transition
states recorded one imaginary frequency in each transition state.

Figure 5 shows the reaction profile for the hydrogen abstrac-
tion reaction on PPE by the phenoxyl radical (reaction 2) and
the benzyl radical (reaction 6). The energy difference between
theR-radical product and theâ-radical product is 6.7 kcal/mol,
consistent with the previous thermochemical kinetic prediction.13

The R-radical is stabilized relative to theâ-radical through
delocalization of the single electron in the neighboring aromatic
ring. The delocalization of the electron can be monitored by
plotting the spin density (the difference between spin up and

spin down density); see Figure 6. Because in theR-transition
states the single electron could also be delocalized in the
aromatic ring but not in theâ-transition states, one could expect
a similar energy difference between theR- and â-transition
states. As Figure 5 shows, this difference is much smaller. In
Figure 7, the spin densities for the lowest transition states of
the R- and â-pathways for the phenoxyl and benzyl radical
abstraction are depicted. Most of the spin density is located in
the hydrogen bridge. Even though the stabilization through
delocalization in the benzylic ring of theR-transition states is
visible, it is much less pronounced in the transition states than
in the product radicals.

Another observation we can make in Figure 5 is that there is
only a very small barrier difference for theR- andâ-pathways
for the phenoxyl abstraction (0.3 kcal/mol) but there is a larger
barrier difference for the benzyl abstraction (2.4 kcal/mol). To
explain this, we look at the charge differences between the
transition states and the reactants for the lowest transition states
of the R- and â-pathways for the phenoxyl and the benzyl
abstraction in Figure 8. The partial atomic charges are calculated
by a fitting procedure of the quantum mechanical electrostatic
potential on selected grid points. There is no increase in the
total polarization when the benzyl transition states are formed.
The system response is a local charge rearrangement. In
particular, the ether oxygen participates with approximately the
same amount of charge in the redistribution in theR- and in
theâ-transition state. On the other hand, the electrophilic attack
of the phenoxyl radical causes the phenoxyl transition states to
polarize; i.e., charge is drawn into the phenoxyl ring. In the
R-transition state the PPE ether oxygen hardly donates any
charge. In theâ-transition states, however, the ether oxygen
adjacent to the radical attack donates charge and stabilizes the
polarized transition state. As a consequence, the barrier differ-
ence betweenR- and â-pathways caused by the stabilization
through electron delocalization in theR-transition states de-
creases. The described effect is also known as a polar effect.57

B. Kinetic Analysis. For the four reactions studied (reactions
2a, 2b, 6a, 6b) we found in total nine transition states. Each
transition state has nine harmonic frequencies, which are about
100 cm-1 or less. There is one frequency per transition state
lower than 20 cm-1. We calculated the anharmonic potentials
for the smallest frequency in each transition state by displacing
along the normal mode and fitting to a fourth-order polynomial.
For the remaining eight frequencies per transition state we

Figure 3. Potentials obtained by displacement along spurious imaginary
modes inTS1, TS2, andTS3.

Figure 4. Transition-state geometries for hydrogen abstraction by
benzyl radical (reaction 6): e, H-PPE bond lengths in Å; b, H-benzyl
bond lengths in Å.
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computed an approximate anharmonic potential as follows. We
performed two additional single point calculations with geom-
etries displaced along the normal mode. The anharmonic
potential was assumed to have the form of a polynomial
including second-, third-, and fourth-order terms. The second-
order force constant was taken from the harmonic calculation.
We solved for the third- and fourth-order force constants using
the energies obtained from the single point calculations. The
semiclassical partition functions were computed as described
above. For all frequencies above 100 cm-1 we applied the
quantum harmonic approximation for the partition function. We

checked the validity of the approximate potential for a frequency
in TS2 of 19.7 cm-1, which is close to our chosen value of 20
cm-1 for the transition between full and approximate potential.
The semiclassical partition function calculated with the full
potential at 648 K is 8.40, the semiclassical partition function
calculated with the approximate potential is 8.36.

To calculate theR/â-selectivity, we only need the activation
barriers and partition functions of the transition states. However,
for a consistency check, we also calculated the overall activation
energies and prefactors for each reaction. To obtain these, we
needed the partition functions of the reactants as well. The
benzyl and phenoxyl radicals do not have frequency modes
below 100 cm-1 and the quantum harmonic approximations
were used for all vibrational partition functions. PPE has four
harmonic frequencies smaller than 100 cm-1 for which the
semiclassical expression for the partition function was applied
and for which we computed approximate anharmonic potentials
using the harmonic second-order force constant and performing
two additional single-point calculations to obtain the higher-
order terms. Again, for frequencies above 100 cm-1 the
harmonic quantum partition function was employed.

In general, the semiclassical approximation is applicable in
the limit of high temperatures and low frequencies. To verify
the applicability within the parameter set of our calculations,
we chose the highest harmonic frequency and the lowest
temperature for which we apply the semiclassical approximation
in TS1 (104.5 cm-1 at 600 K) and calculated the quantum
partition function using the same anharmonic potential. The
semiclassical partition function is calculated to be 3.40 and the
quantum partition function is computed to be 3.40 as well;
however, the calculation of the semiclassical partition function
is significantly faster.

In Table 1 we demonstrate the large impact on the partition
functions when an anharmonic potential is used forTS4 at 648
K. (We chose a transition state with only one imaginary mode
to be able to calculate the harmonic quantum partition function
for comparison.) Table 1 also shows that the anharmonic and
harmonic partition functions become increasingly similar the
higher the frequency, indicating that the harmonic partition
function is sufficiently accurate above 100 cm-1.

Figure 5. Reaction profile for the hydrogen abstraction on PPE by phenoxyl radical (reaction 2) and benzyl radical (reaction 6); energy differences
in kcal/mol.

Figure 6. Spin densities for theR- andâ-radical of PPE.

Figure 7. Spin densities for the lowest transition states of the hydrogen
abstraction reactions on PPE by the phenoxyl radical (reaction 2) and
the benzyl radical (reaction 6).
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At this point we make a short assessment of the accuracy of
the diagonal anharmonic corrections in the low-frequency
modes. We have shown that the spurious imaginary modes have
large fourth-order contributions. On the other hand, we have
demonstrated that the harmonic approximation above 100 cm-1

is appropriate and we have seen that between 20 and 100 cm-1

the approximate potential works well. Because the approximate
potential uses the harmonic force constant, the harmonic
approximation is correct to first-order. Coupling between modes
is included within the harmonic approximation, which seems
reasonable because only for the lowest mode the harmonic
approximation breaks down completely.

We calculated the rate constants for the hydrogen abstraction
on PPE by the phenoxyl radical (reaction 2) and by the benzyl
radical (reaction 6) for the experimental temperature range 600-
700 K and plotted lnk as a function of 1/T in Figure 9. The
overall activation energies and prefactors obtained from the plots
are summarized in Table 2. The experimental values in Table
2 are estimates but demonstrate that our calculated values are
of the same order. The experimental Arrhenius values are
obtained from experimental data on related reactions combined
with thermochemical kinetic analysis employing group addi-
tivity, as described in ref 13.13b

The anharmonic corrections have a large influence on the
total rate constant: when the harmonic partition functions are
used for all the frequencies in the transition states and reactants,
the rate constant for reaction 2b is 235 L mol-1 s-1; when the
partition functions of the lower frequencies incorporate anhar-
monic corrections, the rate constant changes to 28.3 L mol-1

s-1. Table 2 also includes the calculated activation energies and

prefactors (when possible) when no anharmonic corrections are
applied. We observe that the anharmonic corrections lower the
prefactors and activation energies, both resulting in the decrease
of the rate constant. However, the changes are not constant,
which impacts the relative rate constant. At 648 K theR/â-
selectivity for the benzyl abstraction is calculated to be 6.4; the
R/â-selectivity computed without anharmonic corrections in the
low-frequency partition functions is 30.5.

In Table 3 theR/â-selectivities for the hydrogen abstraction
on PPE by the phenoxyl radical and by the benzyl radical in
the experimental temperature range are given. With increasing
temperature theR/â-selectivities decrease because the energeti-
cally higherâ-pathways gain more influence. TheR/â-selectivity
of the hydrogen abstraction by the benzyl radical, which has a
larger barrier difference, has a stronger temperature dependence.

The overallR/â-selectivity has been measured to be 3.1(
0.3 at 648 K.13 We can derive an expression for the overall
R/â-selectivity invoking the quasi-steady-state approximation,58

where the assumption is made that all radical and intermediate
concentrations are negligible compared to those of reactants and
products, which is reasonable because the intermediate radicals
in Scheme 1 are short-lived. We also assume that the intercon-
version between theR- andâ-radical (1 and2 in Scheme 1) is
slow, which is based on the experimental evidence.13 According
to Scheme 1 allR-abstraction yields phenoxyl radicals that
abstract hydrogen from PPE, producing phenol. Allâ-abstraction
yields benzyl radicals that abstract hydrogen producing toluene.
The overallR/â-selectivity is therefore given as the rate of
formation of phenol divided by the rate of formation of toluene.
Applying the quasi-steady-state approximation for the radical
intermediates involved leads to

y is the fraction of reactants following theR-pathway in the
hydrogen abstraction by the benzyl radical (reaction 6a), with

Figure 8. Charge differences [in electrons] between the transition states and the reactants for the lowest transition states of theR- andâ-pathways
for phenoxyl (reaction 2) and benzyl abstraction (reaction 6): red, charge gain; blue, charge loss; display cutoff 0.08 e- except for the ether oxygen,
which is always monitored.

TABLE 1: Harmonic Quantum qv
Q and Anharmonic

Semiclassicalqv
SC vibrational Partition Functions for TS4 at

T ) 648 K

ν (cm-1) 13.9 27.8 32.3 40.6 50.8 53.5 62.7 68.5 102.2
qv

Q 32.8 16.7 14.4 11.6 9.4 8.9 7.7 7.1 4.9
qv

SC 8.6 10.3 6.6 6.1 8.8 5.4 6.8 6.1 4.2

d[PhOH]/dt

d[PhCH3]/dt
) y

1 - x
(10)
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(1 - y) being the fraction of the reactants following the
â-pathway (reaction 6b).x is the fraction of reactants following
the R-pathway in the hydrogen abstraction by the phenoxyl
radical (reaction 2a), with (1- x) being the fraction of the
reactants following theâ-pathway (reaction 2b). We have
calculated theR/â-selectivity for the hydrogen abstraction
reaction by the phenoxyl radicalx/(1 - x) ) 1.72 at 648 K and
theR/â-selectivity for the hydrogen abstraction reaction by the
benzyl radicaly/(1 - y) ) 6.40 at 648 K, from which we obtain
an overallR/â-selectivity of 2.35 at 648 K for the hydrogen
abstraction on PPE according to eq 10. This calculated overall
R/â-selectivity is in very good agreement with the experimental
value of 3.1( 0.3 at 648 K, in particular, considering the
assumptions involved.

Conclusion

We have shown that the overallR/â-selectivity can be
predicted for hydrogen abstraction reactions occurring in the
thermal decomposition of model compounds for theâ-ether
linkage in lignin. The calculation of theR/â-selectivity of an
individual reaction benefits from the fact that the relative rate
constant depends only on the reaction barriers and pre-factors
of similar transition states; i.e., the reactants are the same. Error
cancellation is effective for the reaction barriers. Because the

rate constants are extremely sensitive to the values of the
vibrational partition functions of the low-frequency modes that
have large anharmonic contributions, error cancellation is less
effective for the pre-factors within a harmonic approximation.
The transition states of the hydrogen abstraction reactions on
PPE have a large number of low-frequency modes (nine
frequencies per transition states have harmonic frequencies under
100 cm-1).

We propose a scheme for the calculation of relative rate
constants where we use the B3LYP functional in combination
with transition-state theory. We apply diagonal anharmonic
corrections to calculate the vibrational partition functions of low-
frequency modes. The anharmonic potentials up to fourth-order
are obtained by fitting the potential retrieved from single point
calculations at displaced geometries along the normal mode to
a polynomial. The anharmonic potentials are then used in a
semiclassical expression for the vibrational partition function
based on a second-order Wigner-Kirkwood expansion. The
calculated relative rate constants are used in a kinetic analysis
that uses quasi-steady-state conditions for the radical intermedi-
ates in the pyrolysis of PPE. The calculated overallR/â-
selectivity of 2.4 at 648 K is in very good agreement to the
experimental value of 3.1( 0.3 at 648 K.

We analyzed the electronic structure of the transition states
to explain energy barrier differences between the hydrogen
abstraction reactions on PPE by the benzyl radical and by the
phenoxyl radical. TheR-transition states are stabilized by
electron delocalization into the adjacent aromatic ring, which
does not occur for theâ-transition states. If the abstracting
radical is strongly electrophilic, as in the case of phenoxyl, the
â-transition state is stabilized by charge donation from the
adjacent ether oxygen in PPE. These two opposing effects cause
the reaction barriers for theR- andâ-pathways for the hydrogen
abstraction by phenoxyl to be similar. The benzyl radical lacks
the ability to withdraw charge from PPE and theâ-transition
state is not stabilized by the ether oxygen. Consequently, the
energy barrier difference for theR- and â-pathways for the
hydrogen abstraction by the benzyl radical is larger.

On the basis of the work presented, we will be able to study
substituent effects in the pyrolysis of model compounds for the
â-ether linkage in lignin, predictR/â-selectivities, and explain
the underlying differences between theR- andâ-pathways by
characterizing the electronic structure of the transition states.
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