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We investigate the statistical thermodynamics and kinetics of the 1,5-hydrogen shift isomerization
reaction of the 1-butoxyl radical and its reverse isomerization. The partition functions and
thermodynamic functions (entropy, enthalpy, heat capacity, and Gibbs free energy) are calculated
using the multi-structural torsional (MS-T) anharmonicity method including all structures for
three species (reactant, product, and transition state) involved in the reaction. The calculated
thermodynamic quantities have been compared to those estimated by the empirical group
additivity (GA) method. The kinetics of the unimolecular isomerization reaction was investigated
using multi-structural canonical variational transition state theory (MS-CVT) including both
multiple-structure and torsional (MS-T) anharmonicity effects. In these calculations,
multidimensional tunneling (MT) probabilities were evaluated by the small-curvature tunneling (SCT)
approximation and compared to results obtained with the zero-curvature tunneling (ZCT)
approximation. The high-pressure-limit rate constants for both the forward and reverse reactions are
reported as calculated by MS-CVT/MT, where MT can be ZCT or SCT. Comparison with the rate
constants obtained by the single-structural harmonic oscillator (SS-HO) approximation shows the
importance of anharmonicity in the rate constants of these reactions, and the effect of multi-structural
anharmonicity is found to be very large. Whereas the tunneling effect increases the rate constants, the
MS-T anharmonicity decreases them at all temperatures. The two effects counteract each other at
temperatures 385 K and 264 K for forward and reverse reactions, respectively, and tunneling
dominates at lower temperatures while MS-T anharmonicity has a larger effect at higher temperatures.
The multi-structural torsional anharmonicity effect reduces the final reverse reaction rate constants by
a much larger factor than it does to the forward ones as a result of the existence of more low-energy
structures of the product 4-hydroxy-1-butyl radical than the reactant 1-butoxyl radical. As a
consequence there is also a very large effect on the equilibrium constant. The neglect of multi-
structural anharmonicity will lead to large errors in the estimation of reverse reaction rate constants.

important for developing mechanisms of combustion and
atmospheric processes. However, the corresponding experimental
studies of the thermodynamics (or the properties required to for
statistical thermodynamics) and reaction kinetics of reactive
radicals are very hard, especially in the gas phase.

In the present work, we present a theoretical and computational
study of the 1,5-hydrogen shift isomerization reaction of the
1-butoxyl radical. The 1-butoxyl radical is an important radical
in the combustion of the biofuel 1-butanol. As the dominant
reaction channel of the 1-butoxyl radical, the 1,5-hydrogen shift
isomerization rate has been investigated by both experimental®
and theoretical* methods. Due to the short lifetime and difficulty
of detection of radicals, the experimental isomerization rate is
usually obtained indirectly and over a limited temperature range.

1. Introduction

Alkoxyl radicals as key intermediate species play important roles
in both combustion and atmospheric chemistry.! Once formed,
the relative rates and branching ratios of their subsequent
reactions,” which could be decomposition, isomerization, and
reactions with other molecules or radicals, will strongly affect the
distribution of final products. Hence, both the knowledge of the
thermodynamics of these radicals and accurate measurement or
calculation of the kinetics of these radical reactions are very
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1 Electronic supplementary information (ESI) available: Structures

of the reactant, product, and transition state and modified MM3
parameters. See DOI: 10.1039/c2cp23692¢

For example, Cassanelli er al.’ measured the branching ratio
between the 1,5-hydrogen shift isomerization reaction of 1-butoxyl
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and the reaction of 1-butoxyl with O, as a function of oxygen
concentration at atmospheric pressure over the temperature
range 250-318 K, then converted the rate constant ratio to an
absolute rate constant for isomerization reaction by using the
temperature-dependent absolute rate constant of the O, reaction.
Heiss and Sahetchian® derived the isomerization rate of the
1-butoxyl radical over 343-503 K from the ratio of the isomeri-
zation rate to the decomposition rate of 1-butoxyl and the known
decomposition rate. Theoretical modeling extends the rate
constant estimation to a larger temperature range, and—if accurate
enough—can provide either a check on the experimental results
or an improvement on them. In previous theoretical studies,
Somnitz* obtained consistent results with Cassanelli er al.’s
experimental rate constants at low temperatures by using RRKM
theory including tunneling contributions calculated with the
assumption of conservation of vibrational energy and with a fully
coupled multiple-channel master equation (ME). A study” by
two of us employed single-structure variational transition state
theory (SS-VTST)® with the small-curvature tunneling® (SCT)
approximation and concluded that Somnitz had underestimated

the tunneling. However the SS-VTST calculated rate constants®

have large deviations from Cassanelli et al’s results at low
temperature, and the same divergence is noticed in the study of
Davis and Francisco® with a small-curvature parabolic approxi-
mation for tunneling’ and G4® electronic structure calculations.
These discrepancies could result in part from both the two studies
not accounting for the anharmonicity in calculations of partition
functions. In addition, in a later section we will mention that
Davis and Francisco® also significantly overestimated tunneling
with the parabolic tunneling approximation and underestimated
tunneling with the Wigner method® at low temperature.

Both the reactant 1-butoxyl radical and the product 4-hydroxy-
1-butyl have more than one torsion. The presence of multiple
torsional degrees of freedom often results in multiple minima on
the potential energy surface, which results in multiple-structure
anharmonicity. The reactant 1-butoxyl radical has three torsional
motions. One of them is the torsion of a methyl group, which
does not generate additional distinguishable structures, and each
of other two torsional motions can generate three (one trans (T)
and two gauche (G)) structures, so that ideally 3 x 3 = 9
distinguishable structures would be generated for 1-butoxyl.
In previous theoretical studies that only considered a single
structure, Somnitz* and Méreau ez al.*” used a GT structure
for 1-butoxyl (in Fig. 1, this is the structure in which the
O-C-C-C torsion is gauche, and the C—-C-C-C torsion is
trans); two of us? and Davis and Francisco® used only the
TT structure (fourth structure in Fig. 1). In the present study, as
discussed more fully below, we located ten conformers (five pairs
of mirror images) with the M08-SO density functional. The ten
conformers are close to each other in energy, and the largest
energy difference, before including zero point energy, is only
0.69 kcal mol ™. Because the structures are all low in energy, they
can all play an important role in calculations of partition functions.
We found that the ratio between the partition functions calculated
with the multi-structural torsional approximation'® (MS-T),
including both multiple-structure anharmonicity and torsional
anharmonicity, and those calculated in the single-structure
harmonic-oscillator (SS-HO) approximation is as much as a
factor of 11.5 for 1-butoxyl. The inaccuracy in partition functions

calculations that do not include multiple-structure anharmonicity
leads to large errors in the theoretical prediction of thermochemical
properties (such as equilibrium constants) and rate constants.

The work in 2003 by Vereecken and Peeters** has been so far
the only theoretical study incorporating multiple conformers
of the reactant and the transition state for the 1,5-H-shift
isomerization reaction of 1-butoxyl. They reported that the
temperature dependence of the rate constant was substantially
influenced by using a multirotamer treatment. However they
were mainly interested in atmospheric chemistry at a temperature
of 298 K, and they neglected torsional anharmonicity.

In the present article we consider temperatures up to 2400 K,
where torsional anharmonicity can be very important, and we
include both multiple-structure anharmonicity and torsional
anharmonicity in calculations of partition functions. We report
standard state thermochemical properties (for an ideal gas
at 1 bar) for the reactant, product, and transition state of the
1,5-hydrogen shift isomerization reaction of the 1-butoxyl
radical. The calculated thermochemical properties will be compared
to those obtained by the group additivity (GA) method."" Multi-
structural canonical variational transition state theory including
a multidimensional treatment of tunneling (MS-CVT/MT)'?
will be used to obtain accurate forward and reverse rate
constants of this reaction in the high-pressure limit.

2. Computational methods

2.1. Electronic structure calculations

The M08-SO'? density functional combined with the MG3S'
basis set (which is the same as the 6-311+G(2df,2p) basis set
for H, C, and O) has been shown to be a very accurate
combination of density functional and basis set for estimation
of barrier heights and reaction energies of hydrogen-atom
transfer reactions, !> and this combination has also been shown
to perform well for predicting transition state structures.'® The
validity of the M08-SO/MG3S method for the present reaction
was examined in a previous study,? in which the best estimate
of the classical barrier height (obtained by the CCSD(T)/CBS
method) was 11.89 kcal mol~!, and MO08-SO/MG3S was
shown to yield 12.15 kcal mol~!. Therefore, we will use
MO08-SO/MG3S for all electronic structure calculations in
the present work, in particular, for conformer searching and
optimization and for energy and frequency calculations.
A locally modified version, MN-GFM5 0,77 of Gaussian09.a02"""
that contains additional Minnesota functionals is used. The
grid for density functional integrations has 99 radial shells
around each atom and 974 angular points in each shell.

All vibrational frequencies were scaled by a factor of 0.983,
determined previously,'® to yield a more accurate zero point
energy (ZPE). Including the resulting ZPE in the barrier height
calculated with the lowest-energy structures of the reactant
(or product) and transition state yields 10.72 kcal mol~"' for the
forward reaction and 14.82 kcal mol™" for the reverse reaction.

2.2. Dynamics calculations

2.2.1. MS-CVT/MT theory. The MS-CVT/MT method
has been described in ref. 12. Calculations employing this
method begin with the well-known® single-structure (SS)
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GT+G'T- G G,G'G

G-G*, G*G~

T-T-, T+T+ G-G-, G*G*

Fig. 1 All conformers of the 1-butoxyl radical. Conformations are depicted here in the order of increasing zero-point-exclusive M08-SO/MG3S energy.

canonical variational transition state theory including multi-
dimensional treatment of tunneling (CVT/MT). Then one adds
vibrational anharmonicity (multiple-structures and torsional
anharmonicity) to the rate constant calculations by multiplying
with a multi-structural torsional factor FM5T. In this way the
MS-CVT/MT rate constant is expressed as

kMS—CVT/MT — FMS-T(nICMT(nkCVT(n (1)

where k¥ in eqn (1) is the single-structure CVT rate constant,>*'

which minimizes the calculated generalized transition state (GT)
rate constant (kST) for each temperature. For a unimolecular
reaction, this is given in the harmonic oscillator (HO)
approximation by

KT = minkST(T,5)

1 0§ (1)OS, (T,5)

rovib

~ B OR(DOR (T

exp(—BVmep(sS¥T))

2)

where f is (kgT)™', kg is Boltzmann’s constant, / is Planck’s
constant, s is the signed distance along the minimum energy
path (MEP), s¢VT is the value of s that minimizes the rate
constant, QeCfT and Q,Go&b are, respectively, the electronic and
rotational-vibrational partition functions of the generalized
transition state, OX and OR ., are the electronic and rotational—
vibrational partition functions of the reactant, and Vygp (S*CVT) is
the potential energy at s = sV, All symmetry numbers for
rotations are included in rotational partition functions.

The factor kM7 in eqn (1) is the transmission coefficient, which
corrects for quantum effects (tunneling and nonclassical reflection)
on the reaction coordinate. In MS-VTST, we assume that the
transmission coefficient is the ground-state transmission
coefficient taken as the ratio of the thermally averaged ground-
state quantal transmission probability to the thermally averaged
ground-state classical transmission probability,”® where “ground-
state” here refers to vibrational and rotational modes transverse
to the reaction coordinate. The ground-state vibrationally
adiabatic potential curve, VaG, governs the tunneling motion,

VaG = Vmep(s) + SG(S) (3)

where £9(s) denotes the local zero-point vibrational energy of
the bound modes transverse to the reaction coordinate at s.
Because ¢© depends on s, it means that we already include one
effect of the nonseparability of the reaction coordinate in the
quantal treatment; thus tunneling calculations based on
eqn (3) are labeled as multidimensional. In the present work,

we will consider two multidimensional tunneling approximations:
zero-curvature tunneling (ZCT)*' and small-curvature tunneling
(SCT).% Therefore, MT is either ZCT or SCT.

The product of K¥MT and £“¥7 is called the SS-HO CVT/MT
rate constant (Where HO denotes harmonic because in eqn (2),
OR . and QST are taken as a product of a rotational partition
function and a vibrational one that can be calculated using the
harmonic formalism (strictly speaking it is quasiharmonic because
the scale factor described in Section 2.1 accounts approximately
for nontorsional anharmonicity)). This single-structure harmonic
approximation is reasonable if neither the generalized TS nor the
reactant includes any torsional motion and if they both have only
one conformer. However, in most cases we have to consider
torsional anharmonicity and multiple-structure anharmonicity in
partition functions, and this may have an important influence on
the final computed rate constants. There are many methods for
correcting harmonic partition functions, such as applying a one-
dimensional (1-D) hindered-rotor (HR) approximation® to each
torsional mode separately and more complicated methods including
mode-mode coupling in the treatment of anharmonicity, for
example, Feynman path integral methods™ and the Pitzer—Gwinn
approximation.”?“** MS-CVT/MT includes anharmonicity by
multiplying by a multi-structural torsional factor ST as shown
in eqn (1); this factor is calculated by the multi-structural method
for torsional anharmonicity, which is specifically designed for
systems with multiple conformers and with multiple torsions
coupled with each other and/or with other low-frequency
vibrational modes. The MS-T method'® uses internal-coordinate
correction factors to the harmonic treatment, and it avoids
assigning specific normal modes as separable torsions. For the
present MS-T calculations, we included all structures (AS). The
full name of the AS version of the MS-T method is MS-AS-T,
but here we shorten it to MS-T.

The first step in using MS-T methods is to find all conformers
generated by internal rotations or ring structure isomerizations
for both the reactant and the transition state. Since we will also
calculate the reverse rate constants, we also consider the product.
Then one calculates the corresponding MS-T conformational—
rotational-vibrational partition functions via

J t
b = D Ot exp(—pU) OO Z T [ £ 4)
j=1 =1

where j labels the distinguishable structures of the investigated
species (reactant, product, or transition state), J is the total
number of structures, U; denotes the potential energy of
structure j relative to the lowest-potential-energy structure in
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the relevant set, which is always numbered as j = 1, with U; = 0 by
definition, Q,r«°t is the classical rotational partition function of
structure j, _,HO is the usual normal-mode local-harmonic-oscillator
vibrational partition function calculated at structure j, Z; is a
factor for guiding the MS-T scheme to the correct high-
temperature limit (within the parameters of the model), and f; .
is a torsional anharmonicity function, based on internal coordi-
nates, that, in conjunction with Z;, adjusts the harmonic partition
function of structure j in the presence of the torsional motion 7.

For each species, we define the ratio of the calculated
MS-T conformational-rotational-vibrational partition function

MS-T b to fo;%?, which is a single-structure harmonic
rotational-vibrational partition function of the lowest-potential-
energy structure 1, as the MS-T anharmonic factor Fy;s_t of that
species (o is either a reactant or product or TS):

ggg:;rovib,u( ) 5
SS-HO (T) ( )

rovib, 1,0

FK/IS-T =

The multi-structural torsional factor FMST in eqn (1) is then
obtained as the ratio of Fys.t factors of the transition state
and reactant. We therefore obtain

sr_ Fhisr(7)
P = Fisr(T) (©)

The MS-T anharmonic factors of eqn (5) and (6) introduce
both multiple-structure and torsional anharmonicity effects.
We can decompose the ratios of eqn (5) into a multiple-structure,
local-harmonic component Fiys.; i and a torsional component
F7 to clarify their respective contributions,

Fus-t = Pus-un (1) Fr(T)

MS-LH MS-T
_ con-rovib,a(T) con-rovib,x(T) (7)
- SS-HO MS-LH
rovib,lﬁa(T) con-rovib.x(T)
where Qlc\gger(Eibﬂ(T) is the multiple-structure local-harmonic
partition function obtained by setting all of the Z; and f;,
equal to unity in eqn (4); this includes anharmonicity from the
multiple structures but treats torsions in the vicinity of each
local minimum as harmonic oscillators with infinitely high
barriers between the structures. (As already mentioned in
conjunction with the SS-HO approximation, the MS-LH

method is actually quasiharmonic, not strictly harmonic,
because of the frequency scaling factors.)

2.2.2. Thermodynamic calculations with the MS-T method.
The thermodynamic quantities for one mole of an ideal gas at a
standard state pressure of one bar, the Gibbs free energy (G%),
average energy (EY), enthalpy (H7), entropy (S%), and heat
capacity at constant pressure (Cp(7)), can be calculated as

G‘}:—lnTQ—i—kBT (8)

_ 0lnQ
HY = ES + P°V = ES + RT (10)
s;:kBan—lT@glﬁQ) (11)

where P is the pressure, V'is the volume, the little circle denotes
the standard state, and Q is the total partition functions including
translational, electronic and conformational-vibrational-rotational
contributions.

2.2.3. Computational details. Four main steps were carried
out to calculate thermochemical properties with the MS-T
method and MS-CVT/MT forward and reverse reaction rate
constants with potential energy surfaces calculated by the
MO08-SO/MG3S method:

(1) We performed an exhaustive search for all conformational
structures (local minima of the potential energy) of the reactant
and product and for all saddle point structures of the transition
state. We calculated the ideal-gas partition functions, entropy,
heat capacity, enthalpy, and Gibbs free energy for the standard
state (1 bar pressure), and we calculated Fys.t factors using all
generated conformers by the MSTor program.?® The multi-
structural torsional factor FMS™T was calculated using eqn (6).

(2) For each conformer A of the transition state (1 =
1, 2,...,C), we calculate a ground-state energy by

Ver = ViS+el1 (13)

where V75 is the potential energy relative to that of the lowest-
energy structure of the reactant, and ¢5™> is the zero point
energy. Then we used the transition state structure with the
lowest VS, and the reactant and product well structures
connected to this transition state by its MEP to construct
Vmer and VS curves by the multi-configuration Shepard
interpolation method MCSI?® using the MCSI program.>’

(3) Based on the generated Vyep and VS curves in step 2,
we calculated x¥MT and kYT in eqn (1) for the temperature
range 200-2400 K by using the MC-TINKERATE program.*®
The global-minimum structures of the reactant and the transi-
tion state were used to calculate SS-HO partition functions in
calculation of kX“¥T with eqn (2).

(4) The forward rate constants over the
200-2400 K range were obtained using eqn (1). The corres-
ponding AMSCVIMT reverse rate constants were calculated by
using the partition function of the product instead of that of
the reactant.

In the MCSI calculations of the potential energy surface and
vibrationally adiabatic potential energy curve (steps 2 and 3
above), we used the energies, gradients, and Hessians of the
saddle point, well structures in the reactant and product
valleys, and 18 nonstationary points close to the MEP; these
data were calculated by the M08-SO/MG3S method, and these
21 points will be labeled as Shepard points. The potential
energy surface was then created by multi-configuration Shepard
interpolation using these data. The locations of the first six
nonstationary Shepard points were obtained in a similar way to
that presented in a previous paper,”®® and the other 12 non-
stationary Shepard points were added for smoothing the V'S curve.
Ten of the 18 non-stationary Shepard points were located on
the 1-butoxyl side of the saddle point with energies 0.31, 0.62,
1.60, 2.28, 3.25, 4.73, 6.23, 7.77, 9.41, and 9.76 kcal mol™!
below the transition state; and the other eight were located on

kMS-CVT/MT
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the 4-hydroxy-1-butyl side with energies 0.89, 1.54, 2.99, 4.60,
6.07, 6.26, 7.69, and 9.48 kcal mol ™! below the transition state.
The Euler steepest-descents integrator (ESD) was used with a
step size of 0.0053 A to follow the MEP, and the RODS*
algorithm was used to refine the energies and frequencies along
the path. The parameters for the molecular mechanics force field
used in the MCSI calculations are those of the modified MM3
force field,* and the modified parameters are given in ESL.{

In all calculations of partition functions and the VS curve,
the harmonic frequencies obtained from MO08-SO/MG3S
electronic structure calculations were scaled by an empirical
factor of 0.983'® to reduce the average error in zero-point
energies calculated by the local harmonic approximation.
The use of the scaling factor introduces anharmonicity into
the low-temperature results.

3. Results and discussion

3.1. Conformers, partition functions, and anharmonicity of
stationary points (reactant, product, and transition state)

Information about the conformers of the reactant (1-butoxyl)
and product (4-hydroxy-1-butyl) and their partition functions
and MS-T factors is presented in Tables 1-5. There are ten
distinguishable structures (five pairs of mirror images) for the
1-butoxyl radical and 37 distinguishable structures (18 pairs of
mirror images plus one symmetric structure with a mirror
plane) for the 4-hydroxy-1-butyl radical. The five lowest-energy
structures of reactant and product are shown in Fig. 1 and 2.

3.1.1. 1-Butoxyl. As stated in the Introduction, nine distin-
guishable structures generated by two torsions (O—C—-C-C and
C—C-C—C) were expected for 1-butoxyl, but we found ten. The
naming convention for labeling the structures is given in
Table 1. The lowest-energy structures are GT and G'T",
which are a pair of mirror images.

In the present investigations with the MO08-SO density
functional, the all-frans symmetric structure TT expected
originally splits into two mirror images T"T~ and T* T with
similar geometries, and in particular the two torsion angles are
+£178.1° and £+179.3° respectively. The two minima correspond
to almost the same geometry on the potential energy surface. We
considered including only one of them in the MS-T partition
function calculations, using nine structures instead of ten, and
this gives results differing from those obtained using all ten
structures by 17% at 200 K, 11% at 1000 K, 7% at 1500 K, and
5% at 2400 K (the M value for the T" T~ structure is 4.25 for ten
structures and 3.04 for nine). But all structures are present, so in
the final calculations we used all ten.

Table 1 Naming convention and labeling of structures

Naming convention Abbreviation Dihedral angle range/°

trans T 180

trans+ T* (£150, +£180)

anti+ A* (£105, £150)
a* (£90, £105)

gauche+ IS (£75, £90)
G* (£30, £75)

cis+ c* (£0, +£30)

cis C 0

Table 2 Names of structures and their relative conformational
energies (in kcal mol™!)

Relative conformational
MO08-SO° energy

Zero-point- Zero-point-
Structures exclusive inclusive
1-Butoxyl”
GT"G'T 0.00 0.00
G G,G'G" 0.17 0.54
e G, g" G 0.22 0.71
TT1,T'T" 0.44 0.28
TG, T'G" 0.69 1.02
4-Hydroxy-1-butyl®
GG'GT",G'GG'T™ 0.00 0.00
GG'G'T,G'GGT" 0.41 0.30
T"GG T, TG'G'T" 0.43 0.14
GGGT'G'G"'G'T™ 0.77 0.43
T"GT ' T, T G'T T 0.79 0.37
TG TT.TG'T'TH 0.81 0.32
GG T'T,G'G'TT" 0.92 0.45
GGT'T"G'G'T T 0.92 0.46
T"TG'T, T T'GT" 0.98 0.58
GTG'T,G'T'GT" 1.09 0.72
GTGT ,G'T'G'T 1.13 0.73
GG'T'T,.G'GTT" 1.17 0.75
GG'T'T",G'"GTT 1.20 0.72
GTT'T',G'T'T T 1.32 0.83
T'T"T T, TTT'T" 1.35 0.69
G'T'T'T",G T T T 1.35 0.80
G Gg'G',G"G g G 1.61 1.19
TTTg", TTTg ¢ 1.71 131
TG T TG g T 1.92 1.57

¢ First torsion angle in the structure abbreviations for 1-butoxyl indicates
the O-C-C-C angle, while the second indicates the C—-C—C—C angle.
b First torsion angle in the structure abbreviations for 4-hydroxy-1-butyl
indicates the H-O—C—C angle, the second indicates the O—C—-C—C angle,
the third is the C-C—C—C torsion angle, and the fourth is the C-C—C-H
torsion. ¢ The basis set used for M08-SO is MG3S. ¢ The two mirror
images are indistinguishable structures, and they will be accounted as one
structure in calculations of partition functions.

The energy difference between the lowest and highest of the
ten structures is very small, less than 0.69 (or 1.02) kcal mol ™!
when zero-point energy is excluded (or included); hence
the conformational-rotational-vibrational partition functions
considering all ten structures (ngﬁzh}éib, ng,ﬁfovib) are much
larger than the single-structure rotational-vibrational parti-
tion functions calculated with the lowest-energy structure
(055:HOY as shown in Table 3. The multi-structural torsional
factors Fiys.t and their components Fiysiy and FX of
1-butoxyl calculated with eqn (7) are shown in Table 5.
They indicate that both multiple-structure and torsional
anharmonicity increase the partition functions of 1-butoxyl
except for at temperature 2400 K where torsional anharmoni-
city very slightly decreases the partition functions, and the
final MS-T conformational-rotational-vibrational partition
functions Qi\ggfovib are as much as 4.98-11.46 times larger
than Q?E;f?,? over the 200-2400 K temperature range. The
Fisin factor is larger than F® at each temperature
studied here.

3.1.2. 4-Hydroxy-1-butyl. The four torsions of the product,
4-hydroxy-1-butyl, are H-O-C-C, O-C-C-C, C-C-C-C, and
C-C—C-H, and they generate 37 low-energy distinguishable
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Table 3 Calculated total partition functions with the multi-structural method, conformational-rotational-vibrational partition function of the
1-butoxyl radical, and the single-structure harmonic rotational—vibrational partition function of the lowest-energy structure of the 1-butoxyl
radical”

T/K oM tH oMsT oo eanovib oo

200 1.12 x 1078 1.32 x 10798 6.12 x 1077¢ 7.21 x 10776 1.45 x 10776
250 1.18 x 107! 1.46 x 107! 3.68 x 107 455 % 107% 7.63 x 107
298.15 1.67 x 1074 2.15 x 1074 3.36 x 10748 433 x 1074 6.35 x 107%
300 3.83 x 1074 4.94 x 1074 7.58 x 1074 9.78 x 107 143 x 107%
400 2.07 x 107% 2.88 x 107% 2.00 x 1073 2.78 x 1073 3.32 x 1073
600 8.15 x 1071° 1.23 x 107% 285 x 10718 430 x 107'* 415 x 107Y
800 3.15 x 107" 4.83 x 107 5.36 x 10710 8.22 x 10710 7.30 x 1071
1000 1.65 x 10105 246 x 1079 1.60 x 107 239 x 107 2.09 x 1079
1500 1.77 x 10+ 14 232 x 10714 6.09 x 107% 7.98 x 107% 7.55 x 1079
2000 1.01 x 10720 1.12 x 10+2° 1.63 x 10110 1.81 x 10110 1.97 x 10%%
2400 3.07 x 10+23 297 x 1072 3.03 x 10713 294 x 10+13 3.61 x 10112

¢ Geometries, energies, and frequencies were calculated by the M08-SO/MG3S method. The zero of energy for the partition function calculations
is the lowest-energy classical equilibrium structure energy (G~ T which is the same as the G T~ energy).

Table 4 Calculated total partition functions with the multi-structural method, the conformational-rotational-vibrational partition function of
the 4-hydroxy-1-butyl radical, and the single structure harmonic rotational-vibrational partition function of the lowest-energy structure of the
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4-hydroxy-1-butyl radical”

T/K QMSH oMsT S ronib S movib g

200 1.02 x 1078 1.38 x 1078 5.64 x 1077° 7.65 x 1077° 251 x 10777
250 1.79 x 107! 2.44 x 107! 5.65 x 107%° 7.71 x 107 1.74 x 107
298.15 3.64 x 1074 4.92 x 1074 7.41 x 10748 1.00 x 10747 1.74 x 107%
300 8.44 x 1074 1.14 x 107% 1.69 x 10747 229 x 107 3.94 x 107%
400 7.73 x 1075 9.99 x 10°% 7.55 x 1073 9.76 x 107+ 1.20 x 1073
600 5.64 x 107 6.39 x 107 2.00 x 1077 227 x 1077 2.06 x 1077
800 3.11 x 1079 3.04 x 1079 537 x 107 5.24 x 107 437 x 107!
1000 2.03 x 1019 1.71 x 107% 2.00 x 1079 1.69 x 107% 141 x 107%
1500 2.89 x 10715 171 x 10+13 1.04 x 107 6.14 x 10+ 5.99 x 1079
2000 1.84 x 1012 7.95 x 10+2° 321 x 10* ! 1.39 x 10+ 1.67 x 10+%
2400 577 x 10724 2.00 x 10724 6.39 x 10714 221 x 10714 3.17 x 10712

“ Geometries, energies, and frequencies were calculated by the M08-SO/MG3S method. The zero of energy for the partition function calculations
is the lowest-energy classical equilibrium structure energy (G"G "G~ T" which is the same as the G"' GG " T~ energy).

Table 5 Multi-structural torsional factors of 1-butoxyl and 4-hydroxy-
1-butyl

1-Butoxyl 4-Hydroxy-1-butyl

T/K Fyst Fuasin Pt Fust Fusin  Fr

200 4.98 4.23 1.18 30.44 22.46 1.36
250 5.96 4.83 1.24 44.38 32.53 1.36
298.15 6.82 5.29 1.29 57.54 42.54 1.35
300 6.85 5.31 1.29 58.03 42.94 1.35
400 8.36 6.02 1.39 81.61 63.17 1.29
600 10.35 6.87 1.51 110.16 97.23 1.13
800 11.26 7.34 1.53 119.92 122.71 0.98
1000 11.46 7.65 1.50 119.46 141.90 0.84
1500 10.58 8.07 1.31 102.54 173.12 0.59
2000 9.19 8.29 1.11 82.97 191.52 0.43
2400 8.13 8.40 0.97 69.73 201.51 0.35

structures (18 pairs of mirror images plus one symmetric
structure with a mirror plane). These structures have very
similar energies; in particular the energy differences between
the 37 structures are smaller than 1.92 (or 1.57) kcal mol™!
when zero-point-energy is excluded (or included). The lowest-
energy structures are GG G T and G"G~G T, which
are 1.35 kcal mol™! lower in energy than the all zrans structure
that was sometimes taken as the lowest-energy structure in
previous work.

As a result of a large number of conformers, multi-structural
torsional anharmonicity, especially anharmonicity introduced by
multiple structures, has a remarkable effect on the partition
functions of the 4-hydroxy-1-butyl radical as shown in Table 4.
The Fysr given in Table 5 are as large as 30.4-119.9 over the
temperature range 2002400 K, while Fas gy are as large as
22.5-201.5. Due to the mode-mode coupling, the torsional anhar-
monicity at temperatures higher than 800 K has a negative effect
on partition functions; thus it leads to F& values smaller than unity.

3.1.3. Transition state. The transition state of the 1,5-H
shift reaction of 1-butoxyl is a six-membered ring structure
without torsions; therefore, only two distinguishable structures
(one pair of mirror images) were located in the present work,
and these are shown in Fig. 3. Thus, for the transition state,
there is no torsional anharmonicity, and Q%ﬁ:}@‘ib;s are exactly
equal to QE?,E:EMMS, which is twice as large as the SS-HO
rotational-vibrational partition function for each temperature.
The calculated total partition functions MST and Q%Ej&vms
of the transition state for temperature 2002400 K and the
multi-structural torsional factors are shown in Table 6. Due
to the absence of torsion motion and only two degenerate
conformers, F©ois 1, and Fiis 1y and Figs.t are equal to each
other and have a value of 2 at all temperatures.
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G-G+G-TH, G-G+GHT—, THG-G-T+, GGG T+ THGTHTH,
G*G-G+T~ G*G-G-T+ T-G+G+T— G*G+GHT— T-G+T-T~

Fig. 2 Five lowest-energy conformations for the 4-hydroxy-1-butyl radical. Conformations are depicted here in the order of increasing zero-point

exclusive M08-SO/MG3S energy.

Table 7 Standard state (1 bar) entropy (in cal mol™' K1), heat
capacity (in cal mol~' K™"), relative enthalpy (in kcal mol™"), and
| relative Gibbs free energy (in kcal mol™) of ideal gas for the 1-butoxyl
J radical
L J ST Cy(T)
J ‘) T/K MS-LH MS-T GA® MS-LH MS-T GA? Ref. 4g°
J 200 76.12 76.84 19.85 20.57 17.6
J 250 80.81  81.69 2241 23.14
J J J 298.15  85.00 86.01 83.85 25.32 25.97 22.7
300 85.16 86.17 84.02 25.44 26.09 25.09 22.8
400 93.38 94.52  92.17 32.00 32.28 31.54 28.6
Fig. 3 Two distinguishable structures (TS1, TS2) of the transition state. 600 108.61  109.70 107.05 43.37 42.75 4229 38.6
800 122.29  123.10 121.48 51.71 50.41 50.16 46.1
1000  134.53 134.99 132.67 57.94 56.18 55.85 51.8
Table 6 Calculated total partition functions and conformational— 1500 160.09 159.69 161.49 67.62 65.26
rotational-vibrational partition functions with the multi-structural torsional 2000 180.28 179.16 72.47 69.84
method and multi-structural torsional factors of the transition state” 2400 193.70  192.08 74.63 71.88
T/K oMsT o tovib,TS Fist  Fuisin  Fro Hf — Hy T— H}
200 147 x 1077 799 x 1077 2 2 1 T/K MS-LH MS-T MS-LH MS-T
250 391 x 1071 122 x 107°% 2 2 1
20815 216 x 107%  435x 107% 2 2 1 200 291 2.9 —12.32 —12.38
300 480 x 1079 950 x 107% 2 2 1 250 3.96 4.08 —16.24 —16.35
400 7.08 % 10*26 6.82 x 10*34 2 2 1 208.15 5.11 5.26 -20.23 -20.39
600 6.75 x 10*11 2.36 x 10*19 2 2 1 300 5.16 5.31 —20.39 —20.54
800 1.22 % 10—02 2.07 x 10—11 2 2 1 400 8.03 8.23 —-29.32 —29.58
1000 391 x 10*03 3.82 x 10*06 2 2 1 600 15.62 15.78 —49.55 —50.04
1500 204 x 1072 721 %1072 2 2 1 800 25.17 25.14 —72.66 —73.34
2000 744 x 10717 1.28 x 1008 b D) 1 1000 36.17 35.82 —98.37 -99.17
2400 1.73 % 10*21 1.89 x 10*11 2 2 1 1500 67.84 66.44 —172.29 —173.10
2000 103.00 100.34 —257.57 —257.97
“ Geometries, energies, and frequencies were calculated by the M08-SO/ 2400 132.45 128.72 —332.43 —332.28

MG3S method.

3.2 Thermodynamics quantities

As shown in eqn (8)—(12), all the thermodynamics quantities
are determined by the total partition functions. The multi-
structural torsional anharmonicity which plays an important
role in calculations of partition function will directly affect the
accuracy of these thermodynamics quantities. Tables 7-9 list
the calculated temperature-dependent standard-state (one bar)
ideal-gas entropy S7. heat capacity Cp(7T), relative enthalpy

7 — Hp, and relative Gibbs free energy G — H{ using multi-
structural torsional partition functions for 1-butoxyl, 4-hydroxy-
1-butyl, and the transition state that interconnects them.
For comparison, those entropy and heat capacity obtained
by Benson’s group additivity (GA) method!' are given for
1-butoxyl and 4-hydroxy-1-butyl. The heat capacities obtained

“ Using group values from ref. 11, and for entropy, adding 0.026 cal
mol~" K~ to convert from a standard pressure of 1 atm to a standard
pressure of 1 bar. ” The data are obtained from ref. 4g, where the
single-structure method was used for G4 data set.

by Davis and Francisco® using the G4 method with a single
structure are also shown in Tables 7-9.

The heat capacities calculated with the MS-T method con-
sidering both multiple-structure and torsional anharmonicity
are in reasonable agreement with those obtained by the GA
method for 1-butoxyl and 4-hydroxy-1-butyl. Although for
1-butoxyl, the MS-LH method only considering multiple-
structure anharmonicity gives C3(7) values closer to the
GA values for 300 and 400 K, the MS-LH method over-
estimates the heat capacities at most temperatures for both
1-butoxyl and 4-hydroxy-1-butyl. The heat capacities obtained

4210 | Phys. Chem. Chem. Phys., 2012, 14,4204-4216
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Table 8 Standard state (1 bar) entropy (in cal mol~!' K1), heat
capacity (in cal mol™! K1), relative enthalpy (in kcal mol™'), and
relative Gibbs free energy (in kcal mol™') of ideal gas for the
4-hydroxy-1-butyl radical

Table 10 The calculated multi-structural torsional factors for rate
calculations of forward reaction and reverse reaction

Forward reaction Reverse reaction

MS-T MS-LH T MS-T MS-LH T
59 %(T) T/K F F F F F F
a a b 200 0.402 0.473 0.849 0.066 0.089 0.738
7K MSLH MST GA" MSLH MST GA" Ref 4 250 0336  0.415 0.809  0.045  0.061 0.733
200 80.76 81.53 21.93 21.34 20.6 298.15 0.293 0.378 0.776 0.035 0.047 0.739
250 85.92 86.52 24.445  23.63 300 0.292 0.377 0.774 0.034 0.047 0.740
298.15 90.46 9090 89.94 27.27 26.28 26.3 400 0.239 0.332 0.720 0.025 0.032 0.774
300 90.63 91.07 90.11 27.39 26.38 26.01 26.4 600 0.193 0.291 0.663 0.018 0.021 0.883
400 99.34 99.46 98.45 33.66 32.32 3197 32.7 800 0.178 0.272 0.652 0.017 0.016 1.023
600 115.15 114.58 113.63 44.36 4247 42.01 435 1000 0.175 0.262 0.667 0.017 0.014 1.188
800 129.03 127.84 126.77 52.09 49.76  49.34 51.3 1500 0.189 0.248 0.763 0.020 0.012 1.688
1000 141.30 139.54 138.83 57.81 55.15 54.77 57.1 2000 0.218 0.241 0.902 0.024 0.010 2.308
1500 166.63 163.67 166.61 66.75 63.58 2400 0.246 0.238 1.033 0.029 0.010 2.890
2000 186.54  182.60 71.39 67.93
2400 199.76 195.17 73.56 69.96
N entropies have a deviation of 2-3 cal mol ' K~! from the GA
Hr = Hg T HS entropies at some temperatures, the MS-T results may be more
T/K MS-LH MS-T MS-LH MS-T reliable than the empirical GA values and the MS-LH results.
2 . 34 —12. —12.9 . . ..
2(5)8 iig 24316 _17'(8); _17.1; 3.3. Multi-structural torsional factors and anharmonicity of
298.15 5.70 5.66 —21.27 —21.45 the reactions
300 5.76 5.71 ~21.45 ~21.62 , , . ST
400 881 3.64 -30.95 3115 The multi-structural torsional anharmonicity factors (F ,
600 16.67 16.18 —52.44 5259 FMSLH and FY) for rate calculations of the forward or reverse
800 26.35 25.44 —76.89 —76.86 reaction are obtained using eqn (6) and are shown in Table 10.
1000 37.37 3595 —103.96 —103.61 ..
1500 68.76 65.88 18123 179 67 The smaller number of structures of the transition state as
2000 103.41 98.87 ~269.72 —266.39 compared to the reactant and product leads to FMST factors
2400 132.43 126.47 —347.05 —341.99 being smaller than unity for both the forward and reverse

“ Using group values from ref. 11, and for entropy, adding 0.026 cal
mol~! K~ to convert from a standard pressure of 1 atm to a standard
pressure of 1 bar. ® The data are obtained from ref. 4g, where the
single structure method was used for G4 data set.

Table 9 Standard state (1 bar) entropy (in cal mol~! K1), heat
capacity (in cal mol™' K™"), relative enthalpy (in kcal mol™"), and
relative Gibbs free energy (in kcal mol™") of ideal gas calculated by the
MS-T method for the transition state

T/K S Cu(T)* Hp — Hy T — Hp
200 68.09 15.57/15.2 2.15 —11.47
250 71.91 18.85 3.01 —14.97
298.15 75.52 22.36/21.8 4.00 —18.52
300 75.66 22.50/22.0 4.04 —18.66
400 83.16 29.96/29.3 6.67 —26.60
600 97.77 42.18/41.4 13.96 —44.71
800 111.13 50.62/49.9 23.29 —65.62
1000 123.11 56.64/56.0 34.04 —89.07
1500 148.00 65.61 64.88 —157.11
2000 167.55 70.06 98.92 —236.18
2400 180.52 72.09 127.38 —305.86

“ The values after slash are from ref. 4g, where the single-structure
method was used for G4 data set.

by Davis and Francisco are based on considering only a single
structure, and they have a large deviation from those calculated
by MS methods in the present work and from the empirical GA
results for 1-butoxyl. For 4-hydroxy-1-butyl and the transition
state, Davis and Francisco’s results are similar to our MS-LH
heat capacities.

Similarly, the entropies calculated with MS methods are
in reasonable agreement with GA results. Although MS-T

reactions. Therefore the multi-structural torsional anharmonicity
reduces the final thermal rate constants. The F*5T factor of the
forward reaction decreases gradually from 0.40 at 200 K to 0.17
at 1000 K, and then it increases gently to 0.25 at 2400 K. The
PMST factors of the reverse reaction are much smaller than those
of the forward reaction because there are much more conformers
of the product than of the reactant, and they are 0.066, 0.017,
and 0.029 for temperatures of 200, 800, and 2400 K. From
Table 10, one can notice that multiple-structure anharmonicity
has larger effects on partition functions than torsional anharmoni-
city in the present case.

3.4. CVT/MT rate constants and transmission coefficients

The forward and reverse barrier heights and the reaction energy
calculated using the lowest-energy structures of reactant, product,
and transition state are 12.59, 17.26, and —4.67 kcal mol™!,
respectively, by the M08-SO/MG3S method before including
ZPE. The calculated barrier heights are larger than those
(12.15 keal mol™! for forward reaction and 15.92 kcal mol ™! for
reverse reaction by the M08-SO/MG3S method) in previous work
by two of us,” because we now use those more stable conformers
of the reactant and product. Table 11 compares the calculated
enthalpy of reaction and enthalpy of activation obtained by the
MS-T method in the present work with those obtained by Davis
and Francisco® using the G4 method and only considering a
single structure, and those estimated by the GA method.

The calculated potential energy along the minimum energy
path, Vyuep, and the ground-state vibrationally adiabatic
potential curve, V'S, are shown in Fig. 4. Using these potential
curves, the single-structure harmonic (in fact it should be
called quasiharmonic because the scaling factor is used in
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Table 11 Standard state enthalpy of reaction and enthalpy of activation
(kcal mol™)

Enthalpy of reaction Enthalpy of activation

T/K Present Ref. 4g°  GA® Present Ref. 4g¢
Forward reaction

0 —4.10 —-34 10.72 10.4
298 -3.70 -3.0 —3.25 9.46 9.5
1000 -3.97 n.a. -3.35 8.94 n.a.
2000 —5.58 n.a. 9.30 n.a.
Reverse reaction

0 4.10 34 14.82 n.a
298 3.70 3.0 3.25 13.16 n.a.
1000 3.97 n.a. 3.35 12.91 n.a.
2000 5.58 n.a. 14.87 n.a.

“ Davis and Francisco’s single structure G4 method. * Using group
values from ref. 11.

124

Vivep (kcal/mol)

-4

T T T T T T

. . .
-1.0 -0.5 0.0 0.5 1.0
s (angstrom)
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80

76 -

V2 (kcalimol)

72 4

68 4

. ; .
-1.0 -0.5 0.0 0.5 1.0
s (angstrom)

Fig. 4 Calculated potential energy along the minimum energy path
(Vmep) and ground-state vibrationally adiabatic potential curve
(V§) vs. the reaction coordinate s, where the reaction coordinate is
scaled to a reduced mass of 1 amu.

the zero point energy calculations) CVT rate constants k<<¥T and
corresponding transmission coefficient k™7 (MT can be ZCT or
SCT) for both forward and reverse reactions are evaluated. Fig. 5
plots the common logarithm of the ZCT and SCT transmission
coefficients as functions of 1000/T. As we expected, the xk?CT
values are much smaller than the x5 ones at low temperatures
because ZCT underestimates the tunneling, and the difference
between them decreases when the temperature increases.

—ZCT
—SCT

0 1 2 3 4 5
1000/ T (K"

Fig. 5 Calculated common logarithm of the ZCT and SCT transmission
coefficients x vs. reciprocal temperature (times a thousand).

The large curvature tunneling (LCT) approximation®' was
not used for this reaction, because we expect that large-
curvature tunneling paths would not make a significant contribution
for this unimolecular reaction. At 7' = 300 K, we get k2T =33,
and k5T = 11.0; both of them are smaller than in the previous
work by two of us¥ where «““T = 5.3 and 5T = 40.9, but larger
than the transmission coefficient corresponding to Somnitz’s
estimation® for tunneling, which corresponds to k = 2.7. Davis
and Fransisco® significantly overestimated tunneling (x = 120)
with the parabolic tunneling approximation for the G4 data set,
and they underestimated tunneling (x = 3.5) with the Wigner
method. It is seen that the transmission coefficients from the
various calculations are very different from each other. Extensive
previous validation studies have shown that the SCT approxi-
mation is much more reliable than the Wigner method, the
parabolic tunneling approximation, or the ZCT approximation.
The difference between the two SCT calculations has a different
origin, namely that the present V'S curve is more accurate than the
one in ref. 4f; one should remember that transmission coefficients at
room temperature and below are very sensitive to small differences
in the effective potentials used for the tunneling calculations.

The present work predicts only a small variational effect
with the rate constant ratio of CVT to TST ranging from 0.90
to 0.97. In our previous work® this rate ratio ranged from 0.83
to 0.90. Since the previous work® was based on straight direct
dynamics calculations whereas the present work involves the
MCSI method, the previous work should be more accurate for
the variational effect, but fortunately the difference between
the two treatments is less than 8§%.

The single-structure £<V"™T (MT can be ZCT or SCT) rate
constants including tunneling are obtained as a product of
kYT and ¥MT, and are plotted in Fig. 6 as functions of 1000/T
along with kY7 rate constants for forward and reverse reactions.
As shown in Fig. 6, the forward reaction has larger rate constants
than the reverse reaction. Tunneling increases the reaction rate
constants especially at low temperatures.

3.5. MS-CVT/MT rate constants

The above calculations provide the factors needed in eqn (1) to
calculate the thermal rate constants: k, F*>T and k°VT. Fig. 7
displays the plots of the common logarithms of 5T, FMST,
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Fig. 6 The temperature dependence of VT and ASVT™MT (MT can
be ZCT or SCT) rate constants including tunneling for both forward
and reverse reactions.
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Fig. 7 Common logarithms of «5T, of FMST and of their product for
the forward and reverse reactions as functions of temperature. Note that
xSCT is the same for the reverse reaction as for the forward one.

and their product for both forward and reverse reactions as a
function of temperature, and it shows that the tunneling and
anharmonicity effects have opposite effects on the rate constants
for the 1,5-hydrogen shift isomerization reaction of 1-butoxyl,
and the former increases the rate (positive logarithm), while the
latter reduces the rate (negative logarithm). At low temperatures,
T < 385 K, the tunneling has a larger effect for the forward
reaction; at higher temperatures than 385 K, multi-structural
torsional anharmonicity has a larger effect on the forward
reaction rate. The large number of low-energy conformers of
the product has the consequence that the anharmonic effect is
larger than the tunneling for the reverse reaction at even lower
temperatures (7" > 264 K). Therefore, both tunneling and multi-
structural torsional anharmonicity effects are very important
for accurate rate constants calculations if one considers a wide
temperature range.

The final AMSCVTMT forward rate constants including
these two important effects are obtained using eqn (1), and
they are plotted as functions of temperature in Fig. 8. In
Fig. 8, the kX“VT/5T rate constants obtained by the single-
structure method in the present work and the previous

Forward Reaction

- - - Zheng 2010
——CVT/SCT

49 ——MS-CVT/SCT
i Somnitz 2008 e ~
o] —-=--MS-CVT/iZCT ~
—+— Heiss 1995 (exp.) ™~
= Cassanelli 2005 (exp.)
0 L T Y T ¥ T Y T y T
0 1 2 3 4 5

1000/ T(K™)

Fig. 8 The calculated k€V7/5Tand KMS-CYTMT (MT can be ZCT or
SCT) forward rate constants compared to previous theoretical*” and
experimental®*“ results.

theoretical and experimental results are also given for
comparison. The KMSCVISCT and kCVISCT forward rate
constants at several temperatures are shown in Table 12.
As shown in Fig. 8, the single-structure k<<V7/5CT rate cons-
tants in the present work agree very well with experimental
results of Heiss and Sahetchian® and Cassanelli er al.>? Due
to larger estimated tunneling contributions, the previous
single-structure CVT/SCT rate constants obtained by two
of us* have a large deviation from the present k¥ 7/5CT results
at low temperature. Another contributing factor to the differ-
ence is that we use a more stable reactant structure in the
present calculations. Comparison of the present k<YT/SCT
rate constants and single-structure rate constants obtained
by Somnitz* shows that Somnitz overestimated the rate
constants at high temperature and underestimated tunneling
at low temperature, but he had rate constants similar to
our kSVT/SCT rate constants and Cassanelli er al.’s experi-
mental results at 250-300 K. Although these theoretical
rate constants by the single-structure method are in good
agreement with experimental results, one must realize that
these single-structure methods neglect the important multi-
structural torsional anharmonicity effects. When multi-
structural torsional anharmonicity is considered, the final
MS-CVIMT (MT can be either ZCT or SCT) rate constants
are much smaller than the ones obtained by single-structure
methods. There is a large deviation of the MS-CVT/MT
results for the forward reaction from the experimental
data, but our smaller AMSCVISCT results are still located
within the error range of Cassanelli et al.’s experiments.
Due to the underestimation of tunneling by the ZCT method,
the KMS-CVIZCT rate constants are much smaller than
at low temperatures. As we mentioned in the
Introduction, so far all the experimental rate constants
reported for the 1-butoxyl isomerization reaction were deter-
mined by techniques based on relative rates, and this intro-
duced large uncertainties in the results. Our AMSCVT/SCT
results include, at a reasonably high level, almost all the
factors that could affect the accuracy of rate calculations,
and we believe that they are competitive in accuracy with
the currently available experimental techniques and may be

kMS»CVT/SCT
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Table 12 The AMSVTSCT and kCVT/SCT rate constants (s™)

kMS-CVT/SCT kCVT/SCT

Forward Reverse Forward Reverse
T/K reaction reaction reaction reaction
298 5.66 x 107 917 x 1072 193 x 107%¢ 2.64 x 10"
1000 7.35 x 107%  9.96 x 107% 421 x 107" 595 x 107
2000 1.16 x 1071° 495 x 107 531 x 10"71° 2,05 x 1079

“ The experimental forward reaction rate constant at 298 K is 1.76 x
1079 57! by Atkinson,? 2.0 x 10"% s7" at 1 atm by Cassanelli et al.,*?
and 1.1 x 1079 s7! by Hein et al.*¢ after accounting for any pressure
fall-off under their experimental conditions (they obtained a rate
constant of (3.5+2) x 107% s at 295 + 3 K and 50 mbar pressure).

N Reverse Reaction

=-=--CVTIZCT

04 - - - CVTISCT
—— MS-CVT/ZCT
-2 —— MS-CVT/SCT
_4 ¥ T : I ¥ T ¥ T ¥ T
0 1 2 3 4 5
1000 /T (K™)

Fig. 9 The calculated KMSVTMT (MT can be ZCT or SCT) reverse
rate constants compared to the corresponding A<YT™T rate constant.

more accurate than the currently available experimental rate
constants.

As far as we know, neither theoretical nor experimental
data for the reverse rate of the 1,5-hydrogen shift isomeri-
zation reaction of 1-butoxyl have been reported by other
workers. Our investigation of the reverse reaction shows an
especially large effect of considering multi-structural torsional
anharmonicity, as we discussed in the beginning of this sub-
section. Fig. 9 shows a large difference between the single-
structure and multi-structural rate constants for the reverse
reaction.

The calculated KMSCVTMT pate constants for both forward
and reverse reactions are fitted to the modified Arrhenius
equation®

E(T + TO)} (14)

ke Al LY x| - ET+To)
~300) PRI

Table 14 E, (kcal mol™!) calculated by the MS-CVT/SCT method
T/K Forward reaction Reverse reaction
200 4.45 8.04

250 5.69 9.45

298.15 6.53 10.30

300 6.56 10.32

400 7.59 11.28

600 8.56 12.25

800 9.18 13.02

1000 9.75 13.82

1500 11.24 15.98

2000 12.84 18.29

2400 14.16 20.21

which has four fitting parameters. The corresponding Arrhenius
activation energy is
T4 +2T,T° — T3T?

E,=E +nRT (15)
(T2 + 12)°

The fitted parameters and calculated activation energies for
both forward and reverse reactions are listed in Tables 13 and 14.
Table 14 shows that the activation energy increases nonlinearly
with temperature, which shows clearly that 7;, must be nonzero.

As a result of a different extent of multi-structural torsional
anharmonicity for the forward and reverse reactions, the
equilibrium constant of the reaction which is the ratio of the
forward to reverse rate constants, is also affected by the multi-
structural torsional anharmonicity.

4. Concluding remarks

Multi-structural canonical variational transition state theory
including a multidimensional treatment of tunneling
(MS-CVT/MT) has been applied to the 1,5-hydrogen shift
isomerization reaction of 1-butoxyl. The presence of several
torsion motions leads to multiple minima (ten and 37) on the
potential energy surfaces for both the reactant and product.
The mirror image structures of the six-membered ring transition
state are included in this work. All conformers of stationary
points have been used in calculations of partition functions
including multi-structural torsional anharmonicity (we used MS-T
conformational-rotational-vibrational partition functions). The
thermochemical properties (entropy, heat capacity, relative
enthalpy, and relative Gibbs free energies) at a standard state
of the reactant 1-butoxyl, the product 4-hydroxy-1-butyl, and
their transition state as a 1 bar ideal gas have been calculated
using the total MS-T partition functions, and have been compared
to those obtained by Benson’s group additivity method and
by the G4 method that only considers a single structure.

Table 13 The parameters in the fits to JMS-CVIMT pate constants, where MT is ZCT or SCT

Forward reaction

Reverse reaction

JMS-CVT/ZCT

kMS—CVT/SCT

kMS—CVT,’ZCT kMS—CVT/SCT

Afs7! 2.033 x 107 1.514 x 107 4737 x 1077 2.672 x 1077
n 1.704 1.787 2.366 2.561
E/kcal mol ™! 5.755 5.045 8.274 7.295
To/K 104.62 157.88 88.43 124.79
RMSR 0.009 0.012 0.009 0.007
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The MS-T conformational-rotational-vibrational partition
functions have been used to obtain a multi-structural torsional
factor FMST for the final rate constants calculations. The
multidimensional zero-curvature tunneling (ZCT) and small-
curvature tunneling (SCT) have been used for calculating
transmission coefficients (k). The single-structure harmonic
(quasiharmonic) kSVT rate constants were calculated on the
potential energy surface obtained by the multi-configuration
Shepard interpolation (MCSI) method using the lowest-energy
structures of the reactant, product and transition state. Based
on FPMT 4 MT and kCVT, the final AMS-CVT/MT (MT can be
ZCT or SCT) rate constants including both multi-structural
torsional anharmonicity and multidimensional tunneling are
obtained for both forward and reverse reactions. The present
IMS-CVIMT pate constants are the high-pressure limiting values.
In the present investigations, we do not consider the pressure
dependence of rate constants, but the reader is cautioned that
pressure effects could be important because the barriers of the
isomerization reactions involving all conformers are not high.
However, our AMSCVTMT rate constants for the high-pressure
limit provide modelers with an approximate upper limit of the
rate constant at finite pressure.

The multi-structural torsional anharmonicity is found to be
very important for the accurate rate constants calculations,
especially for the reverse reaction because of the greater
number of low-energy conformers located for the product.
The reaction rate constants using the single-structural harmonic
oscillator approximation are reduced by factors of 0.17 to 0.40
for the forward reaction and by factors of 0.017-0.066 for the
reverse reaction. As a consequence there is also a very large
effect on the equilibrium constant. A much larger effect is
observed for multiple-structure anharmonicity than for torsional
anharmonicity.

The tunneling effect and MS-T anharmonicity counteract
each other at temperatures 385 K and 264 K for the forward
and reverse reactions, respectively, and tunneling dominates at
lower temperatures while MS-T anharmonicity dominates at
higher temperatures.

The final £MS-CVT/SCT rate constants considering both small-
curve tunneling and MS-T anharmonicity are believed to be
more accurate rate constants than were previously available.
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