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Abstract

The potential energy surface for hydrogen abstraction frebutanol by HD, radical has been investigated at the CCSD(T)/cc-

pVTZ//IMP2/6-311G(d,p) level of theory. The lowest energynformer was determined to be the TGt form, in line with Htieire

results, and the barrier heights and reaction energiesfaenal to follow the order< < < < OH. The lower energy of the
transition state relative to theis attributed to stabilisation of the former through hydzadonding between the OH group and the

attacking radical. Two pre- and four post-reaction hydrogended molecular complexes were found to form. Of the nusthested,

G3 performed the bestin comparison to the benchmark cowplster results, while M05-2X was the only DFT functionatéproduce

the correct order of the barrier heights.

Introduction pVTZ level of theory and using a variety of DFT methods.
There are a number of drawbacks associated with the use of
ethanol as a fuel. Its energy density is signi cantly lowtea that  Speci ¢ Objectives
of gasoline (19.6 MJ L! versus 32 MJL 1), while its miscibil- The aim of this work was to evaluate the potential energy sur-
ity with water causes it to separate from petrol blends whatew face (PES) for the abstraction of hydrogen frofhutanol by HD,
is present. Additionally, recent work suggests that theesftead  as accurately as possible, given the computational ressanail-
use of ethanol as a fuel may impact on local air quality and cor@ible, and in particular, to ascertain the relative ordeheftiarrier
sequently on human health [1]. In this context, increasiogpa  heights for abstraction from the ve possible sitesrifbutanol.
demand for biofuel as a renewable and secure energy source Tde benchmarklevel of theory used in this work was CCSDEF)/c
the transport sector has led to the search for improvechalees pPVTZ/MP2/6-311G(d,p) and it was also our purpose to test a
to bioethanol. variety of DFT and compound methods against these resalts, i
The higher alcohol, butanol, offers the advantages of migh@rder to establish which of these less computationally esjve
energy density (29.2 MJ L) and lower water solubility and re- methods might be suitable for future studies and rate cohetd:
centwork has therefore aimed at the development of ef aiesth-  culations, where high level coupled cluster calculatiores reot
ods of producing this fuel by biological means [2, 3]. Bickml feasible.
has already been tested successfully in an unmodi ed petrol
gine [4] and commercial production is underway. Computational Methodology
The emerging role of biobutanol as a fuel has prompted recent The software used was the Gaussian03 [12] program. The
modelling and experimental work on its combustion [5-7] andC version was employed where possible for inexpensiveicalc
both are the subject of our ongoing studies. In order to dmrte  lations, but the principal part ahis workwas carried out using
to the development of a detailed chemical kinetic model fier t @ high performance computer — a Bull Novascale 6320 with 32
oxidation ofn-butanol, our computational work has investigatedntel Itanium2 CPUs and 256 GB of RAM.
a number of important pathways in its combustion mechanism, Geometries were optimised at the MP2/6-311G(d,p) level and
including elimination reactions and H-abstraction@# [8]. the energies calculated at CCSD(T)/cc-pVTZ to obtain theche
The focus of the work reported here however, is the abstragiark values for this study. The two compound methods, G3 [13—
tion of H from n-butanol by HD,. The hydroperoxy radical plays 15] and CBS-QB3 [16], were also used, along with the DFT func-
a particularly important role in the low temperature cheahig-  tionals, B3LYP [17-19], M05-2X [20], BMK [21], BB1K [22,23]
netics of combustion - forming hydrogen peroxide through Hand MPW1K [24, 25].
abstraction, which subsequently decomposes in a chaiwhirm All minima were con rmed as such by the absence of imag-
reaction to produce two hydroxyl radicals [9]. inary frequencies, while all transition states structueriibited
No previous computational work could be found on this parone imaginary frequency corresponding to the reactiondieor
ticular reaction, although Galano et al. [10] studied Htetligion ~ hate. Connections from transition states to reactants eoutlipts
by QH from a series of aliphatic alcohols, includingbutanol at  Were con rmedvia IRC calculations. The results of single point
the CCSD(T)//BHandHLYP/6-311G(d,p) level of theory —tghu  €nergy calculations reported here include the MP2/6-3d 5 (
disregarding abstraction from the terminal position ongtmunds ~ zero point energy (ZPE) correction, while the results ofrojsia-
that this is a primary site and therefore unlikely to be cotitipe. ~ tion calculations include the ZPE correction at the giverelef
Aguilera et al. [11] studied the H-abstraction reactiondi@, theory.

with a series of alkanes, includimgbutane, at the CCSD(T)/cc- ] )
Results and Discussion
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Conformer E(rel) Conformer E(rel)

TGt 0.00 GG§ 3.36
TGg 1.01 GTt 4.04
TG 112 GT¢ 4.25
TTt 1.24 GT¢° 4.75
TTg 150 dGt 6.26
GG 1.72 GGy 6.71
GG%° 261 GGy 8.69

9\3

Table 1:Relative energies af-butanol conformers at CBS-QB3 &
(0OK)inkJmol *. @&

17

the relative energies of these and to then be consistentasi¢h
one was used both in calculating the energy of the reactawts aFigure 1: The TGt (top) and TGg (bottom) conformers f
in the initial guess as to the transition state structurdes Skele- butanol at CBS-QB3, dihedral angles in degrees.

ton of the molecule is composed as follows—C—C—C—0,

but the dihedral angle about the termina-C bond was not rel- Site Energy Relative Energy
evant to this conformational analysis because the symnaeigy (atom no.) Hartrees kJ mot

to the methyl group means that rotation about this bond doges n Alpha (7) 383944358 4

produce distinguishable conformers. There are theretboree Alpha (8) 383945971 0

dihedral angles to be considered, and each can exist inghs tr

(T), gauche (G) or gaucAéG®) conformation, corresponding to Beta (9) 383937530 22
approximately 180, 60 and 60 respectively. The notation Beta (10) 383940534 14
adopted was that of Ohnet al. [26], where in the case of the Gamma (11) 383941143 13
TGt conformer for example, T refers to the conformation abou Gamma (12) 383941552 12
the CG—CC bond, G refers to that of the GECO bond and the Delta (13) 383934063 31
lowercase t refers to the CEOH bond. Delta (14) 383935560 27

This implies that there are 27 possible conform8rs 8  3). Delta (15) 383933719 32
However, these consist of thirteen pairs of enantiomersthad OH 383929487 43

TTt form, which contains a plane of symmetry and is therefore
achiral. As these pairs of enantiomers are energeticaiytidal, Table 2:Relative energies of the ten transition states for hydrogen
there are in fact fourteen energetically distinct confaisref the  gbstraction frorn-butanol byHQ,; atom numbers refer to Fig. 1.
n-butanol molecule. These were optimised at the CBS-QB3 leve

and the resulting energies have an overall range of 8.7 kJ'mol

with the TGt form being lowest in energy, Table. 1.

This is in accord with the ndings of Ohnet al. [26], who there are therefore potentially ten different transititates for H-
carried out a combined experimental and computationalystfid abstraction from this conformer @fbutanol. All of these were
the conformers ofi-butanol. Interestingly, they draw attention in fact located at the CBS-QB3 level of theory and their retat
to the observed preference for the gauche conformationtabeu €nergies are shown in Table 2.

CC—CO bond and explain it in terms of the electrostatic inter-  The differences in energy between atoms at the same position
action between the hydroxyl oxygen and the hydrogen of the care relatively small and, signi cantly, do not change thesia
position. This interaction between the hydroxyl group ame t order of the transition state energies, which is as follows:

position was found to be very important in determining tHatiee < < < < OH

order of the barrier heights ihis work

As the energy range is so small, with the seven lowest enerdiwas therefore decided to proceed with the lowest eneaqstr
conformers being within 3 kJ mot of each other, and as the low- tion state in each case. These ve structures were optinas#te
est energy state will be the most populated at any temperatur MP2/6-311G(d,p) level of theory and are shown in Fig. 2.
was decided to use the lowest energy TGt form as the reactant It is interesting to observe that during the course of thé-opt
structure and as the basis for locating the transition sfatene- misation of the transition state, the OH group rotates to facili-
tries. As will become apparent however, there are actually t tate a hydrogen bonding interaction with the attackingaallias
conformers relevant to this system, as the TGg form was feand can be seen from Fig. 2. This is in keeping with the explamatio
play an important role also. The structures of these twoleweys ~ proposed by Ohnet al. [26] for the observed preference for the
in Fig. 1. gauche conformation about the €40 bond inn-butanol, ex-

cept that in this case it is an interaction between the H ofahe
Transition State Geometries:As the initial guesses for the tran- group and the attacking radical, rather than between the tbeof
sition state structures were based on the asymmetricaldm@t,f OH group and the H. This accounts for the greater and perhaps
hydrogen atoms attached to the same carbon are not ideswtidal unexpected stability of the transition state relative to the



Method Alpha Beta Gamma Delta OH

B3LYP 424 66.9 54.0 74.0 66.0
BMK 558 77.6 69.6 86.6 87.1
BB1K 61.6 827 74.8 914 95.1
MPW1K 60.5 81.3 70.8 89.5 9438
CCSD(T) 55.3 685 64.7 82.0 86.0

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

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

< < OH< <

whereas all of the other methods, agree on the followingrorde

< < < < 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 grap, a
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 byHQ,. The case should be similar to abstrac-
tion from the terminal carbon af-butane and in fact, their best
estimate of the barrier height for this reaction is 81.4 kJ mg
which compares very well with the CCSD(T)/cc-pVTZ value re-
ported inthis workof 82.0 kJ mol *.

The value they give for the barrier to abstraction from an in-
ternal carbon im-butane is 64.4 kJ mol*, which compares with
the and values reported here of 64.7 and 68.5 kJ mblre-
spectively. Both agree well with this former value, but it shbe

Figure 2: The 5 transition states at MP2/6-311G(d,p). Bonooomt_ed out_that the agfeem‘?”t in _thecz_isg may be somewhat

lengths inA. fortunogs given that this barrier helg_ht is in part detered by
interaction with the OH group, which is of course absent fthm
alkane.

This ability of the OH group to in uence reactions taking  1he purpose of these single point calculations was to estab-
place at other sites in the molecule is of great interest afed r lish the benchmark CCSD(T)/cc-pVTZ results and to compzge t
vance to the development of combustion models for example, bP€rformance of the DFT methods againstthem. A further sefie
cause it is a feature of the chemistry of alcohols that distishes ~OPtimisations was carried out however, using the two comgou
them from hydrocarbons. In addition, it is important to ntitat ~ Methods listed above, the same four DFT methods and in addi-
compared to other oxygenates, such as ethers or esterspkico fion, the M05-2X method. These optimisations were perfarme
have the unique ability to both donate and accept hydrogedgio Pecause, rstly, optimisation steps are an inherent pati@tom-

pound methods and secondly, when calculating rate coisstant
Barrier Heights: The barrier heights for these ve channels wereiS necessary to optimise various structures along theiogggath
evaluatedvia single point energy calculations at the CCSD(T)/cc-2nd one of the main aims of this work was to recommend a suit-
pVTZ level and using the DFT functionals listed above. Ressul able DFT method for this purpose. It was therefore important
are shown in Table 3. identify a DFT method capable of both accurate optimisagind

For all ve sites, the B3LYP/6-311++G(3df,3pd) values are€nergy calculation. The M05-2X functional was added to tte |
the lowest, in keeping with the known tendency for B3LYP toof methods tested because it had been highly recommended for
underestimate barrier heights [16,27]. In the most extrease — the calculation of barrier heights in particular in a receview

abstraction from the OH — B3LYP underestimates the barjer bby Zhao and Truhlar [27]. Results of all optimisations aresu
marised in Table 4.



Method Alpha Beta Gamma Delta OH Method Alpha Beta Gamma Delta OH
B3LYP 39.7 622 535 709 549 B3LYP 350 56.0 455 641 705

BMK 52.8 73.8 67.8 835 75.7 BMK 40.6 66.1 54,5 70.7 747
MPW1K 585 769 704 86.1 84.2 BB1K 442 68.0 556 738 775
BB1K 60.7 80.6 74.9 91.1 835 MPW1K 41.9 62.7 50.7 68.1 745
MO05-2X 456 60.1 56.3 716 73.3 CCSD(T) 36.1 587 514 615 732
G3 528 646 613 78.7 88.7 G3 349 56.6 46.3 59.6 77.1

CBS-QB3 430 577 535 703 863 CBS-QB3 311 519 422 572 729

Table 4:Results of geometry optimisations: barrier height (0 K)Table 5: Single point calculations of reaction energy (0 K) / kJ

/ k3 mol ! including ZPE. 6-311++G(3df,3pd) basis set used fomol * including MP2/6-311G(d,p) ZPE correction and optimisa-

DFT calculations. tions at G3 and CBS-QB3. cc-pVTZ basis set for coupled ctuste
calculation and 6-311++G(3df,3pd) 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//laP2 The reaction energy at 0 K was calculated as the energy of the
311G(d,p) and it was also for this reason that the M05-2X fungoroducts minus that of reactants, including the MP2/6-30116)
tional was tested. It was found to predict the correct ordeenv ZPE for single point calculations and the inherent ZPE anrre
the relatively large basis set, 6-311++G(3df,3pd), wagiuse tion for the compound methods, Table 5. All ve reactions are
must be noted that the absolute values do not compare wéll wiendothermic and the reaction energies, Table 5, follow #mees
the CCSD(T)/cc-pVTZ/IMP2/6-311G(d,p) ones, deviatingaer  order as the barrier heights, in accordance with the BediFisvy
erage by 10 kJ mot*. In quantitative terms therefore, M05-2X Polanyi principle.
is not capable of reproducing the most accurate resultsneata As mentioned above, the presence of the hydroxyl group in
However, it is the only DFT functional tested that succelysfu alcohols introduces a new dimension to their chemistry,cas-c
predicts the correct qualitative order and this is of sigance in  pared to hydrocarbons, as it allows for the formation of logen
ultimately evaluating the relative importance of the veazimels. bonds. In the reaction af-butanol with theHQ, radical, which

Of the two compound methods used, and in fact overall, it iglso contains a polar HO bond capable of such electrostatic
the G3 method that performs the best, deviating at most biB.9 interaction, the formation of hydrogen bonded complexesh b
mol ' inthe case from the benchmark value and predicting théetween combining reactants and separating productsglgyhi
correct order. It is far less computationally demandingittiee  likely. Six such complexes were located in this study.
CCSD(T)/cc-pVTZ method — typically requiring 1-2 days per
transition state, as compared to 1 month — and could be eliabMolecular Complexes: Two pre-reaction complexes were found
used for studying systems such as this in the future. to form betweem-butanol +HQ;, Fig. 3. Abstraction from the

carbon does not proce@th a complex, which is to be expected

Reaction Energies: The reactants are tH8Q, radical, the TGt given the distance of the reaction site from the hydroxylugro
and the TGg form of-butanol. The products até; O, and the Both the and transition states are preceded by a molecular
ve possible radicals formed through hydrogen abstraction complex, FRC1 (forward reaction complex #1), formed thioug

Both experimental and calculated geometries are repaoted fthe donation of a H-bond by tHéQ, radical to the OH group of
HQ> andH» O in the Computational Chemistry Comparison ancthe alcohol. It is interesting to note that this stabilisednplex
Benchmark Database of NIST [28]. Experimental resultslier t places the hydroperoxy radical in the appropriate posfiomb-
hydroperoxy radical indicate ©0O and O—H bond lengths of straction of the and hydrogens on one side of the molecule in
1.331 and 0.97A respectively, [29], which compare with the val- preference to the other side.
ues of 1.310 and 0.96A reported inthis work The bond an- A second molecular complex, FRC2, is formed prior to ab-
gle was found to be 104.2%xperimentally, which agrees very straction from the and OH sites, but it is the OH group that
well with the value calculated here of 104.8¥nd overall the two serves as the H-bond donor in this case. For abstractioneof th
geometries are in very good agreement. The calculated MP2/@lcoholic hydrogen, it is natural that the H-bond shouldrfdre-
311G(d,p) geometries contained in this database are a@mti  tween it and the O of thElQy, but in the case also, it is evident

those reported ithis work as expected. that this complex holds the attacking radical in the optinposi-
Experimental results for hydrogen peroxide indicate-O  tion for abstraction from this site.
and O—H bond lengths of 1.475 and 0.980respectively, with a Galanoet al. [10] report the existence of one pre-reaction

H—O-0 bond angle of 94.930]. These gures compare with the complex for then-butanol +QH system. The abstracting radi-
values of 1.446, 0.962 and 99.28 calculatedhiis work which  cal in this latter case is smaller than tH&, radical of interest
agree with those reported in the NIST database at the MP2/a this workand therefore can be considered to have less reach in
311G(d,p) level of theory. The agreement is not as good as terms of H-bonding to the OH group while being well-positoin

the case of thédQ, radical, but is reasonable nonetheless. Ndor abstraction along the length of the molecule. In thissgeit is
experimental results are reported febutanol, but the calculated to be expected that fewer complexes would exist.
MP2/6-311G(d,p) geometry given is for the TGt conformer and However, this pre-reaction complex is formed via donatibn o
corresponds exactly to the structure reported herein. a H-bond from the hydroxy radical to the alcohol group and it



variously serves as H-bond donor and acceptor.
The entire potential energy surface for the reactiombéitanol
with HQy is shown in Fig. 4.

Conclusions

The order of the barrier heights and reaction energies for th
endothermic H-abstraction reactionsrebutanol with H2, has
beenestablishedtobe < < < OH atthe CCSD(T)/cc-
pVTZ/MP2/6-311G(d,p) level of theory. Of the methods teste
G3 performs the best compared to the benchmark couplecclust
results and would be suitable for future studies of simyatems.
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 groérg
the transition state relative to theis also attributed to hydrogen
bonding between the OH group and the attacking radical.
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Figure 3:Molecular complexes FRC1 (Top) and FRC2 (Bottom)Refe rences

at MP2/6-311G(d,p).

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

A comparison may be drawn between FRC1hi$ workand
their pre-reaction complex, which shows the two to be reddfi
similar, with O—H—O angles of 168.7and 170.5 respectively,
and distances of 1.Aland 1.8%\ between the H of the radical

and the O of the alcohol. Their complex also includes a Weak[6]

interaction between th@H radical and one of the hydrogens.

Whereas FRC1 links to the TGt conformemalbutanol, FRC2
links to the TGg form, and for this reason, theand OH transi-
tion states can be more correctly described as originatio f
this latter. Although the barrier to rotation was expectete ex-
tremely small, it was necessary to locate the transitiote $ta
interconversion of the rotamers in order to comprehengivelp
the potential energy surface. The barrier to conversioh@fltGt
form to the TGg was calculated at 4 kJ mblat the CCSD(T)/cc-
pVTZ level of theory, with the latter form 1 kJ mat higher in
energy.

Four post-reaction complexes were found to exist in the ex'[t_Ll]

channel. The radical does not form a H-bonded complex with

theH, O, molecule, but for the remaining four radicals such com-
plexes do form, in which hydrogen peroxide acts as eithendon

or acceptor. Galanet al. [10] do not consider abstraction from
the position on the grounds that these arehydrogens and this
route is therefore unlikely to be competitive. For the remrag
four pathways however, they locate post-reaction comgiéves
tween the different radicals and B, in which the water molecule
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