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Abstract
The potential energy surface for hydrogen abstraction fromn-butanol by H_O2 radical has been investigated at the CCSD(T)/cc-
pVTZ//MP2/6-311G(d,p) level of theory. The lowest energy conformer was determined to be the TGt form, in line with literature
results, and the barrier heights and reaction energies werefound to follow the order� < 
 < � < � < OH. The lower energy of the

 transition state relative to the� is attributed to stabilisation of the former through hydrogen bonding between the OH group and the
attacking radical. Two pre- and four post-reaction hydrogen bonded molecular complexes were found to form. Of the methods tested,
G3 performed the best in comparison to the benchmark coupledcluster results, while M05-2X was the only DFT functional toreproduce

the correct order of the barrier heights.

Introduction
There are a number of drawbacks associated with the use of

ethanol as a fuel. Its energy density is signi�cantly lower than that
of gasoline (19.6 MJ L� 1 versus� 32 MJ L� 1), while its miscibil-
ity with water causes it to separate from petrol blends when water
is present. Additionally, recent work suggests that the widespread
use of ethanol as a fuel may impact on local air quality and con-
sequently on human health [1]. In this context, increasing global
demand for biofuel as a renewable and secure energy source for
the transport sector has led to the search for improved alternatives
to bioethanol.

The higher alcohol, butanol, offers the advantages of higher
energy density (29.2 MJ L� 1) and lower water solubility and re-
cent work has therefore aimed at the development of ef�cientmeth-
ods of producing this fuel by biological means [2, 3]. Biobutanol
has already been tested successfully in an unmodi�ed petrolen-
gine [4] and commercial production is underway.

The emerging role of biobutanol as a fuel has prompted recent
modelling and experimental work on its combustion [5–7] and
both are the subject of our ongoing studies. In order to contribute
to the development of a detailed chemical kinetic model for the
oxidation ofn-butanol, our computational work has investigated
a number of important pathways in its combustion mechanism,
including elimination reactions and H-abstraction by_OH [8].

The focus of the work reported here however, is the abstrac-
tion of H from n-butanol by H_O2 . The hydroperoxy radical plays
a particularly important role in the low temperature chemical ki-
netics of combustion - forming hydrogen peroxide through H-
abstraction, which subsequently decomposes in a chain branching
reaction to produce two hydroxyl radicals [9].

No previous computational work could be found on this par-
ticular reaction, although Galano et al. [10] studied H-abstraction
by _OH from a series of aliphatic alcohols, includingn-butanol at
the CCSD(T)//BHandHLYP/6-311G(d,p) level of theory – though
disregarding abstraction from the terminal position on thegrounds
that this is a primary site and therefore unlikely to be competitive.
Aguilera et al. [11] studied the H-abstraction reactions ofH _O2

with a series of alkanes, includingn-butane, at the CCSD(T)/cc-
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pVTZ level of theory and using a variety of DFT methods.

Speci�c Objectives
The aim of this work was to evaluate the potential energy sur-

face (PES) for the abstraction of hydrogen fromn-butanol by H_O2

as accurately as possible, given the computational resources avail-
able, and in particular, to ascertain the relative order of the barrier
heights for abstraction from the �ve possible sites inn-butanol.
The benchmark level of theory used in this work was CCSD(T)/cc-
pVTZ//MP2/6-311G(d,p) and it was also our purpose to test a
variety of DFT and compound methods against these results, in
order to establish which of these less computationally expensive
methods might be suitable for future studies and rate constant cal-
culations, where high level coupled cluster calculations are not
feasible.

Computational Methodology
The software used was the Gaussian03 [12] program. The

PC version was employed where possible for inexpensive calcu-
lations, but the principal part ofthis workwas carried out using
a high performance computer — a Bull Novascale 6320 with 32
Intel Itanium2 CPUs and 256 GB of RAM.

Geometries were optimised at the MP2/6-311G(d,p) level and
the energies calculated at CCSD(T)/cc-pVTZ to obtain the bench-
mark values for this study. The two compound methods, G3 [13–
15] and CBS-QB3 [16], were also used, along with the DFT func-
tionals, B3LYP [17–19], M05-2X [20], BMK [21], BB1K [22,23]
and MPW1K [24,25].

All minima were con�rmed as such by the absence of imag-
inary frequencies, while all transition states structuresexhibited
one imaginary frequency corresponding to the reaction coordi-
nate. Connections from transition states to reactants and products
were con�rmedvia IRC calculations. The results of single point
energy calculations reported here include the MP2/6-311G(d,p)
zero point energy (ZPE) correction, while the results of optimisa-
tion calculations include the ZPE correction at the given level of
theory.

Results and Discussion

Conformational Analysis: Then-butanol molecule may exist as
a number of different conformers. It was important to determine



Conformer E(rel) Conformer E(rel)

TGt 0.00 GGg0 3.36
TGg 1.01 GTt 4.04
TGg0 1.12 GTg0 4.25
TTt 1.24 G0Tg0 4.75
TTg 1.50 G0Gt 6.26
G0G0t 1.72 G0Gg 6.71
G0G0g0 2.61 GG0g 8.69

Table 1:Relative energies ofn-butanol conformers at CBS-QB3
(0 K) in kJ mol� 1 .

the relative energies of these and to then be consistent as towhich
one was used both in calculating the energy of the reactants and
in the initial guess as to the transition state structures. The skele-
ton of the molecule is composed as follows: CC C C O,
but the dihedral angle about the terminal CC bond was not rel-
evant to this conformational analysis because the symmetrydue
to the methyl group means that rotation about this bond does not
produce distinguishable conformers. There are therefore,three
dihedral angles to be considered, and each can exist in the trans
(T), gauche (G) or gauche0 (G0) conformation, corresponding to
approximately 180� , 60� and � 60� respectively. The notation
adopted was that of Ohnoet al. [26], where in the case of the
TGt conformer for example, T refers to the conformation about
the CC CC bond, G refers to that of the CCCO bond and the
lowercase t refers to the CCOH bond.

This implies that there are 27 possible conformers (3� 3� 3).
However, these consist of thirteen pairs of enantiomers andthe
TTt form, which contains a plane of symmetry and is therefore
achiral. As these pairs of enantiomers are energetically identical,
there are in fact fourteen energetically distinct conformers of the
n-butanol molecule. These were optimised at the CBS-QB3 level
and the resulting energies have an overall range of 8.7 kJ mol� 1 ,
with the TGt form being lowest in energy, Table. 1.

This is in accord with the �ndings of Ohnoet al. [26], who
carried out a combined experimental and computational study of
the conformers ofn-butanol. Interestingly, they draw attention
to the observed preference for the gauche conformation about the
CC CO bond and explain it in terms of the electrostatic inter-
action between the hydroxyl oxygen and the hydrogen of the C


position. This interaction between the hydroxyl group and the 

position was found to be very important in determining the relative
order of the barrier heights inthis work.

As the energy range is so small, with the seven lowest energy
conformers being within 3 kJ mol� 1 of each other, and as the low-
est energy state will be the most populated at any temperature, it
was decided to use the lowest energy TGt form as the reactant
structure and as the basis for locating the transition stategeome-
tries. As will become apparent however, there are actually two
conformers relevant to this system, as the TGg form was foundto
play an important role also. The structures of these two are shown
in Fig. 1.

Transition State Geometries:As the initial guesses for the tran-
sition state structures were based on the asymmetrical TGt form,
hydrogen atoms attached to the same carbon are not identicaland

Figure 1: The TGt (top) and TGg (bottom) conformers ofn-
butanol at CBS-QB3, dihedral angles in degrees.

Site Energy Relative Energy
(atom no.) Hartrees kJ mol� 1

Alpha (7) � 383:944358 4
Alpha (8) � 383:945971 0
Beta (9) � 383:937530 22
Beta (10) � 383:940534 14
Gamma (11) � 383:941143 13
Gamma (12) � 383:941552 12
Delta (13) � 383:934063 31
Delta (14) � 383:935560 27
Delta (15) � 383:933719 32
OH � 383:929487 43

Table 2:Relative energies of the ten transition states for hydrogen
abstraction fromn-butanol byH _O2 ; atom numbers refer to Fig. 1.

there are therefore potentially ten different transition states for H-
abstraction from this conformer ofn-butanol. All of these were
in fact located at the CBS-QB3 level of theory and their relative
energies are shown in Table 2.

The differences in energy between atoms at the same position
are relatively small and, signi�cantly, do not change the overall
order of the transition state energies, which is as follows:

� < 
 < � < � < OH

It was therefore decided to proceed with the lowest energy transi-
tion state in each case. These �ve structures were optimisedat the
MP2/6-311G(d,p) level of theory and are shown in Fig. 2.

It is interesting to observe that during the course of the opti-
misation of the
 transition state, the OH group rotates to facili-
tate a hydrogen bonding interaction with the attacking radical, as
can be seen from Fig. 2. This is in keeping with the explanation
proposed by Ohnoet al. [26] for the observed preference for the
gauche conformation about the CCCO bond inn-butanol, ex-
cept that in this case it is an interaction between the H of theOH
group and the attacking radical, rather than between the O ofthe
OH group and the
 H. This accounts for the greater and perhaps
unexpected stability of the
 transition state relative to the� .
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Figure 2: The 5 transition states at MP2/6-311G(d,p). Bond
lengths in	A.

This ability of the OH group to in�uence reactions taking
place at other sites in the molecule is of great interest and rele-
vance to the development of combustion models for example, be-
cause it is a feature of the chemistry of alcohols that distinguishes
them from hydrocarbons. In addition, it is important to notethat
compared to other oxygenates, such as ethers or esters, alcohols
have the unique ability to both donate and accept hydrogen bonds.

Barrier Heights: The barrier heights for these �ve channels were
evaluatedvia single point energy calculations at the CCSD(T)/cc-
pVTZ level and using the DFT functionals listed above. Results
are shown in Table 3.

For all �ve sites, the B3LYP/6-311++G(3df,3pd) values are
the lowest, in keeping with the known tendency for B3LYP to
underestimate barrier heights [16,27]. In the most extremecase —
abstraction from the OH — B3LYP underestimates the barrier by

Method Alpha Beta Gamma Delta OH

B3LYP 42.4 66.9 54.0 74.0 66.0
BMK 55.8 77.6 69.6 86.6 87.1
BB1K 61.6 82.7 74.8 91.4 95.1
MPW1K 60.5 81.3 70.8 89.5 94.8
CCSD(T) 55.3 68.5 64.7 82.0 86.0

Table 3: Single point calculations of barrier height (0 K) / kJ
mol� 1 , based on MP2/6-311G(d,p) geometry, including MP2/6-
311G(d,p) ZPE correction. cc-pVTZ basis set for coupled cluster
calculation and 6-311++G(3df,3pd) for DFT calculations.

20 kJ mol� 1 compared with the benchmark CCSD(T)/cc-pVTZ
values. Notably however, B3LYP also predicts the wrong order as
follows:

� < 
 < OH < � < �

whereas all of the other methods, agree on the following order:

� < 
 < � < � < OH

The relative order of the� and
 barriers can be accounted for
in terms of stabilisation of the
 transition state through hydro-
gen bonding between the attacking radical and the OH group, as
observed above.

The � , 
 and� barrier heights can reasonably be likened to
1� and 2� hydrogens in alkanes and therefore compared with the
�ndings of Aguileraet al. [11], who studied hydrogen abstraction
from n-butane byH _O2 . The� case should be similar to abstrac-
tion from the terminal carbon ofn-butane and in fact, their best
estimate of the barrier height for this reaction is 81.4 kJ mol � 1 ,
which compares very well with the CCSD(T)/cc-pVTZ value re-
ported inthis workof 82.0 kJ mol� 1 .

The value they give for the barrier to abstraction from an in-
ternal carbon inn-butane is 64.4 kJ mol� 1 , which compares with
the � and
 values reported here of 64.7 and 68.5 kJ mol� 1 re-
spectively. Both agree well with this former value, but it must be
pointed out that the agreement in the
 case may be somewhat
fortuitous given that this barrier height is in part determined by
interaction with the OH group, which is of course absent fromthe
alkane.

The purpose of these single point calculations was to estab-
lish the benchmark CCSD(T)/cc-pVTZ results and to compare the
performance of the DFT methods against them. A further series of
optimisations was carried out however, using the two compound
methods listed above, the same four DFT methods and in addi-
tion, the M05-2X method. These optimisations were performed
because, �rstly, optimisation steps are an inherent part ofthe com-
pound methods and secondly, when calculating rate constants, it
is necessary to optimise various structures along the reaction path
and one of the main aims of this work was to recommend a suit-
able DFT method for this purpose. It was therefore importantto
identify a DFT method capable of both accurate optimisationand
energy calculation. The M05-2X functional was added to the list
of methods tested because it had been highly recommended for
the calculation of barrier heights in particular in a recentreview
by Zhao and Truhlar [27]. Results of all optimisations are sum-
marised in Table 4.
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Method Alpha Beta Gamma Delta OH

B3LYP 39.7 62.2 53.5 70.9 54.9
BMK 52.8 73.8 67.8 83.5 75.7
MPW1K 58.5 76.9 70.4 86.1 84.2
BB1K 60.7 80.6 74.9 91.1 83.5
M05-2X 45.6 60.1 56.3 71.6 73.3
G3 52.8 64.6 61.3 78.7 88.7
CBS-QB3 43.0 57.7 53.5 70.3 86.3

Table 4:Results of geometry optimisations: barrier height (0 K)
/ kJ mol� 1 including ZPE. 6-311++G(3df,3pd) basis set used for
DFT calculations.

The �rst four DFT methods do not predict the same order of
the barrier heights as the benchmark CCSD(T)/cc-pVTZ//MP2/6-
311G(d,p) and it was also for this reason that the M05-2X func-
tional was tested. It was found to predict the correct order when
the relatively large basis set, 6-311++G(3df,3pd), was used. It
must be noted that the absolute values do not compare well with
the CCSD(T)/cc-pVTZ//MP2/6-311G(d,p) ones, deviating onav-
erage by 10 kJ mol� 1 . In quantitative terms therefore, M05-2X
is not capable of reproducing the most accurate results obtained.
However, it is the only DFT functional tested that successfully
predicts the correct qualitative order and this is of signi�cance in
ultimately evaluating the relative importance of the �ve channels.

Of the two compound methods used, and in fact overall, it is
the G3 method that performs the best, deviating at most by 3.9kJ
mol� 1 in the� case from the benchmark value and predicting the
correct order. It is far less computationally demanding than the
CCSD(T)/cc-pVTZ method — typically requiring 1–2 days per
transition state, as compared to 1 month — and could be reliably
used for studying systems such as this in the future.

Reaction Energies:The reactants are theH _O2 radical, the TGt
and the TGg form ofn-butanol. The products areH2O2 and the
�ve possible radicals formed through hydrogen abstraction.

Both experimental and calculated geometries are reported for
H _O2 andH2O2 in the Computational Chemistry Comparison and
Benchmark Database of NIST [28]. Experimental results for the
hydroperoxy radical indicate OO and O H bond lengths of
1.331 and 0.971	A respectively, [29], which compare with the val-
ues of 1.310 and 0.969	A reported inthis work. The bond an-
gle was found to be 104.29� experimentally, which agrees very
well with the value calculated here of 104.87� and overall the two
geometries are in very good agreement. The calculated MP2/6-
311G(d,p) geometries contained in this database are identical to
those reported inthis work, as expected.

Experimental results for hydrogen peroxide indicate OO
and O H bond lengths of 1.475 and 0.950	A respectively, with a
H–O–O bond angle of 94.8� [30]. These �gures compare with the
values of 1.446, 0.962 and 99.28 calculated inthis work, which
agree with those reported in the NIST database at the MP2/6-
311G(d,p) level of theory. The agreement is not as good as in
the case of theH _O2 radical, but is reasonable nonetheless. No
experimental results are reported forn-butanol, but the calculated
MP2/6-311G(d,p) geometry given is for the TGt conformer and
corresponds exactly to the structure reported herein.

Method Alpha Beta Gamma Delta OH
B3LYP 35.0 56.0 45.5 64.1 70.5
BMK 40.6 66.1 54.5 70.7 74.7
BB1K 44.2 68.0 55.6 73.8 77.5
MPW1K 41.9 62.7 50.7 68.1 74.5
CCSD(T) 36.1 58.7 51.4 61.5 73.2
G3 34.9 56.6 46.3 59.6 77.1
CBS-QB3 31.1 51.9 42.2 57.2 72.9

Table 5: Single point calculations of reaction energy (0 K) / kJ
mol� 1 including MP2/6-311G(d,p) ZPE correction and optimisa-
tions at G3 and CBS-QB3. cc-pVTZ basis set for coupled cluster
calculation and 6-311++G(3df,3pd) for DFT calculations.

The reaction energy at 0 K was calculated as the energy of the
products minus that of reactants, including the MP2/6-311G(d,p)
ZPE for single point calculations and the inherent ZPE correc-
tion for the compound methods, Table 5. All �ve reactions are
endothermic and the reaction energies, Table 5, follow the same
order as the barrier heights, in accordance with the Bell-Evans-
Polanyi principle.

As mentioned above, the presence of the hydroxyl group in
alcohols introduces a new dimension to their chemistry, as com-
pared to hydrocarbons, as it allows for the formation of hydrogen
bonds. In the reaction ofn-butanol with theH _O2 radical, which
also contains a polar HO bond capable of such electrostatic
interaction, the formation of hydrogen bonded complexes, both
between combining reactants and separating products, is highly
likely. Six such complexes were located in this study.

Molecular Complexes:Two pre-reaction complexes were found
to form betweenn-butanol +H _O2 , Fig. 3. Abstraction from the
� carbon does not proceedvia a complex, which is to be expected
given the distance of the reaction site from the hydroxyl group.
Both the� and � transition states are preceded by a molecular
complex, FRC1 (forward reaction complex #1), formed through
the donation of a H-bond by theH _O2 radical to the OH group of
the alcohol. It is interesting to note that this stabilised complex
places the hydroperoxy radical in the appropriate positionfor ab-
straction of the� and� hydrogens on one side of the molecule in
preference to the other side.

A second molecular complex, FRC2, is formed prior to ab-
straction from the
 and OH sites, but it is the OH group that
serves as the H-bond donor in this case. For abstraction of the
alcoholic hydrogen, it is natural that the H-bond should form be-
tween it and the O of theH _O2, but in the
 case also, it is evident
that this complex holds the attacking radical in the optimumposi-
tion for abstraction from this site.

Galanoet al. [10] report the existence of one pre-reaction
complex for then-butanol + _OH system. The abstracting radi-
cal in this latter case is smaller than theH _O2 radical of interest
in this workand therefore can be considered to have less reach in
terms of H-bonding to the OH group while being well-positioned
for abstraction along the length of the molecule. In this sense, it is
to be expected that fewer complexes would exist.

However, this pre-reaction complex is formed via donation of
a H-bond from the hydroxy radical to the alcohol group and it
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Figure 3:Molecular complexes FRC1 (Top) and FRC2 (Bottom)
at MP2/6-311G(d,p).

is slightly surprising that no complex was located involving a H-
bond donated by then-butanol molecule, particularly in the case
of abstraction from the OH position, where this would appearto
be the natural structure to precede the transition state.

A comparison may be drawn between FRC1 ofthis workand
their pre-reaction complex, which shows the two to be relatively
similar, with O–H–O angles of 168.7� and 170.5� respectively,
and distances of 1.71	A and 1.85	A between the H of the radical
and the O of the alcohol. Their complex also includes a weak
interaction between the_OH radical and one of the
 hydrogens.

Whereas FRC1 links to the TGt conformer ofn-butanol, FRC2
links to the TGg form, and for this reason, the
 and OH transi-
tion states can be more correctly described as originating from
this latter. Although the barrier to rotation was expected to be ex-
tremely small, it was necessary to locate the transition state for
interconversion of the rotamers in order to comprehensively map
the potential energy surface. The barrier to conversion of the TGt
form to the TGg was calculated at 4 kJ mol� 1 at the CCSD(T)/cc-
pVTZ level of theory, with the latter form 1 kJ mol� 1 higher in
energy.

Four post-reaction complexes were found to exist in the exit
channel. The� radical does not form a H-bonded complex with
theH2O2 molecule, but for the remaining four radicals such com-
plexes do form, in which hydrogen peroxide acts as either donor
or acceptor. Galanoet al. [10] do not consider abstraction from
the� position on the grounds that these are 1� hydrogens and this
route is therefore unlikely to be competitive. For the remaining
four pathways however, they locate post-reaction complexes be-
tween the different radicals and H2O, in which the water molecule

variously serves as H-bond donor and acceptor.
The entire potential energy surface for the reaction ofn-butanol

with H _O2 is shown in Fig. 4.

Conclusions
The order of the barrier heights and reaction energies for the

endothermic H-abstraction reactions ofn-butanol with H_O2 has
been established to be� < 
 < � < � < OH at the CCSD(T)/cc-
pVTZ/MP2/6-311G(d,p) level of theory. Of the methods tested,
G3 performs the best compared to the benchmark coupled cluster
results and would be suitable for future studies of similar systems.
The M05-2X functional was the only DFT method tested to repro-
duce this trend, though only qualitatively.

A number of hydrogen bonded molecular complexes were found
to form both between reactants and products. The lower energy of
the
 transition state relative to the� is also attributed to hydrogen
bonding between the OH group and the attacking radical.
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Halter, C. Mounaim-Rousselle, Combust. Flame (2009)
doi:10.1016/j.combust�ame.2008.11.019.

[8] J. Moc, G. Black, J.M. Simmie, H.J. Curran, Int. Conf. Com-
putational Meth. Sci. Engng. (2008) Hersonissos, Greece.

[9] C.K. Westbrook, Proc. Combust. Inst. 28 (2000) 1563–1577.

[10] A. Galano, J.R. Alvarez-Idaboy, G. Bravo-Pérez, Ma. E.
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