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Multi-path variational transition state theory for chiral molecules:  
The site-dependent kinetics for abstraction of hydrogen from 2-butanol by 
hydroperoxyl radical, analysis of hydrogen bonding in the transition state, and 
dramatic temperature dependence of the activation energy† 
 
Junwei Lucas Baoa, Rubén Meana-Pañedaa and Donald G. Truhlara* 
 
Abstract: The goal of the present work is modeling the kinetics of a key reaction 
involved in the combustion of the biofuel 2-butanol. To accomplish this we extended 
multi-path variational transition state theory (MP-VTST) with the small curvature 
tunneling (SCT) approximation to include multistructural anharmonicity factors for 
molecules with chiral carbons. We use the resulting theory to predict the 
site-dependent rate constants of the hydrogen abstraction from 2-butanol by 
hydroperoxyl radical. The generalized transmission coefficients were averaged over 
the four lowest-energy reaction paths. The computed forward reaction rate constants 
indicate that hydrogen abstraction from the C-2 site has the largest contribution to the 
overall reaction from 200 K to 2400 K, with a contribution ranging from 99.9988% at 
200 K to 88.9% at 800 K to 21.2% at 3000 K, while hydrogen abstraction from the 
oxygen site makes the lowest contribution at all temperatures, ranging from 2.5x10−9% 
at 200 K to 0.65% at 800 K to 18% at 3000 K. This work highlights the importance of 
including the multiple-structure and torsional anharmonicity in the computation of the 
thermal rate constants. We also analyzed the role played by the hydrogen bond at the 
transition state, and we illustrated the risks of (a) considering only the lowest-energy 
conformations in the calculations of the rate constants or (b) ignoring the nonlinear 
temperature dependence of the activation energies. A hydrogen bond at the transition 
state can lower the enthalpy of activation, but raise the free energy of activation. We 
find an energy of activation that increases from 11 kcal/mol at 200 K to more than 36 
kcal/mol at high temperature for this radical reaction with a biofuel molecule. 
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A hydrogen bond at the transition state can lower the enthalpy of activation, but raise 
the free energy of activation.
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1. Introduction 
Fossil fuels are nonrenewable, and there is considerable effort to develop 

alternatives to petroleum-derived fuels. Bioalcohols can be produced by the biological 
fermentation of biomass such as sugars and glucose, and they constitute a very 
promising family of bio-derived substitutes for petroleum-derived fuels. Butanol is an 
important member in the bioalcohol family and is an advanced biofuel superior to 
ethanol. The combustion chemistry of the four isomers of butanol, namely n-butanol, 
2-butanol, isobutanol, and tert-butanol, has recently drawn great interest, and 
understanding the combustion chemistry of a fuel is a prerequisite for maximizing its 
utility. The hydrogen abstraction reactions from different sites of a butanol by 
hydroxyl radical (HO·), hydroperoxyl radical (HO2·), and hydrogen radical (H·) are 
very important in the combustion processes, which are the first step in all the kinetic 
mechanisms proposed, and they have received wide study in recent years. For 
example, the thermal rate constants at various temperatures of the hydrogen 
abstraction reactions of n-butanol1,2 and isobutanol3 have been calculated via 
multistructural variational transition state theory (MS-VTST),4,5,6,7 and they have 
been measured by shock tube experiments,8 laser absorption experiments,9 and the 
pulsed laser photolysis-laser induced fluorescence technique.10 However, 2-butanol, 
although having various promising physicochemical properties,11 has rarely been 
studied. Pang and coworkers12 determined the overall rate constant for hydroxyl 
radical (HO·) + 2-butanol by measuring the near-first-order hydroxyl radical decay in 
shock-heated mixtures. Yasunaga13 and coworkers studied the pyrolysis and 
oxidation of all four butanols using reflected shock waves from 1000 K to 1800 K. 
Sarathy and others14 proposed a comprehensive combustion model for the four 
butanol isomers, in which, due to the lack of available reliable calculations, the rate 
constants of hydrogen abstraction from different sites of 2-butanol by HO2· radical 
were crudely estimated using an Evans-Polanyi-type correlation15 based on the 
n-butanol + HO2· system.  

Hydroperoxyl radical (HO2·) plays a particularly important role in the ignition 
process at intermediate temperature (~800–1200 K), partly because another important 
radical, HO·, can be formed by the decomposition of H2O2, which is the product of 
the hydrogen abstraction reaction by hydroperoxyl radical. In the present study, we 
calculated the rate constants of hydrogen abstraction from different sites of 2-butanol 
by HO2· radical using the recently developed multi-path variational transition state 
theory (MP-VTST)16,17 with the small-curvature tunneling (SCT) approximation,18 
with the MP-VTST treatment being extended here to the treatment of a chiral reactant. 
Multi-structural variational transition state theory (MS-VTST) calculations, which 
have now been widely applied in previous work, have also been carried out for 
comparison. MP-VTST can be viewed as a specific case of MS-VTST; first it 
accounts for the overbarrier contribution of all the reaction paths to the total one-way 
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 4 

flux in a more accurate way, and secondly it treats the differences in the 
multi-dimensional tunneling paths and their contribution to the thermal rate constants 
more thoroughly. 

The five possible hydrogen abstraction reactions that we considered in this work 
are the abstraction of a hydrogen atom from each of the four carbon sites of 2-butanol 
or from the oxygen atom. Carbon-2 of the 2-butanol molecule is a chiral center; 
therefore 2-butanol has two enantiomers: Rectus (R) and Sinister (S), i.e. 
(R)-2-butanol and (S)-2-butanol. When 2-butanol reacts with a nonchiral species, 
which in the present study is the HO2 radical, the thermal rate constants of the R 
enantiomer and the S enantiomer are the same. Therefore the rate constants of the 
studied reactions R1–R5 can be computed based on a single enantiomer. In the 
present work, we use (S)-2-butanol to compute the rate constants. Therefore the 
reactions we consider are 

S-CH3CH(OH)CH2CH3 + HO2· → S-CH2·CH(OH)CH2CH3 + H2O2 (R1) 
S-CH3CH(OH)CH2CH3 + HO2· → CH3C·(OH)CH2CH3 + H2O2   (R2) 
S-CH3CH(OH)CH2CH3 + HO2· → S-CH3CH(OH)C(H·)CH3 + H2O2 (R3) 
S-CH3CH(OH)CH2CH3 + HO2· → S-CH3CH(OH)CH2CH2· + H2O2 (R4) 
S-CH3CH(OH)CH2CH3 + HO2· → S-CH3CH(O·)CH2CH3 + H2O2   (R5) 

 The present calculations not only yield the total rate constant, which is the sum of 
the five elementary rate constants for reactions R1–R5, but they also yield the five 
individual elementary rate constants; these site-specific quantities are seldom 
available experimentally, but they are very important for combustion mechanisms 
because each of the five products has a different further reactivity pattern after being 
produced. 
 Section 2 presents the theory, and Section 3 has computational details. Readers 
interested only in the results may skip to Section 4 , which presents results and 
discussion. To facilitate this, Section 4 reminds the reader of the definitions of all 
acronyms and mathematical symbols used in that section. Section 5 summarizes the 
main conclusions. 
 

2. Theoretical background 
Transition state theory assumes that the reaction rate is slower than the 

interconversion rate between conformers of the reactant (or, more precisely, that those 
conformers of the reactant that make a significant contribution to the transition state 
rate constant are all rapidly interconvertable on the atomic time scale of the reaction; 
if not true, it would be necessary to treat the slowly interconverting conformational 
structures as chemical isomers, i.e., as different species). Therefore it is necessary to 
distinguish species (for example a reactant species) from structures (for example, a 
conformer of a reactant), and here we clarify our terms. A species is a reactant, a 
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 5 

product, a conventional transition state, or a generalized transition state (GT). A 
transition state is a dividing surface6 that separates the reactant region from the 
product region and is transverse to a selected reaction path. A given reaction may 
have more than one reaction path and therefore more than one saddle point leading 
from reactants to products. The conventional transition state passes through these 
saddle points, and at each of them it is normal to the imaginary-frequency normal 
mode corresponding to the reaction coordinate of some particular path leading from 
reactants to products. Any other dividing surface is a generalized transition state. 

Each species can have several structures. For reactants and products, the 
structures are local minima on the potential energy surface and may be called 
conformers. For conventional transition states, the structures are saddle points with 
one imaginary frequency and they may be called transition structures. Only saddle 
points that are maxima on a minimum energy path are considered; that means that the 
fluxes through transition structures of a given transition state must be added like 
currents in parallel, not in series.17,19 (One could consider transition states in series by 
the canonical unified statistical model,20 but that is not the subject of the present 
study.) For generalized transition states, the structures are the points where the 
reaction paths pass through the dividing surface, and they may be called generalized 
transition structures.  

For bimolecular reactions, we consider that “the partition function of the 
reactants” is the product of the partition functions for the two reactants, and “the 
energy of the reactants” is the sum of their energies. The electronic energy of a 
structure including nuclear repulsion is the potential energy for nuclear motion. The 

barrier height Vf
‡

 

is the increase in potential energy from the lowest-energy 

equilibrium structure of the reactants to the lowest-energy conventional transition 
state. Adding zero point energy at these structures give the 
conventional-transition-state-theory enthalpy of activation at 0 K, which is denoted 

ΔH0
‡ . The energy of reaction ΔE

 

is the potential energy of the lowest-energy 

equilibrium structure of the products minus that of the lowest-energy equilibrium 
structure of the reactants. Adding zero point energy at these structures gives the 

enthalpy of activation at 0 K, which is denoted ΔH0 . 

We are interested in species that have (in the general case) more than one 
structure, and these structures may be called conformers. We must replace the 
rovibrational partition function that is appropriate for a species with a single structure 
by a conformational–rovibrational partition function for species that have multiple 
structures. In many cases the conformers are connected by torsions; the local maxima 
along the torsional coordinates are not barriers along reaction paths connecting 
reactants to products and so they are not treated as transition structures or generalized 

Page 5 of 42 Chemical Science

C
he

m
ic

al
S

ci
en

ce
A

cc
ep

te
d

M
an

us
cr

ip
t



 6 

transition structures in considering the kinetics; however, the heights of these barriers 
do have an effect on the conformational–rovibrational partition function when the 
barrier regions of configuration space are thermally accessible at the temperature of 
interest. The “classical barrier height” of the chemical reaction is the increase in 
potential energy from the lowest-energy equilibrium structure of the reactants to the 
lowest-energy conventional transition state. Adding zero point energy at these 
structures give the conventional-transition-state-theory enthalpy of activation at 0 K, 

which is denoted ΔH0
‡ . 

With these concepts and terminologies as background, we can proceed to discuss 
the theory. 

 

2.1. Multistructural method with torsional anharmonicity 
 

We use the multistructural method with torsional anharmonicity based on a 
coupled torsional potential21 (MS-T(C)) to calculate the conformational-rovibrational 

partition function MS-T
con-rovibQ  for each species; MS-T

con-rovibQ  is defined as 

 Qcon-rovib
MS-T = Qj

SS-T

j=1

J
∑   (1) 

where j labels a conformer, 

 Qj
SS-T =Qrot, j exp −

U j
kBT

"

#
$
$

%

&
'
'Qj
QH !f j,η

η=1

t
∏   (2) 

rot, jQ  is the conformer’s classical rotational partition function including the 

symmetry number, t is the number of torsions, and QH
jQ  is the normal-mode 

quasiharmonic oscillator vibrational partition function. We use “quasiharmonic” to 
denote the use of the harmonic oscillator formula with an effective frequency, which 
in our work is a scaled harmonic frequency (see below) with a scale factor designed to 
give a more accurate zero point energy. Therefore a quasiharmonic partition function 
is expected to be more accurate than a harmonic one. The total number of structures 
of a species is denoted as J. The local minimum of the potential energy surface is 
chosen to be the zero of energy for each conformational-rovibrational partition 
function; therefore, as shown in eq 2, each conformer is weighted by a Boltzmann 
factor, in which Uj is the relative potential energy of the local potential energy 
minimum structure j, kB is the Boltzmann’s constant, and T is the thermodynamic 

Page 6 of 42Chemical Science

C
he

m
ic

al
S

ci
en

ce
A

cc
ep

te
d

M
an

us
cr

ip
t



 7 

temperature. The factor !f j,η  accounts for the potential function anharmonicity of 

each coupled torsion η , where torsions are defined by internal coordinates (in 

particular, by dihedral angles, not by normal-mode coordinates).  
A key feature of the MS-T method is that it does not require the calculation of the 

barrier heights along the reaction paths for the interconversion of conformers; rather 
these barriers are implicitly approximated in terms of the local periodicities by using a 
Voronoi tessellation in the available torsional phase space,21,22,23 which are much 
easier to compute. This is a generalization of the relation valid for symmetric 
one-dimensional torsions by which the barrier between equivalent minima can be 
predicted approximately from the local frequency and the periodicity. Due to the 
coupling between the torsions, the number of conformational structures that one finds 
after the optimizations is less than the number of structures generated by ideal 
torsions, i.e., less than the ideal number of 3t for t threefold torsions. Therefore, the 
periodicity is not well defined, but we replace it by a local periodicity as explained 
previously.22,23 and extended to chiral reagents in Section 2.5. 

The effect of multistructural torsional anharmonicity on the partition function of 
a species X can be characterized by the following factor 

 
MS-T

MS-T con-rovib
X SS-QH

rovib,GM

(X)

(X)

Q
F

Q
=   (3) 

where SS-QH
rovib,GM(X)Q  is the single-structural quasiharmonic rovibrational partition 

function for the global minimum structure of X, which corresponds to eq 2 without 

the product of anharmonicity factors. Note that 
2

MS-T
HOF  for HO2· radical is equal to 

1 because HO2· has no torsion. 
To demonstrate the multistructural torsional anharmonic effect on the reaction 

rate, we define the following multistructural torsional anharmonicity factor 

 Fact
MS-T =

FTS
MS-T

FReactant1
MS-T FReactant2

MS-T
  (4) 

where the subscript “act” is an abbreviation for “activation”. In previous papers, this 

factor is written2 as MS-T
rxnF ; however, “activation” is a more appropriate term than 

“reaction” because the numerator refers to the transition state, not the products. 
 

2.2. MS-VTST rate constant	
  
In MS-VTST, the thermal rate constant is calculated by4 
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 8 

 MS-CVT/SCT MS-T SS-CVT/SCT
act 1k F k=   (5) 

where SS-CVT/SCT
1k  is the single-structural canonical variation theory5 (CVT) rate 

constant with the multidimensional small curvature tunneling (SCT) approximation,18 
employing the lowest-energy structure (labeled here as 1) for reactants and the 
transition state. The CVT rate constant is computed by variationally optimizing the 
location of the dividing surface in order to maximize the free energy of activation. 
The multistructural CVT rate constant is obtained by multiplying the single structural 

CVT rate constant with the multistructural torsional anharmonicity factor MS-T
actF .  

The variational transition state location needed for eqn (5) is obtained by 
maximizing the quasiclassical standard-state generalized energy of activation 

ΔGact
GT,o  as a function of the reaction coordinate s, which is defined as the distance 

from the saddle point along the minimum energy path (MEP). For a bimolecular 
reaction without treating torsional anharmonicity as a function of reaction coordinate, 
we have 

 ΔGact
GT,o = −RT ln

Qelec
‡ coQGT-SS-QH(s)Q‡-MS-T

ΦMS-QH,R Q‡-SS-QH

$

%

&
&
&

'

(

)
)
)
+VMEP(s)   (6) 

where 
 
ΦMS-QH,R is the MS-QH conformational-rovibrational-electronic partition 

function c of reactants per volume,  is the standard-state concentration, Qelec
‡ is 

the electronic partition function at the transition state, is the potential 

energy along the MEP that passes through the lowest-energy structure, and 

QGT-SS-QH(s)  is the quasiharmonic rotational-vibrational partition function at 

location s along that same path. 
 

2.3. MP-VTST rate constant	
  
Multi-path variational transition state theory16 (MP-VTST) generalizes the 

multistructural variational transition state theory to include not only multiple 
transition structures in parallel, but also multiple reaction paths in parallel. The 
multi-path canonical variational theory (MP-CVT) rate constant is computed as: 

 MP-CVT/SCT MS-T TST
act 1k F kγ=   (7) 

where k1
TST  stands for the conventional, single-structural transition state theory 

oc

MEP( )V s
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 9 

(TST) rate constant, where only the lowest-energy structures for the reactants and the 
transition state are used in the calculation. The averaged generalized transmission 

coefficient γ  based on using P reaction paths is defined as: 

 γ =

κ p
SCTΓ p

CVTQp
‡−SS-T

p=1

P
∑

Qp
‡−SS-T

p=1

P
∑

 (8) 

where κ p
SCT  denotes the tunneling transmission coefficient for reaction path p and is 

based on employing the multidimensional small-curvature tunneling approximation. 

The CVT recrossing transmission coefficient, Γ p
CVT , is computed as the ratio of the 

CVT rate constant kp
CVT  to the TST rate constant kp

TST ; and Qp
‡,SS-T  is the 

single-structural rovibrational partition function with torsional anharmonicity (T) at 
the saddle point of the p-th reaction path. Note that the denominator of eqn (8) is a 
special case of eqn (1) and it cancels out when we substitute eqns (1)–(5) and (8) into 
eqn (7). 

 

2.4. Anharmonicity along the reaction path in MS-VTST and MP-VTST 
In both kinds of calculations that we discussed above, namely MS–VTST and 

MP–VTST calculations, the torsional anharmonicity is calculated only for the 
reactants, the products, and the saddle points, and it is included in rate constants by 
multiplying the CVT/SCT rate constant with the activation anharmonicity factor 
MS-T
actF  at generalized transition states approximated by its value at the saddle point 

along the same reaction path. A more accurate approach, introduced21 after the 
original MS–VTST4 and MP–VTST16 methods were published, is to include not only 
the torsional anharmonicity at the saddle point but its variation along the reaction path, 
i.e., to calculate the torsional anharmonicity as a function of reaction coordinate s and 
use the results in locating the variational transition state. We might call these 
MS(full)-VTST and MP(full)-VTST. In the present article, the final reported rate 
constants are based on the results without treating the torsional anharmonicity as a 
function of reaction coordinate because we will show in section 4.6 that the 
differences in the rate constants obtained by these two approaches are negligible for 
the reactions studied here. In the rest of this section we review the detailed 
methodology for the “full” methods as background for the results presented in Section 
4.6. We need only discuss MP-VTST since MS-VTST is a special case of MP-VTST 
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 10 

with p = 1. 
In the MP-VTST method, the recrossing transmission coefficient of the reaction 

path p without treating torsional anharmonicity as a function of reaction coordinate s 
can be written as follows: 

 Γ p
CVT =

Qp
VT-SS-QH exp[−Vp

VT / k
B
T ]

Qp
‡-SS-QH exp[−V‡ / k

B
T ]

  (9) 

where 
  
Qp

VT-SS-QH  is the single-structural (SS) quasiharmonic oscillator (QH) 

rovibrational partition function of the variational transition state (VT); 
  
Qp

‡-SS-QH

represents the rovibrational partition function computed at the saddle point 

(conventional transition state), and Vp
VT  and ‡V  are the potential energies at the 

VT and at the conventional transition state, respectively.  
    In contrast, in MP(full)-VTST, we include the s dependence of the torsional 
anharmonicity, and so we obtain:24 

 Γ p
CVT =

Qp
VT-MS-T exp[−Vp

VT / k
B
T ]

Qp
‡-MS-T exp[−V‡ / k

B
T ]

  (10) 

Note that the location of the generalized transition state may differ (and usually will 
differ) from the one determined without treating torsional anharmonicity as a function 
of reaction coordinate, due to the change of the location of the maximum of the free 
energy of activation, which is now determined now by finding the maximum of  

 ΔGact
GT,o = −RT ln

Qelec
‡ co

ΦMS-T,R
QGT-MS-T(s)

$

%

&
&
&

'

(

)
)
)
+VMEP(s)   (11) 

as a function of s for each path (each path has a different reaction coordinate) where 

QGT-MS-T  is the MS-T partition functions of the generalized transition state.  

 

2.5. Special considerations due to the chirality of 2-butanol	
  
Because of the creation of a new chiral center on carbon-3 during reaction R3 

with the (S)-2-butanol reactant, the transition structure can be either (2S,3R) or 
(2S,3S), which are diastereomers. The enantiomers of these diastereomers are (2R,3S) 
and (2R,3R) respectively, which are the transition states formed from (R)-2-butanol. 
See Fig. 1 for schematic illustrations.  

The conformational-rotational-vibrational partition function of the transition state 
of R3 includes both diastereomers, (2S,3R) and (2S,3S), (where the zero of energy is 
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 11 

set at the lowest-energy structure, see eq(1)), and their corresponding enantiomers, 
(2R,3S) and (2R,3R) are not included in the calculation because they are formed from 
(R)-2-butanol (whereas we computed the reaction rates only for (S)-2-butanol). For 
the other forward reactions (i.e., R1, R2, R4 and R5), only the transition structures 
that can be generated from the S enantiomer of 2-butanol, should be included in the 
calculation of the partition function. Next we consider the computation of the local 
periodicities for all these cases.  

The local periodicity ,jM η  needs to be determined in order to compute the 

potential anharmonicity factor !f j,η  in eqn (1). When the torsions are strongly 

coupled, the Voronoi tessellation method23 is employed to assign the local 
periodicities. First we define the torsional space as a t-dimensional space described by 
the torsional coordinates; where the torsional coordinates are taken to be a set of 
dihedral angles φ1, φ2, ..., φt. The Voronoi method divides the torsional space into 
cells around a discrete set of points that correspond to structures. All structures used 
in Voronoi tessellation should be interconvertable by internal rotation, i.e. the entire 
torsional space should be accessible by internal rotation. Each geometry belongs to a 
specific cell, and each cell contains all the geometries with values of torsional angles 
that are closer to the primary structure, located at the center of the cell, than to any 
other structure. A primary structure is a conformer of a reactant, product, first-order 
saddle point (conventional transition state), or a point on the reaction path 
(generalized transition state). 

As explained in the original MS-T paper,22 the Voronoi calculation must include 
both distinguishable and indistinguishable primary structures that can be generated 
from a single structure by internal rotation of one or more torsional coordinates (that 
is, dihedral angles). If the interconversion between distinguishable structures is 
impossible by internal rotation, these structures are not in the same torsional space 
and they are considered separately via independent Voronoi calculations. It is 
important to analyze the torsional space available for each structure before applying 
the Voronoi tessellation method to obtain the local periodicities. 

We illustrate this by an example in Fig. 2. This figure shows the hydrogen 
abstraction reactions of butane, which is a nonchiral reactant, by atomic oxygen. A 
and A´ are the two enantiomeric transition structures formed during the hydrogen 
abstraction from C-2; B and B’ are obtained by rotating the torsional bonds of A and 
A´ respectively. Note that B and B’ cannot be superimposed; therefore, the effective 
periodicities of B and B’ should be computed separately, i.e. B´ should not be 
included in the Voronoi calculation for the effective periodicities of B. Generally 
speaking, the enantiomers of a molecule with a chiral carbon cannot be interconverted 
by torsions and when one computes the effective periodicities for conformers that 
belong to one specific configuration (R or S), the corresponding enantiomers should 
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 12 

not be included in the Voronoi calculation. For example, C and C’ are the two 
enantiomeric transition structures formed during the hydrogen abstraction from C-1. 
These two structures should be included in the same Voronoi calculation because they 
can be interconverted by internal rotations (D and D´, which are obtained by rotating 
the torsional bonds of C and C´ respectively, are identical).  

For a chiral species (chiral reactant, chiral transition state in the case where there 
are chiral reactants, or chiral transition state in the case where the reactants are not 
chiral), two kinds of the structures are used in the Voronoi calculations of the 
effective periodicities, namely indistinguishable primary structures and 
distinguishable primary structures. However, this does not mean we should include all 
the distinguishable primary structures in the Voronoi calculation. If the 
interconversion between some distinguishable structures and the structures we are 
considering is impossible by internal rotation, these structures are not in the torsional 
space we are considering and hence should not be included in the Voronoi calculation.  

In the present study, since we only consider the transition states and products that 
can be formed from (S)-2-butanol in the Voronoi calculations of all the species except 
for P2 (the product radical of reaction R2, which does not have a chiral carbon); the 
corresponding enantiomers are not included. For the diastereomeric transition 
structures of C-3 in the present case, i.e. (2S,3R ) and (2S,3S), we compute the 
effective periodicities of these two classes of transition structures separately via the 
Voronoi tessellation method. For all species, the enantiomers did not need to be 
included in the conformational rovibrational partition function either because they are 
different molecules or because we here consider only the structures that can be 
formed from (S)-2-butanol. A schematic summary of the relations between various 
species for reaction R3, along with an illustration, is provided in Fig S1 in the 
supporting information. 

In the present study, all the torsions except the methyl groups are assumed to be 
strongly coupled, and their effective periodicity values are assigned by the Voronoi 
method. Methyl groups are considered as nearly separable and the local periodicity 
value for internal rotation of each methyl group is 3. 
 

3. Computational details  
An exhaustive conformational search was carried out in the first step. The initial 

conformational geometries were generated by rotating selected bonds using the utility 
code ConfGen, which is included in the MSTor23,25,26 program. The geometry 
optimizations and the frequency calculations of all the reactants, products, and 
transition states for reactions R1–R5 were performed using the M08-HX27/MG3S28 
model chemistry. For C, H, and O atoms, the MG3S basis is equivalent to the 
6-311+G(2df,2p) basis set.29,30,31 An integration grid of 974 angular points per shell 
and 99 radial shells was used in all the DFT calculations. All the electronic structure 
calculations were performed using Gaussian09 program32 with the MN-GFM6.433 
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module. The conformational-rovibrational partition functions were computed with the 
MSTor program. The scale factor34 for M08-HX/MG3S electronic model chemistry is 
0.973 and was used for computing the partition functions. This scale factor was 
determined in order to reduce the average error of zero point energy calculated using 
harmonic oscillator formulas.  

Benchmark calculations were carried out in order to test and validate various 
density functionals for dynamic calculations. Various combinations of M08-HX, 
M08-SO,27 M06-2X35 density functionals with MG3S, jun-cc-pVTZ,36 
jul-cc-pVTZ,37 maug-cc-pVTZ29 and aug-cc-pVTZ38 basis sets were used to 
compute the single-point energies based on M08-HX/MG3S geometries. Single-point 
energies calculated by the explicitly correlated electronic structure method 
CCSD(T)-F12a39,40 were chosen as the benchmark values. Three different basis sets, 
namely the orbital (AO) basis, the density fitting (DF) basis41 and the resolution of 
the identity (RI) basis42, are required in F12 calculations. The basis set jun-cc-pVTZ 
was used as the orbital basis for constructing the molecular orbitals; the F12 integrals 
were evaluated using density fitting approximations with cc-pVTZ/MP2FIT basis;43 
and the cc-pVTZ/JKFIT basis42 was chosen as the RI basis for approximating the 
many-electron integrals. All CCSD(T)-F12a calculations were performed by using the 
Molpro44 program. 

The reaction paths were computed via direct dynamics and all the dynamics 
calculations were performed with the POLYRATE45 and GAUSSRATE46 programs. 
The electronic structure method, M08-HX/aug-cc-pVTZ, with the smallest mean 
unsigned error (MUE) in the validations discussed above was employed in all the 
dynamic calculations. For the dynamics calculations, all stationary-point geometries 
were re-optimized by M08-HX/aug-cc-pVTZ, and with this basis set a factor of 0.975 
was used to scale the vibrational frequencies. The generalized normal mode analyses 
were performed using non-redundant internal coordinates. The tunneling transmission 
probabilities are computed using the small-curvature tunneling approximation. In the 
direct dynamics calculations, the minimum energy paths (MEPs) in isoinertial 
coordinates were computed by using the Euler steepest-descents (ESD) method with a 
step size of 0.005 bohr and the Hessian was updated at every 9th point along the path. 
 

4. Results and discussion  

4.1. Conformational search	
  
We rotated all the torsional bonds except the methyl groups by 0, 120, and -120 

degrees to generate various initial conformational structures. In the conformational 
search step, it is unnecessary to rotate a methyl group because no new structures will 
be generated due to the quantum mechanical indistinguishability of the three 
hydrogen atoms of the methyl group. However, the torsional potential anharmonicity 
of the methyl group is included in the computation of the partition functions. In 
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general the number of structures found after the optimizations can be greater than, 
equal to, or less than 3t where t is the number of torsions; in the present study we 
found it is always is less than 3t. 

The lowest-energy structures for (S)-2-butanol, for the organic products, and for 
conventional transition states are shown in Fig 3. Nine distinguishable structures 
found for (S )-2-butanol. For products P1–P5, the numbers of distinguishable 
structures are 9, 12 (6 pairs of mirror images), 7, 9 and 3 respectively. Transition 
states TS1, TS2, TS3 (2S,3R), TS3 (2S,3S), TS4 and TS5 have 117, 35, 42, 39, 109 
and 44 structures respectively. The numbers of distinguishable structures in each 
relative potential energy range for transition states TS1–TS5 are presented in Fig 4. 
For each transition state, the zero of relative energy for the transition state structures 
is chosen as the energy of the global-minimum structure. 
 

4.2. Multistructural torsional anharmonicity factors	
  
The ratio of the final conformational-rovibrational partition function to the 

quasiharmonic rovibrational partition function is called the multistructural torsional 
anharmonicity factor or FX

MS-T. The computed multistructural torsional anharmonicity 
factors for reactants, transition states, and products are shown in Fig 5 and tabulated 
in Table S1 (tables labeled with S are in the supplementary information). Among the 
five transition states of reactions R1–R5, the transition state of reaction R4 has the 
largest multistructural torsional anharmonicity factors at 900-3000 K with a peak 
value of 116.8 at 2000 K. The multistructural torsional anharmonicity activation 
factors for forward and reverse reactions R1–R5 are depicted in Fig 6, which shows 
that they are quite substantial at high temperature. 

The FX
MS-T factor is not directly proportional number of distinguishable 

conformational structures, and it is interesting to notice that a large number of 
conformers for a species does not necessarily lead to a large value of FX

MS-T factor. 
For instance, TS1 has 117 distinguishable conformers while TS2 only has 35 
conformers, but their FX

MS-T factors are very close to each other. From Table S1, we 
see that TS1 has larger QMS-T than TS2 but smaller values of the rovibrational 
partition functions of the global minimum, which is caused by the higher values of the 
high–frequency vibrational modes. 
 

4.3. Comparison of various DFT calculations with benchmark	
  
Different basis sets were tested for various density functionals in order to choose 

the electronic structure method for dynamic calculations. The geometries of the 
lowest-energy structures calculated by the M08-HX exchange-correlation functional 
with the MG3S basis set are used in all the calculations. Reaction R3 has two classes 
of transition states, namely (2S,3R) and (2S,3S). In Table 1, the structure with the 
lowest energy, which is in the (2S,3S) class, is used to calculate the barrier height. 
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Table 1 shows the computed forward classical barrier height, reverse classical barrier 
height, and energy of reaction calculated by several different methods (additional 
methods are shown in Table S6 in supplementary information). The calculations show 
that the order of the forward barrier height for reactions R1–R5 is R5 > R1 > R3 > R4 > 
R2, and this order of barrier heights plays an important role in determining the site 
dependence of the hydrogen abstraction kinetics of 2-butanol.  

The transition state of the oxygen-site abstraction reaction (R5) is a 
multi-reference system, and all the calculations carried out here are based on 
single-reference methods. The T1 diagnostic47 value of the lowest-energy structure of 
TS5 is 0.0928, which is considerably larger than the value of 0.045 that has been 
suggested as a criterion for multi-reference character in an open-shell 
molecule.48,49,50,51,52 However, since this reaction has the largest forward barrier 
height, it has the least contribution to the total reaction rate constant. Therefore, in this 
study, we are satisfied to use single-reference methods to estimate the barrier heights 
and energy of reaction for reaction R5.  

Mean unsigned errors (MUEs) are calculated with respect to the results obtained 
by the F12a explicitly correlated CCSD(T) electronic structure theory and are shown 
in Table 1 both including and excluding the least important reaction (R5). Based on 
these comparisons, we chose the M08-HX exchange-correlation functional with the 
aug-cc-pVTZ basis set to carry out the dynamics calculations.  
 

4.4. Correlation between bond dissociation energy and barrier height	
  
One frequently sees the assumption that barrier heights in a sequence of related 

reactions vary linearly with the energy of the bond being broken (higher barriers 
being associated with stronger bonds to be broken). This is reasonable when better 
estimates are not available, but one might wonder whether it holds in the present case 
where some of the transition state structures have hydrogen bonds whose energies 
might not correlate with the energy of breaking a bond. We therefore investigated the 
correlation between the equilibrium (i.e., classical) bond dissociation energy (De) of 
the chemical bond that is being broken during the reaction (C-H bond for R1–R4, 
O-H bond for R5) and the classical barrier height for the forward reaction using the 
computational results obtained by M08-HX/aug-cc-pVTZ//M08-HX/MG3S. The 
transition structures that are used to examine the correlation relations fall into the 
following three categories: (a) the lowest-energy conformer; (b) the lowest-energy 
conformer with a hydrogen bond; and (c) the lowest-energy conformer without a 
hydrogen bond. The correlation diagrams are shown in Fig 7. The values of the 
squared correlation coefficients, R2, indicate that the bond dissociation energy and the 
forward barrier heights are indeed correlated, although none of the R2 values exceeds 
0.95. Curiously, there is a better correlation for transition states with hydrogen bonds 
than for those without them; and we have no explanation for this. 
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4.5. Averaged generalized transmission coefficients	
  
The tunneling transmission coefficients are computed using the small-curvature 

tunneling (SCT) approximation, and canonical variational theory (CVT) is applied to 
compute the recrossing transmission coefficients. The path-averaged generalized 
transmission coefficients for reaction R1–R5 are listed in Table 2 (results for 
additional temperatures are in Table S7 in supplementary information). The 
generalized transmission coefficient averaged over the first p paths, ordered by 

increasing values of the classical barrier height, is denoted as pγ . For each 

reaction, the four lowest-energy reaction paths are included in the averaged 
generalized transmission coefficients because we found that the differences between 
stopping after the third reaction path and stopping after the fourth reaction path are 
smaller than 15%, which is the convergence criterion for the multi-path variational 
transition state theory (MP-VTST) calculations in the present work. The forward and 
the reverse reactions have the same values of the averaged generalized transmission 
coefficients.  
 

4.6. Torsional anharmonicity as a function of reaction coordinate	
  
Here we examine whether it is necessary to include torsional anharmonicity as a 

function of the reaction coordinate for the reactions studied in this work. To do this, 
we compare the MS-VTST to MS(full)-VTST, where the notation (originally 
explained in section 2.4) is that MS-VTST denotes approximating the multistructural 
anharmonicity factors based on calculating them only at stationary points, and 
MS(full)-VTST denotes also calculating them along the reaction path. 

The reaction we consider for this test is reaction R2, which has the largest 
contribution to the total reaction rate constant from 200 K to 2400 K; and the 
multistructural CVT/SCT rate constants are computed based on reaction path 1 (the 
lowest–energy path). As shown in Fig. 8, the differences between the MS-CVT/SCT 
and MS(full)–CVT/SCT rate constants are negligible at all temperatures (from 200 K 
to 3000 K). This result can be understood as follows. For path 1 of reaction R2, the 
locations of the variational transition states determined by eqn (6) are -0.021 Å at 200 
K, -0.022 Å at 298 K, and -0.21 Å at 1000 K respectively; and the locations 
determined by equation (11) at these temperatures are -0.023 Å, -0.026 Å, and -0.22 
Å respectively. We can see that the locations are all close to the saddle point (which is 
defined as s = 0), and the key point is that the multistructural anharmonicity does not 
differ much at the variational transition state and at the conventional TS. For other 
reaction paths, we also found that the locations of the variational transition state are 
all close to the saddle points (see Table S9 in supporting information). Therefore, 
including the torsional anharmonicity only at the saddle point is a good 
approximation. 

Thus, for the rate constants reported in the rest of the paper, the torsional 
anharmonicity is only included at the stationary points. 
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4.7. Total rate constants 	
  
The calculated multi-path and multistructural rate constants for the forward and 

reverse reactions of R1–R5 are listed to three significant figure for many temperatures 
in Tables S2 and S3; a subset of the multi-path forward rate constants is given in 
Table 3. The reverse rate constants satisfy the principle of detailed balance, which 
requires that the reverse rate constant is equal to the ratio of the forward reaction rate 
constant to the chemical equilibrium constant of the reaction.53 The averaged relative 
differences between the multi-path and multi-structural results are 18% for the overall 
forward reaction rate constants and 17% for the overall reverse reaction rate 
constants. 

The product of the reverse reaction of R2, P2, has no chiral carbon. However, the 
H2O2 molecule can attack P2 from two different sides (top and bottom) and this leads 
to two possible products, (R)-2-butanol and (S)-2-butanol. In order to be consistent 
with the reactions we considered in this work as listed in the introduction, the reverse 
rate constants reported in Table S3 are based solely on (S)-2-butanol. If one wants to 
compute the reverse rate constants of R2, which leads to both (R)- and (S)-2-butanol, 
one should multiply the rate constant we reported here by a factor of 2.  

The MP-VTST rate constants for the forward reactions are fitted by the 
following equation54 
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where A, n, E (kcal/mol), T0 (K) are the four fitting parameters and R is the ideal gas 
constant (R=1.9872×10-3 kcal·mol-1·K-1). For the exoergic reverse reactions, a more 
physically meaningful fitting equation17,55 as follows is applied, 
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which yields a nonzero rate constant at 0 K. The fitting parameters are tabulated in 
Table 4. 
 

4.8. Effects of hydrogen bonding on thermodynamic functions and rate constants	
  
We classified the structures of reactants and transition states involved in the 

hydrogen abstraction reaction of (S)-2-butanol by HO2 radical by considering the 
presence of hydrogen bonds. For this purpose we used the criteria enunciated by Chen 
et al.56 to carried out the hydrogen bond analysis. According to these criteria, a 
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normal hydrogen bond occurs for O-H···O interactions (where O is neutral) that have 
R(H···O) less than or equal to 2.4 Å and that have the O-H-O angle θ greater than or 
equal to 150°; and a strongly bent hydrogen bond occurs when R(H···O) ≤ 2.4 Å and 
90 < θ < 150°. If all other factors were equal, structures that have hydrogen bonds 
would be lower in energy, and Fig. 9 shows that this expectation is met in the present 
cases. 

The thermal rate constant is related to the quasiclassical standard–state 

generalized free energy of activation at the variational transition state (ΔGact
CVT,o ): 

the higher ΔGact
CVT,o  is, the lower the rate constant. Because we’ve shown that the 

positions of GT are close to the saddle points in the cases studied here, the 
quasiclassical standard–state generalized free energy of activation is approximately 
the quasiclassical free energy difference between the saddle point and the reactants. 
Figure 10 shows the computed quasiclassical standard–state free energies, enthalpies 
and entropies at 800 K and 2000 K for all the transition structures of R2.  

Figure 10 shows that an H-bonded transition structure with lower energy or 
enthalpy (for instance, structure 4 in Fig. 10) is not necessarily lower in free energy 
due than non-H-bonded structures; this is because the presence of the hydrogen bond 
can also reduce the entropy. The H-bonded structure 34 is energetically lower than all 
of the non-H-bonded structures, however its free energy is even higher than most of 
the non-H-bonded conformers, and therefore it contributes significantly less than 
other structures to the thermal rate constants. Therefore, we conclude here that a 
hydrogen-bonded transition structure does not necessarily contribute significantly to 
the thermal rate constants.  

Many authors (we give only a couple of examples57,58) have emphasized how a 
hydrogen bond can stabilize transition structures, and sometimes it is assumed that the 
stronger the interaction is, the lower the barrier and the faster the reaction. However, 
the results presented here show that basing such conclusions solely based on the 
energetic effects of the hydrogen bond not the entropic effects is not reliable. We have 
shown a hydrogen bond can reduce the entropy and thereby increase the free energy 
of the transition state. Hence, a strong hydrogen bond interaction may lead to a slower 
reaction rate; reliable conclusions must be based on free energies of activation, not 
barrier heights or enthalpies of activation. 
 

4.9. Temperature–dependence of activation energy	
  
Activation energies for forward reactions R1–R5 and the overall reaction are 

computed using eqns (12) and (13) and Table 4 with the following definition of 
Arrhenius activation energy: 

 Ea = −R d ln k
d(1 /T )

  (14) 
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where Ea is the activation energy (kcal/mol), k is the rate constant at temperature T, 
and R is the gas constant. The activation energies at various temperatures for the 
forward reactions R1–R5 are plotted in Fig. 11. As we can see from Fig. 11, 
activation energy increases dramatically as the temperature rises, and the difference of 
the activation energies between 298.15 K and 3000 K is not negligible (increases in 
activation energy of 27.9, 21.1, 26.0, 26.4, 23.3, 27.0 kcal/mol for R1–R5 and the 
overall reaction, respectively). For instance, the activation energy of R1 is lower than 
R5 below 2000 K but is higher than R5 above 2000 K. Masgrau et al. have discussed 
that,59 even without considering the quantum mechanical tunneling and variational 
effects, the activation energy is not a constant due to the temperature dependence of 
the vibrational contributions from the transition structures. This is also known from 
earlier work,3,4,16,54,55,60 where the temperature dependence comes from both the 
conformational-vibrational-rotational partition function and also from tunneling. In 
our present calculations, because of the importance of quantum mechanical tunneling 
at lower temperatures, the Ea vs. 1/T curve has a noticeable change in slope at around 
400 K, which indicates that at lower temperature than this, the activation energy is 
being further decreased by tunneling.  

The temperature dependence of the activation energy is sometimes ignored in the 
empirical estimations of the rate constants,61 which is a convenient and reasonable 
choice for modeling a small range of temperatures, but this may cause significant 
errors over a wide range of temperatures, especially if one adopts the activation 
energy measured at a lower temperature to estimate the rate constant at very high 
temperatures in combustion chemistry or if one uses higher-temperature 
measurements of rate constants (where they are large enough to be measured) to 
estimate rate constants at 200–300 K for atmospheric applications.  

The formula usually used for fitting rate constants when the temperature 
dependence of the activation energy is taken into account is: 

 k = BT n exp(− E
RT
)   (15) 

where B, n and E are three fitting parameters, T is temperature and R is gas constant. 
This fitting expression leads to an activation energy linearly dependent on 
temperature: 

 Ea = E + nRT   (16) 

However, we have found that this linear dependence is not observed in all cases, even 
at high temperature.  Interestingly though, Fig. 10 shows a nearly linear behavior for 
T > 600 K, but eqn 16 is inapplicable at lower temperatures. 

Activation energies of the reactions are sometimes estimated using 
Evans-Polanyi-type correlation based on bond dissociation energies.15, 62  This 
approach not only ignores the temperature dependence of the activation energies but 
also assumes a perfect correlation between the barriers and bond dissociation energies. 
The computational accuracy is sacrificed in such an approach in order to achieve 
efficiency for estimating rate constants for a large number of elementary reactions 
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proposed63,64 in combustion modeling. 
 

4.10. Branching ratios	
  
The branching ratios for the forward reactions R1–R5 are shown in Fig 12. The 

branching ratio is calculated as the ratio of the multi-path rate constant of the given 
reaction to the overall multi-path reaction rate constant.   

Below 2400 K, the order of the contributions from reactions R1–R5 to the total 
reaction rate constant is R2 > R3 > R1 > R5 > R4; above 2400 K, the order is R3 > 
R2 > R1 > R5 > R4. The computed forward reaction rate constants indicate that 
hydrogen abstraction from the C-2 site has the largest contribution to the overall 
reaction from 200 K to 2400 K, with a contribution ranging from 99.9988% at 200 K 
to 88.9% at 800 K to 21.2% at 3000 K, while hydrogen abstraction from the 
oxygen-site makes the lowest contribution at all temperatures, ranging from 2.5x10−9% 
at 200 K to 0.65% at 800 K to 18% at 3000 K.  

We also computed the branching ratios using multistructural CVT/SCT, and the 
relative errors with respect to the multi-path CVT/SCT branching ratios have been 
listed in Table 5. The relative error can be up to ~50% at 3000 K for R1 and for R3–
R5. We conclude that if one evaluates the rate constants without taking the multi-path 
effects into consideration, one cannot predict the branching ratios with high accuracy. 
 

5. Conclusions 
In this work, we extended multi-path variational transition state theory to chiral 

reactants, and we applied it with the small-curvature tunneling approximation to 
predict the rate constants of the hydrogen abstraction by HO2 radical from the various 
sites of 2-butanol. This molecule has a chiral carbon, and hence we developed a 
strategy for computing the local periodicity (needed for the torsional anharmonicity 
calculations) by using the Voronoi tessellation method and conformational 
rovibrational partition functions that differs from the methods used for non-chiral 
molecules in previous works.  

The convergence criterion we set for the multi-path variational transition state 
theory (MP-VTST) calculations in this work is that we add reaction paths, in order of 
increasing saddle point energy, until the difference in averaged generalized 
transmission coefficients upon adding one more reaction path is less than 15%. With 
this criterion, the calculations on all the five reactions are converged with the four 
lowest-energy paths for each case. We also found that for the present reactions it is 
unnecessary to include the torsional anharmonicity as a function of reaction 
coordinate s. 

We found that the decreasing order of the forward barrier heights is R5 > R1 > 
R3 > R4 > R2. The calculations yield the site dependence of the reaction rates, which 
is difficult to obtain experimentally. The predicted forward reaction rate constants and 
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the branching ratios illustrate that the overall reaction rate constants are mainly 
contributed by the hydrogen abstraction from the C-2 site below 2400 K and by the 
hydrogen abstraction from the C-3 site above 2400 K, while the hydrogen abstraction 
from the oxygen site contributes the least.  

Hydrogen–bonded structures are very common in chemical reactions, and one 
might think that hydrogen–bonded transition structures, because of their generally 
lower energy, would accelerate the reaction rate. In the current work, we investigated 
the role played by hydrogen–bonded transition structures and concluded that a 
hydrogen-bonded transition structure does not necessarily contribute significantly to 
the thermal rate constants due to enthalpy–entropy compensation. This interesting 
result corrects a false impression that – if used in estimating rate constants for 
mechanisms – can lead to errors in rate constants; its consequences are very broad, 
extending beyond combustion chemistry to fundamental kinetics modeling in general. 

The temperature dependence of the activation energies is very dramatic, for 
example, the activation energy of reaction R4 increases from 11.4 kcal/mol at 200 K 
to 19.7 kcal/mol at 600 K to 36.1 kcal/mol at 2400 K. We also found that this 
dependence is not linear, and this reinforces recent suggestions that eqn (15) is an 
inadequate representation of the temperature dependence of rate constants. 
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Fig 1. Schematic representation of the reactions and transition structures for the 
hydrogen abstraction reaction from 2-butanol by HO2 radical.  
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Fig 2. A schematic illustration of the interconversion between enantiomers as 
illustrated by the simple case of butane reacting with oxygen atom. 
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Fig 3. Lowest-energy structures of (S )-2-butanol, products P1–P5 and transition states 
TS1–TS5. Carbon, hydrogen and oxygen atoms are represented by grey, white, and 
red balls respectively.  
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Fig 4. Number of distinguishable structures in each relative potential energy range for 
transition states TS1–TS5.  
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Fig 5. Multistructural torsional anharmonicity factors MS-T
XF  for: (top) (S )-2-butanol, 

products P1–P5; (bottom) transition states TS1–TS5. 
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Fig 6. Multistructural torsional anharmonicity factors MS-T
actF  for: (top) Forward 

reactions R1–R5; (bottom) Reverse reactions R1–R5. 
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Fig 7. Correlation diagrams between classical bond dissociation energy (De) and 

classical forward barrier heights (Vf
‡ ). Forward barrier heights are computed based on: 

(a) the lowest-energy transition structures; (b) the lowest-energy transition structures 
with a hydrogen bond; (c) the lowest-energy transition structures without a hydrogen 
bond.  
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Fig 8. MS-CVT/SCT (denoted as “w/oTorsion” in the figure) and MS(full)–
CVT/SCT (denoted as “with Torsion” in the figure) rate constant of reaction R2, 
path1 computed with / without treating torsional anharmonicity as a function of 
reaction coordinate s at various temperatures. 
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Fig 9. Relative potential energy (in kcal/mol) of all the optimized structures for 
(S)-2-butanol and of transition structures of the hydrogen abstraction reactions R1–R5. 
Green triangles correspond to structures that do not have hydrogen bond; blue squares 
are structures with a strongly bent hydrogen bond, and red circles are structures with a 
normal hydrogen bond, as defined in Section 4.8. 
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Fig 10. Relative energy (in kcal/mol), standard enthalpy (in kcal/mol), entropy (in cal 
K-1 mol-1) and quasiclassical free energy (in kcal/mol) for all the transition structures 
of reaction R2 at 800 and 2000 K. Red circles correspond to hydrogen–bonded 
structures. 
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Fig 11. Activation energies for the forward reactions R1–R5 and the overall reaction. 
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Fig 12. Branching ratios of forward reactions R1–R5 at various temperatures. 
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Table 1. Forward and reverse classical barrier heights and classical energies of reaction (kcal/mol) for R1–R5a 
   

 

aFor consistent comparisons, the same set of geometries (those obtained by M08-HX/MG3S) is used throughout this table. The lowest-energy structures for 
reactants, conventional transition states, and products are employed. Mean unsigned errors (MUEs) are calculated with respect to the 
CCSD(T)-F12a/jun-cc-pVTZ method. Barrier heights and energies of reaction are classical, i.e., zero-point-energy exclusive. 
 
  

Electronic model chemistry 
//M08-HX/MG3S 

Forward barrier height Vf
‡  Reverse barrier height Vr

‡  Energy of reaction ΔE 
(kcal/mol) 

MUE MUE 
(w/o 
R5) R1 R2 R3 R4 R5 R1 R2 R3 R4 R5 R1 R2 R3 R4 R5 

M08-HX/aug-cc-pVTZ 20.89  12.09  17.66  17.61  22.07  4.46  4.64  4.37  2.83  2.23  16.44  7.45  13.28  14.78  19.84  0.22  0.21  
M08-SO/aug-cc-pVTZ 21.92  13.10  18.56  18.39  21.94  5.06  5.19  5.35  3.00  1.41  16.86  7.90  13.20  15.39  20.52  0.66  0.70  
M06-2X/aug-cc-pVTZ 19.02  10.61  15.87  15.71  19.83  3.11  3.36  3.20  1.40  0.43  15.90  7.25  12.67  14.31  19.40  1.14  1.11  
M08-HX/maug-cc-pVTZ 21.06  12.34  17.84  17.94  22.29  4.61  4.81  4.50  3.09  2.38  16.45  7.52  13.34  14.85  19.90  0.29  0.26  
M08-HX/MG3S 20.63  11.61  17.18  17.31  21.68  3.89  3.94  3.55  2.08  1.64  16.74  7.67  13.62  15.23  20.03  0.50  0.58  
CCSD(T)-F12a/jun-cc-pVTZ 20.32 12.38 17.57 17.47  21.72  4.52 4.76 4.43 2.91  1.90  15.80  7.62  13.14  14.56  19.82  0.00  0.00  
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Table 2. Averaged generalized transmission coefficientsa of reaction R1–R5 at various temperatures.  
T/K R1 R2 R3 R4 R5 

1
γ  

3
γ  

4
γ  

UREb 
(%) 1

γ  

3
γ  

4
γ  

URE 
(%) 1

γ  

3
γ  

4
γ  

URE 
(%) 1

γ  

3
γ  

4
γ  

URE 
(%) 1

γ  

3
γ  

4
γ  

URE 
(%) 

200 196.5 231.8 243.5 4.8 20.84 26.94 26.88 0.2 207.0 214.7 218.6 1.8 45.43 59.42 67.68 12.2 1.42 1.78 1.95 8.4 
300 17.04 18.37 18.95 3.0 3.74 4.12 4.08 1.0 17.09 17.20 17.32 0.7 7.99 9.56 10.55 9.3 1.18 1.35 1.44 5.8 
400 5.79 6.00 6.13 2.2 2.02 2.12 2.11 0.8 5.62 5.63 5.66 0.4 3.62 4.08 4.37 6.6 1.10 1.20 1.25 4.2 
600 2.33 2.35 2.38 1.5 1.27 1.32 1.31 0.9 2.19 2.21 2.23 0.6 1.80 1.91 1.98 3.6 1.04 1.08 1.10 2.4 
1000 1.36 1.35 1.37 1.2 0.73 0.90 0.87 3.3 1.23 1.27 1.29 1.1 1.16 1.17 1.18 1.5 1.01 1.01 1.02 1.5 
1500 1.13 1.11 1.13 1.4 0.54 0.69 0.66 3.6 0.98 1.04 1.06 1.8 0.96 0.95 0.95 0.9 1.00 0.98 0.99 1.3 
2400 1.03 0.98 1.01 2.4 0.42 0.54 0.53 3.3 0.79 0.89 0.92 3.3 0.80 0.79 0.78 0.6 1.00 0.96 0.97 1.4 
a Generalized transmission coefficients averaged over the first p lowest-energy path(s) are denoted as pγ .  

b the unsigned relative error (URE) is given by 4 3 4/γ γ γ−   
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Table 3. MP–CVTS/SCT rate constants (cm3·molecule-1·s-1) for forward reactions R1–R5 and overall reaction at various temperatures (K).  
T/K R1 R2 R3 R4 R5 Overall 
200 2.00×10-33 1.76×10-25 4.09×10-30 8.42×10-32 4.42×10-36 1.76×10-25 
300 1.66×10-27 2.78×10-22 2.54×10-25 9.68×10-27 5.93×10-29 2.78×10-22 
400 2.48×10-24 2.13×10-20 1.09×10-22 6.72×10-24 3.28×10-25 2.14×10-20 
600 8.21×10-21 3.44×10-18 1.06×10-19 1.47×10-20 3.25×10-21 3.57×10-18 
1000 1.72×10-17 4.68×10-16 7.99×10-17 2.36×10-17 1.19×10-17 6.01×10-16 
1500 1.62×10-15 9.25×10-15 4.34×10-15 1.79×10-15 1.32×10-15 1.83×10-14 
2400 9.07×10-14 1.45×10-13 1.49×10-13 7.57×10-14 7.87×10-14 5.40×10-13 

 
 
 
Table 4. Fitting parameters for forward and reverse reactions R1–R5a 
 Forward reactionsb Reverse reactionsc 

 ln A n T0 E ln A n T0 E 
R1 -39.1738 5.5754 104.563 11.230 -38.0230 3.8710 527.398 3.305 
R2 -36.4351 4.0045 139.974 6.581 -39.8651 3.9670 303.680 2.459 
R3 -38.0966 5.0931 117.587 9.240 -37.9467 3.7753 490.295 3.544 
R4 -38.3831 5.0739 138.408 10.766 -31.7528 1.4836 576.178 7.653 
R5 -37.3145 4.8844 91.719 13.875 -34.0876 3.3045 483.334 2.014 
Overall -38.8559 5.6479 120.623 5.3514 -34.1251 3.3873 493.788 2.101 
aRate constants are in the unit of cm3·molecule-1·s-1, the parameters T0 and E are in the unit of K, kcal/mol respectively. bForward reaction rate 
constants are fitted using eqn (12). cReverse reaction rate constants are fitted using eqn (13).  
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Table 5. Relative errors (%) of the computed MS-CVT/SCT branching ratios at various temperatures with respect to MP-CVT/SCT results. 
T/K R1 R2 R3 R4 R5 

200 3 0.00 21 -14 -41 
300 -1 0.00 7 -17 -34 
400 -0.5 -0.03 4 -13 -26 
600 29 -1 27 -19 -7 

1000 31 -6 19 22 19 
1500 22 -11 3 12 16 
2400 21 -13 -13 4 18 
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