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Multi-structural variational transition state theory: kinetics of the

1,5-hydrogen shift isomerization of the 1-butoxyl radical including

all structures and torsional anharmonicityw
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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.

1. Introduction

Alkoxyl radicals as key intermediate species play important roles

in both combustion and atmospheric chemistry.1 Once formed,

the relative rates and branching ratios of their subsequent

reactions,2 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

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 experimental3

and theoretical4 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.

For example, Cassanelli et al.3d 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 O2 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 O2 reaction.

Heiss and Sahetchian3b 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,

Somnitz4e obtained consistent results with Cassanelli et 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 study4f by

two of us employed single-structure variational transition state

theory (SS-VTST)5 with the small-curvature tunneling6 (SCT)

approximation and concluded that Somnitz had underestimated

the tunneling. However the SS-VTST calculated rate constants4f

have large deviations from Cassanelli et al.’s results at low

temperature, and the same divergence is noticed in the study of

Davis and Francisco4g with a small-curvature parabolic approxi-

mation for tunneling7 and G48 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 Francisco4g also significantly overestimated tunneling

with the parabolic tunneling approximation and underestimated

tunneling with the Wigner method9 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 � 3 = 9

distinguishable structures would be generated for 1-butoxyl.

In previous theoretical studies that only considered a single

structure, Somnitz4e and Méreau et al.4b 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 us4f and Davis and Francisco4g 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�1. 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 approximation10 (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 Peeters4c 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.11 Multi-

structural canonical variational transition state theory including

a multidimensional treatment of tunneling (MS-CVT/MT)12

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-SO13 density functional combined with the MG3S14

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,15 and this combination has also been shown

to perform well for predicting transition state structures.16 The

validity of the M08-SO/MG3S method for the present reaction

was examined in a previous study,4f in which the best estimate

of the classical barrier height (obtained by the CCSD(T)/CBS

method) was 11.89 kcal mol�1, and M08-SO/MG3S was

shown to yield 12.15 kcal mol�1. Therefore, we will use

M08-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-GFM5.0,17a of Gaussian09.a0217b

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,18 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�1 for the

forward reaction and 14.82 kcal mol�1 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-known5 single-structure (SS)

D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

M
in

ne
so

ta
 -

 T
w

in
 C

iti
es

 o
n 

04
 M

ar
ch

 2
01

2
Pu

bl
is

he
d 

on
 1

6 
Ja

nu
ar

y 
20

12
 o

n 
ht

tp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
2C

P2
36

92
C

View Online

http://dx.doi.org/10.1039/c2cp23692c


4206 Phys. Chem. Chem. Phys., 2012, 14, 4204–4216 This journal is c the Owner Societies 2012

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 FMS-T. In this way the

MS-CVT/MT rate constant is expressed as

kMS-CVT/MT = FMS-T(T)kMT(T)kCVT(T) (1)

where kCVT in eqn (1) is the single-structure CVT rate constant,5a,19

which minimizes the calculated generalized transition state (GT)

rate constant (kGT) for each temperature. For a unimolecular

reaction, this is given in the harmonic oscillator (HO)

approximation by

kCVT ¼ min
s

kGTðT; sÞ

¼ 1

bh
QGT

el ðTÞQGT
rovibðT; sCVT� Þ

QR
elðTÞQR

rovibðTÞ
expð�bVMEPðsCVT� ÞÞ

ð2Þ

where b is (kBT)
�1, kB is Boltzmann’s constant, h is Planck’s

constant, s is the signed distance along the minimum energy

path (MEP), sCVT� is the value of s that minimizes the rate

constant, QGT
el and QGT

rovib are, respectively, the electronic and

rotational–vibrational partition functions of the generalized

transition state, QR
el and QR

rovib are the electronic and rotational–

vibrational partition functions of the reactant, and VMEPðsCVT� Þ is
the potential energy at s ¼ sCVT� . All symmetry numbers for

rotations are included in rotational partition functions.

The factor kMT 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,20 where ‘‘ground-

state’’ here refers to vibrational and rotational modes transverse

to the reaction coordinate. The ground-state vibrationally

adiabatic potential curve, VG
a , governs the tunneling motion,

VG
a = VMEP(s) + eG(s) (3)

where eG(s) denotes the local zero-point vibrational energy of

the bound modes transverse to the reaction coordinate at s.

Because eG 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)21 and small-curvature tunneling

(SCT).6 Therefore, MT is either ZCT or SCT.

The product of kMT and kCVT is called the SS-HO CVT/MT

rate constant (where HO denotes harmonic because in eqn (2),

QR
rovib and QGT

rovib 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) approximation22 to each

torsional mode separately andmore complicatedmethods including

mode–mode coupling in the treatment of anharmonicity, for

example, Feynman path integral methods23 and the Pitzer–Gwinn

approximation.22a,24 MS-CVT/MT includes anharmonicity by

multiplying by a multi-structural torsional factor FMS-T 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. TheMS-T method10 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

QMS-T
con-rovib ¼

XJ
j¼1

Qrot
j expð�bUjÞQHO

j Zj

Yt
t¼1

fj;t ð4Þ

where j labels the distinguishable structures of the investigated

species (reactant, product, or transition state), J is the total

number of structures, Uj denotes the potential energy of

structure j relative to the lowest-potential-energy structure in

Fig. 1 All conformers of the 1-butoxyl radical. Conformations are depicted here in the order of increasing zero-point-exclusiveM08-SO/MG3S energy.
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the relevant set, which is always numbered as j=1, withU1= 0 by

definition, Qrot
j is the classical rotational partition function of

structure j,QHO
j is the usual normal-mode local-harmonic-oscillator

vibrational partition function calculated at structure j, Zj is a

factor for guiding the MS-T scheme to the correct high-

temperature limit (within the parameters of the model), and fj,t
is a torsional anharmonicity function, based on internal coordi-

nates, that, in conjunction withZj, adjusts the harmonic partition

function of structure j in the presence of the torsional motion t.
For each species, we define the ratio of the calculated

MS-T conformational–rotational–vibrational partition function

QMS-T
con-rovib to QSS-HO

rovib,1, which is a single-structure harmonic

rotational–vibrational partition function of the lowest-potential-

energy structure 1, as the MS-T anharmonic factor FaMS-T of that

species (a is either a reactant or product or TS):

Fa
MS-T ¼

QMS-T
con-rovib;aðTÞ
QSS-HO

rovib;1;aðTÞ
ð5Þ

The multi-structural torsional factor FMS-T in eqn (1) is then

obtained as the ratio of Fa
MS-T factors of the transition state

and reactant. We therefore obtain

FMS-T ¼ FTS
MS-TðTÞ

FR
MS-TðTÞ

ð6Þ

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 Fa
MS-LH and a torsional component

Fa
T to clarify their respective contributions,

Fa
MS-T ¼ Fa

MS-LHðTÞFa
TðTÞ

¼
QMS-LH

con-rovib;aðTÞ
QSS-HO

rovib;1;aðTÞ

 !
QMS-T

con-rovib;aðTÞ
QMS-LH

con-rovib;aðTÞ

 ! ð7Þ

where QMS-LH
con-rovib,a(T) is the multiple-structure local-harmonic

partition function obtained by setting all of the Zj and fj,t
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 (Go
T),

average energy (Eo
T), enthalpy (Ho

T), entropy (So
T), and heat

capacity at constant pressure (Co
P(T)), can be calculated as

Go
T ¼ �

lnQ

b
þ kBT ð8Þ

Eo
T ¼ �

@ lnQ

@b
ð9Þ

Ho
T = Eo

T + PoV = Eo
T + RT (10)

So
T ¼ kB lnQ�

1

T

@ lnQ

@b

� �
ð11Þ

Co
PðTÞ ¼

@Ho
T

@T

� �
P

ð12Þ

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

M08-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 FaMS-T factors using all

generated conformers by the MSTor program.25 The multi-

structural torsional factor FMS-T was calculated using eqn (6).

(2) For each conformer l of the transition state (l =

1, 2,. . .,C), we calculate a ground-state energy by

VG
a,l = VTS

l +eG,TS
l (13)

where VTS
l is the potential energy relative to that of the lowest-

energy structure of the reactant, and eG,TS
l is the zero point

energy. Then we used the transition state structure with the

lowest VG
a,l and the reactant and product well structures

connected to this transition state by its MEP to construct

VMEP and VG
a curves by the multi-configuration Shepard

interpolation method MCSI26 using the MCSI program.27

(3) Based on the generated VMEP and VG
a curves in step 2,

we calculated kMT and kCVT in eqn (1) for the temperature

range 200–2400 K by using the MC-TINKERATE program.28

The global-minimum structures of the reactant and the transi-

tion state were used to calculate SS-HO partition functions in

calculation of kCVT with eqn (2).

(4) The forward rate constants kMS-CVT/MT over the

200–2400 K range were obtained using eqn (1). The corres-

ponding kMS-CVT/MT 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,26b and the other 12 non-

stationary Shepard points were added for smoothing the VG
a 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�1

below the transition state; and the other eight were located on
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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�1 below the transition state.

The Euler steepest-descents integrator (ESD) was used with a

step size of 0.0053 Å to follow the MEP, and the RODS29

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,30 and the modified parameters are given in ESI.w
In all calculations of partition functions and the VG

a curve,

the harmonic frequencies obtained from M08-SO/MG3S

electronic structure calculations were scaled by an empirical

factor of 0.98318 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 G�T+ and G+T�,

which are a pair of mirror images.

In the present investigations with the M08-SO density

functional, the all-trans 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

�178.11 and �179.31 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 (theM 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.

The energy difference between the lowest and highest of the

ten structures is very small, less than 0.69 (or 1.02) kcal mol�1

when zero-point energy is excluded (or included); hence

the conformational–rotational–vibrational partition functions

considering all ten structures (QMS-LH
con-rovib, Q

MS-T
con-rovib) are much

larger than the single-structure rotational–vibrational parti-

tion functions calculated with the lowest-energy structure

(QSS-HO
rovib,1) as shown in Table 3. The multi-structural torsional

factors FR
MS-T and their components FR

MS-LH and FR
T 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 QMS-T
con-rovib are as much as 4.98–11.46 times larger

than QSS-HO
rovib,1 over the 200–2400 K temperature range. The

FR
MS-LH factor is larger than FR

T 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

Table 1 Naming convention and labeling of structures

Naming convention Abbreviation Dihedral angle range/1

trans T 180
trans� T� (�150, �180)
anti� A� (�105, �150)

a� (�90, �105)
gauche� g� (�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�1)

Structures

Relative conformational
M08-SOc energy

Zero-point-
exclusive

Zero-point-
inclusive

1-Butoxyla

G�T+, G+T� 0.00 0.00
G�G�, G+G+ 0.17 0.54
g�G+, g+G� 0.22 0.71
T�T�, T+T+ 0.44 0.28
T�G�, T+G+ 0.69 1.02
4-Hydroxy-1-butylb

G�G+G�T+, G+G�G+T� 0.00 0.00
G�G+G+T�, G+G�G�T+ 0.41 0.30
T+G�G�T+, T�G+G+T� 0.43 0.14
G�G�G�T+, G+G+G+T� 0.77 0.43
T+G�T+ T+, T�G+T�T� 0.79 0.37
T+G�T�T�, T�G+T+T+ 0.81 0.32
G�G�T+T�, G+G+T�T+ 0.92 0.45
G�G�T+T+, G+G+T�T� 0.92 0.46
T+T�G+T�, T�T+G�T+ 0.98 0.58
G�T�G+T�, G+T+G�T+ 1.09 0.72
G�T�G�T+, G+T+G+T� 1.13 0.73
G�G+T+T�, G+G�T�T+ 1.17 0.75
G�G+T+T+, G+G�T�T� 1.20 0.72
G�T�T+T+, G+T+T�T� 1.32 0.83
T+T+T�T�, T�T�T+T+ 1.35 0.69
G+T+T+T+, G�T�T�T� 1.35 0.80
G�G�g+G+, G+G+g�G� 1.61 1.19
TTTg+, TTTg�d 1.71 1.31
T+G�g+T+, T�G+g�T� 1.92 1.57

a 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. c The basis set used for M08-SO is MG3S. d The two mirror

images are indistinguishable structures, and they will be accounted as one

structure in calculations of partition functions.D
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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�1

when zero-point-energy is excluded (or included). The lowest-

energy structures are G�G+G�T+ and G+G�G+T�, which

are 1.35 kcal mol�1 lower in energy than the all trans 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 FPMS-T given in Table 5 are as large as 30.4–119.9 over the

temperature range 200–2400 K, while FPMS-LH 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 FPT 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, andQMS-LH
con-rovib,TS are exactly

equal to QMS-T
con-rovib,TS, which is twice as large as the SS-HO

rotational–vibrational partition function for each temperature.

The calculated total partition functions QMS-T
TS and QMS-T

con-rovib,TS

of the transition state for temperature 200–2400 K and the

multi-structural torsional factors are shown in Table 6. Due

to the absence of torsion motion and only two degenerate

conformers, FTS
T is 1, and FTS

MS-LH and FTS
MS-T are equal to each

other and have a value of 2 at all temperatures.

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
radicala

T/K QMS-LH QMS-T QMS-LH
con-rovib QMS-T

con-rovib QSS-HO
rovib,1

200 1.12 � 10�68 1.32 � 10�68 6.12 � 10�76 7.21 � 10�76 1.45 � 10�76

250 1.18 � 10�51 1.46 � 10�51 3.68 � 10�59 4.55 � 10�59 7.63 � 10�60

298.15 1.67 � 10�40 2.15 � 10�40 3.36 � 10�48 4.33 � 10�48 6.35 � 10�49

300 3.83 � 10�40 4.94 � 10�40 7.58 � 10�48 9.78 � 10�48 1.43 � 10�48

400 2.07 � 10�25 2.88 � 10�25 2.00 � 10�33 2.78 � 10�33 3.32 � 10�34

600 8.15 � 10�10 1.23 � 10�09 2.85 � 10�18 4.30 � 10�18 4.15 � 10�19

800 3.15 � 10�01 4.83 � 10�01 5.36 � 10�10 8.22 � 10�10 7.30 � 10�11

1000 1.65 � 10+05 2.46 � 10+05 1.60 � 10�04 2.39 � 10�04 2.09 � 10�05

1500 1.77 � 10+14 2.32 � 10+14 6.09 � 10+04 7.98 � 10+04 7.55 � 10+03

2000 1.01 � 10+20 1.12 � 10+20 1.63 � 10+10 1.81 � 10+10 1.97 � 10+09

2400 3.07 � 10+23 2.97 � 10+23 3.03 � 10+13 2.94 � 10+13 3.61 � 10+12

a 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
4-hydroxy-1-butyl radicala

T/K QMS-LH QMS-T QMS-LH
con-rovib QMS-T

con-rovib QSS-HO
rovib,1

200 1.02 � 10�68 1.38 � 10�68 5.64 � 10�76 7.65 � 10�76 2.51 � 10�77

250 1.79 � 10�51 2.44 � 10�51 5.65 � 10�59 7.71 � 10�59 1.74 � 10�60

298.15 3.64 � 10�40 4.92 � 10�40 7.41 � 10�48 1.00 � 10�47 1.74 � 10�49

300 8.44 � 10�40 1.14 � 10�39 1.69 � 10�47 2.29 � 10�47 3.94 � 10�49

400 7.73 � 10�25 9.99 � 10�25 7.55 � 10�33 9.76 � 10�33 1.20 � 10�34

600 5.64 � 10�09 6.39 � 10�09 2.00 � 10�17 2.27 � 10�17 2.06 � 10�19

800 3.11 � 10+00 3.04 � 10+00 5.37 � 10�09 5.24 � 10�09 4.37 � 10�11

1000 2.03 � 10+06 1.71 � 10+06 2.00 � 10�03 1.69 � 10�03 1.41 � 10�05

1500 2.89 � 10+15 1.71 � 10+15 1.04 � 10+06 6.14 � 10+05 5.99 � 10+03

2000 1.84 � 10+21 7.95 � 10+20 3.21 � 10+11 1.39 � 10+11 1.67 � 10+09

2400 5.77 � 10+24 2.00 � 10+24 6.39 � 10+14 2.21 � 10+14 3.17 � 10+12

a 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+G�G+T� energy).

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

T/K

1-Butoxyl 4-Hydroxy-1-butyl

FR
MS-T FR

MS-LH FR
T FP

MS-T FP
MS-LH FP

T

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
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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 So
T, heat capacity Co

P(T), relative enthalpy

Ho
T � Ho

0, and relative Gibbs free energy Go
T � Ho

0 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) method11 are given for

1-butoxyl and 4-hydroxy-1-butyl. The heat capacities obtained

by Davis and Francisco4g 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 Co
P(T) 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

Fig. 3 Two distinguishable structures (TS1, TS2) of the transition state.

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 6 Calculated total partition functions and conformational–
rotational–vibrational partition functions with the multi-structural torsional
method and multi-structural torsional factors of the transition statea

T/K QMS-T QMS-T
con-rovib,TS FTS

MS-T FTS
MS-LH FTS

T

200 1.47 � 10�67 7.99 � 10�75 2 2 1
250 3.91 � 10�51 1.22 � 10�58 2 2 1
298.15 2.16 � 10�40 4.35 � 10�48 2 2 1
300 4.80 � 10�40 9.50 � 10�48 2 2 1
400 7.08 � 10�26 6.82 � 10�34 2 2 1
600 6.75 � 10�11 2.36 � 10�19 2 2 1
800 1.22 � 10�02 2.07 � 10�11 2 2 1
1000 3.91 � 10+03 3.82 � 10�06 2 2 1
1500 2.04 � 10+12 7.21 � 10+02 2 2 1
2000 7.44 � 10+17 1.28 � 10+08 2 2 1
2400 1.73 � 10+21 1.89 � 10+11 2 2 1

a Geometries, energies, and frequencies were calculated by the M08-SO/

MG3S method.

Table 7 Standard state (1 bar) entropy (in cal mol�1 K�1), heat
capacity (in cal mol�1 K�1), relative enthalpy (in kcal mol�1), and
relative Gibbs free energy (in kcal mol�) of ideal gas for the 1-butoxyl
radical

T/K

So
T Co

P(T)

MS-LH MS-T GAa MS-LH MS-T GAa Ref. 4gb

200 76.12 76.84 19.85 20.57 17.6
250 80.81 81.69 22.41 23.14
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
600 108.61 109.70 107.05 43.37 42.75 42.29 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
1500 160.09 159.69 161.49 67.62 65.26
2000 180.28 179.16 72.47 69.84
2400 193.70 192.08 74.63 71.88

T/K

Ho
T � Ho

0 Go
T � Ho

0

MS-LH MS-T MS-LH MS-T

200 2.91 2.99 �12.32 �12.38
250 3.96 4.08 �16.24 �16.35
298.15 5.11 5.26 �20.23 �20.39
300 5.16 5.31 �20.39 �20.54
400 8.03 8.23 �29.32 �29.58
600 15.62 15.78 �49.55 �50.04
800 25.17 25.14 �72.66 �73.34
1000 36.17 35.82 �98.37 �99.17
1500 67.84 66.44 �172.29 �173.10
2000 103.00 100.34 �257.57 �257.97
2400 132.45 128.72 �332.43 �332.28
a Using group values from ref. 11, and for entropy, adding 0.026 cal

mol�1 K�1 to convert from a standard pressure of 1 atm to a standard

pressure of 1 bar. b The data are obtained from ref. 4g, where the

single-structure method was used for G4 data set.
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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

entropies have a deviation of 2–3 cal mol�1 K�1 from the GA

entropies at some temperatures, the MS-T results may be more

reliable than the empirical GA values and the MS-LH results.

3.3. Multi-structural torsional factors and anharmonicity of

the reactions

The multi-structural torsional anharmonicity factors (FMS-T,

FMS-LH, and FT) for rate calculations of the forward or reverse

reaction are obtained using eqn (6) and are shown in Table 10.

The smaller number of structures of the transition state as

compared to the reactant and product leads to FMS-T factors

being smaller than unity for both the forward and reverse

reactions. Therefore the multi-structural torsional anharmonicity

reduces the final thermal rate constants. The FMS-T 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

FMS-T 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�1,

respectively, by the M08-SO/MG3S method before including

ZPE. The calculated barrier heights are larger than those

(12.15 kcal mol�1 for forward reaction and 15.92 kcal mol�1 for

reverse reaction by the M08-SO/MG3S method) in previous work

by two of us,4f 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 Francisco4g 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, VMEP, and the ground-state vibrationally adiabatic

potential curve, VG
a , 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

Table 8 Standard state (1 bar) entropy (in cal mol�1 K�1), heat
capacity (in cal mol�1 K�1), relative enthalpy (in kcal mol�1), and
relative Gibbs free energy (in kcal mol�1) of ideal gas for the
4-hydroxy-1-butyl radical

T/K

So
T Co

P(T)

MS-LH MS-T GAa MS-LH MS-T GAa Ref. 4gb

200 80.76 81.53 21.93 21.34 20.6
250 85.92 86.52 24.445 23.63
298.15 90.46 90.90 89.94 27.27 26.28 26.3
300 90.63 91.07 90.11 27.39 26.38 26.01 26.4
400 99.34 99.46 98.45 33.66 32.32 31.97 32.7
600 115.15 114.58 113.63 44.36 42.47 42.01 43.5
800 129.03 127.84 126.77 52.09 49.76 49.34 51.3
1000 141.30 139.54 138.83 57.81 55.15 54.77 57.1
1500 166.63 163.67 166.61 66.75 63.58
2000 186.54 182.60 71.39 67.93
2400 199.76 195.17 73.56 69.96

T/K

Ho
T � Ho

0 Go
T � Ho

0

MS-LH MS-T MS-LH MS-T

200 3.30 3.34 �12.85 �12.97
250 4.46 4.46 �17.02 �17.18
298.15 5.70 5.66 �21.27 �21.45
300 5.76 5.71 �21.45 �21.62
400 8.81 8.64 �30.95 �31.15
600 16.67 16.18 �52.44 �52.59
800 26.35 25.44 �76.89 �76.86
1000 37.37 35.95 �103.96 �103.61
1500 68.76 65.88 �181.23 �179.67
2000 103.41 98.87 �269.72 �266.39
2400 132.43 126.47 �347.05 �341.99
a Using group values from ref. 11, and for entropy, adding 0.026 cal

mol�1 K�1 to convert from a standard pressure of 1 atm to a standard

pressure of 1 bar. b 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�1 K�1), heat
capacity (in cal mol�1 K�1), relative enthalpy (in kcal mol�1), and
relative Gibbs free energy (in kcal mol�1) of ideal gas calculated by the
MS-T method for the transition state

T/K So
T Co

P(T)
a Ho

T � Ho
0 Go

T � Ho
0

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
a The values after slash are from ref. 4g, where the single-structure

method was used for G4 data set.

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

T/K

Forward reaction Reverse reaction

FMS-T FMS-LH FT FMS-T FMS-LH FT

200 0.402 0.473 0.849 0.066 0.089 0.738
250 0.336 0.415 0.809 0.045 0.061 0.733
298.15 0.293 0.378 0.776 0.035 0.047 0.739
300 0.292 0.377 0.774 0.034 0.047 0.740
400 0.239 0.332 0.720 0.025 0.032 0.774
600 0.193 0.291 0.663 0.018 0.021 0.883
800 0.178 0.272 0.652 0.017 0.016 1.023
1000 0.175 0.262 0.667 0.017 0.014 1.188
1500 0.189 0.248 0.763 0.020 0.012 1.688
2000 0.218 0.241 0.902 0.024 0.010 2.308
2400 0.246 0.238 1.033 0.029 0.010 2.890
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the zero point energy calculations) CVT rate constants kCVT and

corresponding transmission coefficient kMT (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 kZCT

values are much smaller than the kSCT ones at low temperatures

because ZCT underestimates the tunneling, and the difference

between them decreases when the temperature increases.

The large curvature tunneling (LCT) approximation31 was

not used for this reaction, because we expect that large-

curvature tunneling paths would notmake a significant contribution

for this unimolecular reaction. At T = 300 K, we get kZCT = 3.3,

and kSCT = 11.0; both of them are smaller than in the previous

work by two of us4fwhere kZCT= 5.3 and kSCT= 40.9, but larger

than the transmission coefficient corresponding to Somnitz’s

estimation4e for tunneling, which corresponds to k = 2.7. Davis

and Fransisco4g significantly overestimated tunneling (k = 120)

with the parabolic tunneling approximation for the G4 data set,

and they underestimated tunneling (k = 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 VG
a 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 work4f this rate ratio ranged from 0.83

to 0.90. Since the previous work4f 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 kCVT/MT (MT can be ZCT or SCT) rate

constants including tunneling are obtained as a product of

kCVT and kMT, and are plotted in Fig. 6 as functions of 1000/T

along with kCVT 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, FMS-T and kCVT. Fig. 7

displays the plots of the common logarithms of kSCT, FMS-T,

Table 11 Standard state enthalpy of reaction and enthalpy of activation
(kcal mol�1)

T/K

Enthalpy of reaction Enthalpy of activation

Present Ref. 4ga GAb Present Ref. 4ga

Forward reaction
0 �4.10 �3.4 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 3.4 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.

a Davis and Francisco’s single structure G4 method. b Using group

values from ref. 11.

Fig. 4 Calculated potential energy along the minimum energy path

(VMEP) and ground-state vibrationally adiabatic potential curve

(VG
a ) vs. the reaction coordinate s, where the reaction coordinate is

scaled to a reduced mass of 1 amu.

Fig. 5 Calculated common logarithm of the ZCT and SCT transmission

coefficients k vs. reciprocal temperature (times a thousand).
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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 o 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 (T4 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 kMS-CVT/MT 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 kCVT/SCT rate constants obtained by the single-

structure method in the present work and the previous

theoretical and experimental results are also given for

comparison. The kMS-CVT/SCT and kCVT/SCT forward rate

constants at several temperatures are shown in Table 12.

As shown in Fig. 8, the single-structure kCVT/SCT rate cons-

tants in the present work agree very well with experimental

results of Heiss and Sahetchian3b and Cassanelli et al.3d Due

to larger estimated tunneling contributions, the previous

single-structure CVT/SCT rate constants obtained by two

of us4f have a large deviation from the present kCVT/SCT 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 kCVT/SCT

rate constants and single-structure rate constants obtained

by Somnitz4e shows that Somnitz overestimated the rate

constants at high temperature and underestimated tunneling

at low temperature, but he had rate constants similar to

our kCVT/SCT rate constants and Cassanelli et 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

kMS-CVT/MT (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 kMS-CVT/SCT 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-CVT/ZCT rate constants are much smaller than

kMS-CVT/SCT 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 kMS-CVT/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

Fig. 6 The temperature dependence of kCVT and kCVT/MT (MT can

be ZCT or SCT) rate constants including tunneling for both forward

and reverse reactions.

Fig. 7 Common logarithms of kSCT, of FMS-T, and of their product for

the forward and reverse reactions as functions of temperature. Note that

kSCT is the same for the reverse reaction as for the forward one.

Fig. 8 The calculated kCVT/SCTand kMS-CVT/MT (MT can be ZCT or

SCT) forward rate constants compared to previous theoretical4e,f and

experimental3b,d results.

D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

M
in

ne
so

ta
 -

 T
w

in
 C

iti
es

 o
n 

04
 M

ar
ch

 2
01

2
Pu

bl
is

he
d 

on
 1

6 
Ja

nu
ar

y 
20

12
 o

n 
ht

tp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
2C

P2
36

92
C

View Online

http://dx.doi.org/10.1039/c2cp23692c


4214 Phys. Chem. Chem. Phys., 2012, 14, 4204–4216 This journal is c the Owner Societies 2012

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 kMS-CVT/MT rate constants for both forward

and reverse reactions are fitted to the modified Arrhenius

equation4f

k ¼ A
T

300

� �n

exp � EðTþ T0Þ
RðT2 þ T2

0Þ

� �
ð14Þ

which has four fitting parameters. The corresponding Arrhenius

activation energy is

Ea ¼ E
T 4 þ 2T0T

3 � T 2
0T

2

ðT 2 þ T 2
0 Þ

2
þ nRT ð15Þ

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 T0 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 usedMS-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 12 The kMS-CVT/SCT and kCVT/SCT rate constants (s�1)

T/K

kMS-CVT/SCT kCVT/SCT

Forward
reaction

Reverse
reaction

Forward
reaction

Reverse
reaction

298 5.66 � 10+04a 9.17 � 10+00 1.93 � 10+05a 2.64 � 10+02

1000 7.35 � 10+08 9.96 � 10+06 4.21 � 10+09 5.95 � 10+08

2000 1.16 � 10+10 4.95 � 10+08 5.31 � 10+10 2.05 � 10+08

a The experimental forward reaction rate constant at 298 K is 1.76 �
10+05 s�1 by Atkinson,2 2.0� 10+05 s�1 at 1 atm by Cassanelli et al.,3d

and 1.1 � 10+05 s�1 by Hein et al.3c after accounting for any pressure

fall-off under their experimental conditions (they obtained a rate

constant of (3.5�2) � 10+04 s�1 at 295 � 3 K and 50 mbar pressure).

Fig. 9 The calculated kMS-CVT/MT (MT can be ZCT or SCT) reverse

rate constants compared to the corresponding kCVT/MT rate constant.

Table 13 The parameters in the fits to kMS-CVT/MT rate constants, where MT is ZCT or SCT

Forward reaction Reverse reaction

kMS-CVT/ZCT kMS-CVT/SCT kMS-CVT/ZCT kMS-CVT/SCT

A/s�1 2.033 � 10+09 1.514 � 10+09 4.737 � 10+07 2.672 � 10+07

n 1.704 1.787 2.366 2.561
E/kcal mol�1 5.755 5.045 8.274 7.295
T0/K 104.62 157.88 88.43 124.79
RMSR 0.009 0.012 0.009 0.007

Table 14 Ea (kcal mol�1) 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
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The MS-T conformational–rotational–vibrational partition

functions have been used to obtain a multi-structural torsional

factor FMS-T 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) kCVT 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 FSM-T, kMT, and kCVT, the final kMS-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

kMS-CVT/MT rate 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 kMS-CVT/MT 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 kMS-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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