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Abstract

A new model for the calculation of enthalpies of formation of alkanes (up to C8) is presented. An additive bond energy scheme, using the
experimental methane and diamond values for the CH and C C bond energies, respectively, is supplemented by correction for the CC
� antibonding character of the highest occupied molecular orbitals (HOMOs), effectively adjusting the CC bond energies. The effect is
calculated by the summation of products of appropriate eigenvectors from semiempirical PM3 or HF/STO-3G calculations, after orthogonal
transformation. The enthalpy of formation can then be expressed in terms of only one adjustable parameter. With HF/STO-3G eigenvectors,
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he mean discrepancy between experimental and calculated enthalpies of formation, after a one-parameter correction for 1,4 steric
s 2.2 kJ mol−1, comparable with more highly parameterized models. The results using PM3 eigenvectors are less satisfactory, p
ccount of the neglect of overlap in the semiempirical scheme.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Calculations of the enthalpies of formation of gaseous
ubstances cover a spectrum between highly parameterized
mpirical schemes and ab initio or density functional meth-
ds. Empirical schemes can be divided into two categories.
irst, there are additive group methods in which the stan-
ard enthalpy of formation�fH◦ is the sum of contributions

rom the groups that constitute the molecule; extensive tab-
lations of group values are given by Cohen and Benson[1]
nd Pedley et al.[2]. Alternatively, the experimental atom-

zation enthalpy (obtained from the experimental enthalpies
f formation of the substance and its constituent gaseous
toms) can be expressed in terms of one of several additive
ond energy schemes. The simplest group and bond energy
chemes can be shown to be equivalent, there being linear
elationships among the parameters[3]. The various bond
nergy schemes differ basically in the ways in which the
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variability of bond energies from one molecule to ano
can be accommodated. Alkanes provide the simplest te
empirical methods. For example, in the Laidler scheme[3,4]
the C H bond energyE(C H) for alkanes takes three valu
depending on whether the C atom is primary, secondary o
tiary. More recently, emphasis has been placed on vari
of E(C C), which can be related to the electronegativ
of the groups connected by the CC bond[5,6]. Another
approach has been to recognize that the highest occ
molecular orbitals (HOMOs) in alkanes are CC� antibond-
ing [7–9]; this leads in effect to variations ofE(C C) that
successfully explain the relative enthalpies of formatio
isomers. These empirical methods – group and bond e
schemes – require up to four adjustable parameters for
nes, although this can be reduced. For example, in the
bond energy scheme[10], as exploited with considerable su
cess by Skinner[11,12], for unbranched alkanes only t
adjustable parameters are needed ifE(C H)is fixed at the
methane value (415.8 kJ mol−1) andE(C C) is then obtaine
from the experimental atomization enthalpy of ethane. In
Laidler scheme,E(C C) can be fixed at the diamond va
040-6031/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.tca.2005.05.001
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(357.4 kJ mol−1), leaving three adjustableE(C H) param-
eters; other empirical methods require values ofE(C C)
that are up to 20 kJ mol−1 smaller than that found for dia-
mond. Empirical schemes are considered to be satisfactory
if they can reproduce experimental enthalpies of formation
with an average discrepancy of around 2–3 kJ mol−1, which
is comparable with the experimental uncertainties for most
small/medium organic molecules. Empirical corrections for
steric effects have to be made where appropriate. Cao and
Yuan [13] have developed a topologically based scheme,
requiring five parameters for alkanes, with a novel treatment
of steric effects, which we will mention later.

Molecular mechanics (MM) methods are competitive with
these bond energy or group schemes. For example, the MM3
force field reproduces the experimental enthalpies of forma-
tion of alkanes at least as well as other empirical methods
using two bond energy parameters plus increments for pri-
mary, secondary and tertiary carbon atoms[14].

At the other extreme ab initio Hartree-Fock (HF) and
density functional (DFT) methods have become increas-
ingly used since the 1980s when suitable programs became
generally available. The ‘raw’ enthalpies of formation thus
obtained invariably differ from experimental values by
amounts far greater than the experimental errors, even with
large basis sets and elaborate treatment of electron cor-
relation. However, rational and systematic corrections can
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In this paper, we propose that a simple bond energy
scheme for alkanes, using the methane value forE(C H)
and the diamond value forE(C C), works well for alkanes if
eigenvectors obtained from standard semiempirical and HF
methods are incorporated. One of us has suggested[7–9] that
the differences in energy among isomers in any homologous
series can be attributed to the CC � antibonding character
of the HOMOs, which in effect causes variation of the CC
bond energy. Since antibonding MOs tend to be more desta-
bilized than their bonding partners are stabilized relative to
their constituent AOs, the occupancy of antibonding MOs has
particularly important thermochemical consequences[7,24].
One way of quantifying the CC antibondingness of an MO
is by scrutiny of the products of eigenvectors of carbon 2p
orbitals on adjacent atoms.

1.1. π Antibondingness B* (π)

Consider the simple case of ethane, in its staggered confor-
mation (D3d). The HOMOs are a pair of degenerate orbitals
of eg symmetry[7]. Their antibonding character with respect
to the C C bond is apparent from the different signs of the
eigenvectorsc1 and c2 of the 2px and 2py orbitals on the
respective atoms labeled 1 and 2, i.e.:

c (2p ) = c (2p ) = −c (2p ) = −c (2p ) (1)
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mprove matters to the point that HF/DFT calculati
ay become competitive with empirical methods for sm
olecules at least[15]. For example, the enthalpies of f
ation of acyclic and cyclic alkanes having up to 12
on atoms can be reproduced with an average discre
f 1.5 kJ mol−1 by DFT/6–31G* calculations incorporatin
ve adjustable parameters in expressions for bond and g
quivalents (plus statistical mechanical corrections)[16,17].
nother approach to the conversion of HF or DFT ener

nto enthalpies of formation involves bond density functi
o correct for electron correlation effects[18]. In the mos
ecent work[19], linear regression corrections applied
he energies obtained from B3LYP/[6–311 +G(d, p)] calcu
ations reduce mean errors in the enthalpies of formatio
80 small/medium organic molecules to about 10 kJ mo−1;
ith analogous HF calculations the mean discrepancie
bout 20 kJ mol−1.

Popular semiempirical MO methods[20,21], such a
NDO, AM1 and PM3 are parameterized from a la
atabase of experimental properties, but they fare poo
alculating enthalpies of formation. For example, any
essful modeling of alkane thermochemistry must lea
igher atomization enthalpies for branched chain molec

han for their straight chain isomers, as found experim
ally, but the above semiempirical methods usually pre
he reverse. Matters can be considerably improved by
f bond and group equivalents[22], analogous to the DF
alculations referred to above[16,17]. The PM3 and MNDO
ethods can also be improved by a pairwise distance dir
aussian (PDDG) modification[23].
1 x 1 y 2 x 2 y

n Hückel theory[25], the � bond orderBab between two
onded carbon atomsa andb is given by equation(2):

ab =
∑

niaibi (2)

hereai andbi are, respectively, the carbon 2p AO coe
ients for atomsaandb in theith � MO andni is its occupation
umber (0, 1 or 2), the summation being performed over�
Os. Thus, we can say that the occupancy of theeg HOMOs

n ethane weakens the CC bond by an amount proportion
oc2, wherec= |c1| = |c2| in equation(1). More generally, w
an write equation(3):

i(�) = cijcik (3)

hereBi(�) is a measure of the contribution made to� bond-
ngness/antibondingness in the Cj Ck bond by theith filled

O, cij andcik being, respectively, the coefficients of carb
p� atomic orbitals on adjacent atomsj andk. However, in

he general case the 2p AOs whose coefficients are list
he output from an MO calculation are not usually ortho
al to the bond axis, as in ethane. The appropriate ortho

ransformation of the local axes on each carbon atom re
n both� and� bondingness/antibondingness termsB(�) and
(�). If the 2p AOs for each atom are abstract vectors in
ame vector space as the atomic coordinates of the mol
hen the dot product of the vectorsU andV of adjacent bonde
tomsi andj in a molecule is given by equation(4):

· V = B(�) − B(�) (4)
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The� and� terms can be separated as follows. If the bond
between atomsi andj is represented by an abstract vectorW,
thenB(�) is the product of the projection ofU andV along
W. We can now write equation(5):

B∗(�) = V · Wunit × U · Wunit (5)

whereWunit is a unit vector and a subspace ofW andB* (�)
represents� antibondingness, withB* (�) = −B(�). Thus,
using equations(4) and (5)the quantitiesB* (�) andB* (�)
can be determined from the MO eigenvectors.

2. Results and discussion

Geometry-optimized MO calculations were performed
using the semiempirical PM3 and ab initio STO-3G methods
in the SPARTAN© package[26]. For those alkanes whose
structural parameters have been collected by Montgomery
[27], single-point calculations were also performed after
geometry optimization using the MMFF94 force field[28];
except for 2,2,3,3-tetramethylbutane the results were not sig-
nificantly different from those where geometry optimization
was accomplished by MO calculations. The enthalpy of for-
mation�fH◦(CnH2n+2, g) can be expressed as equation(6):

�fH
◦(CnH2n+2, g)
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than with PM3. This may reflect the fact that the anti-
bonding effect is better handled with a model that does
not neglect orbital overlap, as in all NDDO based schemes
of which PM3 is a member; the ‘antibonding effect’ on
orbital energies is crucially dependent on overlap integrals
[24]. The mean discrepancy between experimental and cal-
culated (HF/STO-3G) values is 2.2 kJ mol−1; in compar-
ing this with the mean discrepancies of 1.7–3.0 kJ mol−1

obtained with variations of the four-parameter scheme[1,3]
for the same data set it must be stressed that our model
requires just one adjustable parameter, the constantk. The
worst discrepancies share some common features; for exam-
ple, 3,4-dimethylhexane and 3-ethyl-2-methylpentane both
have a CT–CT bond (two 1,4-gaucheinteractions) adjacent
to two CS–CT bonds, with one 1,4-gaucheinteraction each
(S = secondary, T = tertiary and Q = quaternary). In 2,3,4-
trimethylpentane, there are two adjacent CT CT bonds. Stan-
dard empirical treatments[1,3] invoke additional correction
terms for the 1,4 interactions across CT CQ and CQ CQ
bonds of ca. 4 and 8 kJ mol−1, respectively. Our HF/STO-3G
calculations for 2,2,3-trimethylbutane give reasonably good
agreement without any special treatment. However, there are
serious discrepancies for 2,2,3-trimethylpentane and 2,3,3-
trimethylpentane where the tertiary carbon atom is bonded
both to a quaternary and to a secondary carbon. Thus, it
appears that the simple additive approach to steric effects
i
o ds.
O pense
o 4-
t pon-
s curs
w l
t
i rror

F xperi-
m

= n[�fH
◦(C,g)] + (2n + 2)[�fH

◦(H, g)]

− (n − 1)E(C–C)− (2n + 2)E(C–H)− k
∑

B∗(�)

(6)

here the summation in the last term is performed ove
ontiguous occupied MOs having overall CC� antibonding
haracter, i.e. positive values ofB* (�). The enthalpies of fo
ation of alkanes were taken from Pedley’s compilation[29],
hile the JANAF tables[30] were consulted for�fH◦(C,
) = 716.67 kJ mol−1 and�fH◦(H, g) = 218.00 kJ mol−1. In
quation(6), we have three unknowns:E(C C), E(C H)
nd k. In the first regression analysis, fitting only exp
ental data for molecules having no 1,4-gauchesteric inter-
ctions and whose structures were geometrically restr
y the experimental values from Montgomery[27], E(C H)
as assigned the methane value of 415.87 kJ mol−1. The
F/STO-3G calculations led to anE(C C) value of
56.68 kJ mol−1, remarkably close to the diamond value
57.40 kJ mol−1, with a small regression constant (int
ept) of −0.62 kJ mol−1. Accordingly, the regression w
erformed withE(C C) constrained to the diamond va
nd with zero intercept; the constantk in equation(6) was
ound to be 60.0 and 84.0 kJ mol−1 for PM3 and HF/STO
G calculations, respectively. InTable 1, experimental an
alculated enthalpies of formation for alkanes are comp
alculated values were sterically corrected (where ap
riate) by allowing a constant 2.5 kJ mol−1 for each 1,4
aucheinteraction, as recommended by Cox and Pilc

3]. The agreement is significantly better with HF/STO-
s inadequate where a tertiary carbon atom forming a CT CT
r CT CQ bond forms additional sterically active bon
ther authors have addressed this problem at the ex
f further parameterization[11,31]. In the case of 2,2,

rimethylpentane, a 1,5 steric interaction is doubtless res
ible for the large discrepancy. Another poor result oc
ith 2,3-dimethylhexane, with a discrepancy of 4.2 kJ mo−1;

his alkane has perplexed previous authors[2,11,32]and there
s a suspicion that the quoted enthalpy of formation is in e

ig. 1. Plot of calculated enthalpies of formation of alkanes against e
ental values (kJ mol−1).
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Table 1
Experimental (exp) values of�fH◦ for alkanes compared with values calculated from Eq. (6) (PM3 or HF), with residualsδ (all in kJ mol−1)

Molecule �fH◦ exp �fH◦a PM3 �fH◦a HF δb PM3 δb HF

Methane −74.8 −74.8 −74.8 0.0 0.0
Ethane −83.8 −84.0 −83.5 0.2 −0.3
Propane −104.7 −104.7 −105.4 0.0 0.7
Butane −125.7 −125.6 −124.8 −0.1 −0.9
2-Methylpropane −134.2 −133.8 −135.4 −0.4 1.2
Pentane −146.9 −149.1 −147.7 2.2 0.8
2-Methylbutane −153.6 −153.3 −153.1 −0.3 −0.5
2,2-Dimethylpropane −168.0 −164.2 −168.5 −3.8 0.5
Hexane −166.9 −167.7 −165.7 0.8 −1.2
2-Methylpentane −174.6 −175.0 −174.3 0.4 −0.3
3-Methylpentane −171.9 −180.1 −171.6 8.2 −0.3
2,2-Dimethylbutane −185.9 −184.9 −183.9 −1.0 −2.0
2,3-Dimethylbutane −178.1 −180.6 −177.8 2.5 −0.3
Heptane −187.6 −191.3 −187.5 3.7 −0.1
2-Methylhexane −194.5 −194.6 −192.2 0.1 −2.3
3-Methylhexane −191.3 −195.4 −193.3 4.1 2.0
3-Ethylpentane −189.5 −191.9 −187.4 2.4 −2.1
2,2-Dimethylpentane −205.7 −214.2 −204.7 8.5 −1.0
2,3-Dimethylpentane −198.7 −198.7 −196.0 0.0 −2.7
2,4-Dimethylpentane −201.6 −199.2 −200.3 −2.4 −1.3
3,3-Dimethylpentane −201.0 −202.5 −198.4 1.5 −2.6
2,2,3-Trimethylbutane −204.4 −208.3 −205.1 3.9 0.7
Octane −208.5 −211.0 −207.1 2.5 −1.4
2-Methylheptane −215.3 −217.5 −214.6 2.2 −0.7
3-Methylheptane −212.5 −213.6 −210.9 1.1 −1.6
4-Methylheptane −211.9 −217.1 −214.8 5.2 2.9
3-Ethylhexane −210.7 −224.4 −209.8 13.7 −0.9
2,2-Dimethylhexane −224.5 −225.0 −222.9 0.5 −1.6
2,3-Dimethylhexane −213.8 −225.3 −218.0 11.5 4.2
2,4-Dimethylhexane −219.2 −219.9 −217.6 0.7 −1.6
2,5-Dimethylhexane −222.5 −220.8 −218.6 −1.7 −3.9
3,3-Dimethylhexane −219.9 −223.0 −221.1 3.1 1.2
3,4-Dimethylhexane −212.8 −220.3 −219.5 7.5 6.7
3-Ethyl-2-methylpentane −211.0 −221.9 −217.7 10.9 6.7
3-Ethyl-3-methylpentane −214.8 −226.1 −212.8 11.3 −2.0
2,2,3-Trimethylpentane −219.9 −231.7 −228.3 11.8 8.4
2,2,4-Trimethylpentane −223.9 −226.3 −229.4 2.4 5.5
2,3,3-Trimethylpentane −216.2 −226.5 −221.4 10.3 5.2
2,3,4-Trimethylpentane −217.2 −226.3 −223.2 9.1 6.0
2,2,3,3-Tetramethylbutane −226.0 −252.6 −231.6 26.6 5.6

a Calculated enthalpies of formation.
b δ =�fH◦ exp. –�fH◦ calc.

by some 3 kJ mol−1. Including all these anomalies, the mean
discrepancy for the HF/STO-3G calculations is 2.2 kJ mol−1;
this is comparable with the figure of 2.1 kJ mol−1 for the
same molecules with the same prescription for steric correc-
tions obtained with the ‘unified four-parameter scheme’[3],
but our method requires only the single adjustable parame-
ter k. It will be apparent from the data inTable 1that the
discrepancies between experimental and calculated values
increase rapidly with n for CnH2n+2. This is attributable to
the increasing importance of steric effects with increasing
n, and it is apparent that the simple counting of 1,4-gauche
interactions is inadequate. The results are not significantly
improved by adoption of the method of Cao and Yuan[13]
for the treatment of steric effects, even at the expense of an
additional adjustable parameter. We are presently investigat-

ing the use of MM methods to deal with steric effects. Further
statistical analyses are collected inTable 2, whileFig. 1
shows a plot of calculated and experimental enthalpies of
formation.

Table 2
Coefficient of determination (R2) and sample standard deviation (s) between
calculated and experimental enthalpies of formation for alkanes with and
without corrections for steric interactions

PM3 STO-3G

R2 0.9698 0.9840
s 9.515 6.551
R2a 0.9838 0.9942
sa 5.799 3.069

a Calculated after enthalpies were corrected for steric interactions.
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3. Conclusions

The calculation of enthalpies of formation serves sev-
eral purposes. There is a practical objective in developing
reliable and inexpensive models where good experimental
thermochemical data are lacking. Such calculations may also
give insight into the reasons underlying such observations
as the greater thermochemical stabilities of branched-chain
alkanes compared with their straight-chain isomers and may
provide at least semiquantitative support for qualitative argu-
ments. The model adopted here, using HF/STO-3G rather
than semiempirical PM3 eigenvectors, offers economy of
both computational time and parameterization while giving
results comparable in quality with more elaborate schemes.
It also offers support for the proposition[7–9] that the C C
� antibonding character of the HOMOs in alkanes affects
C C bond energies in a way that reflects the relative sta-
bilities of isomers. The model has scope for extension to
substituted alkanes, helping to build bridges between largely
empirical schemes[1–4,10–13,31,32]and rigorous but com-
putationally expensive ab initio/DFT methods in which ther-
mochemical subtleties (such as the relative stabilities of iso-
mers) become submerged among thousands of integrals or
are vaguely attributed to ‘correlation energy effects’.
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