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We have employed electronic structure calculations and the recently proposed multi-structural
(MS) anharmonicity method to calculate partition functions and thermodynamic quantities, in
particular entropy and heat capacity, for n-heptane and isoheptane. We included all structures, of

which there are 59 for n-heptane and 37 for isoheptane, and we carried out the calculations both

in the local harmonic approximation and by including torsional (T) anharmonicity. In addition,

AS°, AH, and AG"° for the isomerization reaction between these two species were also calculated.
It is found that all calculated thermodynamic quantities based on the MS-T approximation in the
temperature range from 298 K to 1500 K agree well with experimental data from the American
Petroleum Institute (API) tables or Thermodynamics Research Center (TRC) data series and with
values obtained from Benson’s empirical parameters fit to experiment. This demonstrates not only

the high accuracy of the electronic structure calculations but also that the MS-T method can be

used to include both multiple-structure anharmonicity and torsional anharmonicity in the

calculation of thermodynamic properties for complex molecules that contain many torsions.
It also gives us confidence that we can apply the MS-T statistical thermodynamic method to
obtain thermodynamic properties (i) over a broader temperature range than that for which data

are available in the API tables, TRC data series, or from empirical estimation and (ii) to the

many molecules for which experimental data are not available at any temperature.

Introduction

The thermodynamic properties of molecules are important
in almost all branches of chemistry and chemical engineer-
ing. Thermodynamic data (or, for transition states, quasi-
thermodynamic data), such as entropy, enthalpy, and Gibbs
free energy, are required to calculate heats of reaction,
chemical equilibrium constants, and thermal reaction rate
constants. This kind of data can be determined by either
experimental measurements or statistical mechanical compu-
tations. The example to be considered here is the determina-
tion of the thermodynamic properties of alkanes; such data are
needed for, among other uses, understanding combustion and
pyrolysis mechanisms.

Thermodynamic properties of alkanes in the gas phase can
be obtained by three approaches, namely (i) direct experimental
measurements, (ii) empirical estimations based on experiments
on related systems, possibly combined with experiments on the
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1 Electronic supplementary information (ESI) available: Data used to
calculate the partition functions using MS-AS-T and MS-AS-LH
methods for n-heptane and isoheptane; coordinates of optimized
structures of n-heptane and isoheptane. See DOI: 10.1039/clcp22578b

same system under different conditions, and (iii) electronic
structure calculations combined with statistical mechanics. In
approaches (i) and (ii) one can distinguish approaches involving
direct measurements of thermodynamic properties such as heats
of reaction and heat capacities (methods of type i-a and ii-a)
and approaches based on measurement of spectroscopic pro-
perties from which thermodynamic variables may be inferred by
statistical mechanics (methods of type i-b and ii-b); thermo-
dynamic tables are often constructed using a combination of
methods of all four types. Many measurements of the thermo-
dynamic properties of Cs;—to—Cg hydrocarbons were carried out
by Pitzer,"? Finke,>™® Scott,” Rossini,® and Huffman’'? prior
to 1970. Building on these data, Benson'®>'¢ developed empirical
group additivity tables that became popular for estimating the
thermodynamic properties of alkanes at various temperatures.
A variety of statistical mechanical approximations'’2° have
been used to estimate partition functions for n-butane, n-pentane,
and other larger alkanes.?!

The new results in the present paper are based on the
nonempirical approach iii. We can distinguish two kinds of
anharmonicity in alkane molecules that make it challenging to
calculate the partition functions without using empirical
data:*>* (1) Multiple-structure anharmonicity is caused by the
multiple minima of the potential energy surface that are encoun-
tered when one carries out internal rotation of the C—C bonds;
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in particular, the internal rotations generate many conformers
of the alkane molecules, and the number becomes very large
for longer alkanes. Even if high barriers separated these con-
formers, and even if the accessible configurations were locally
harmonic, the existence of more than one minimum is a
manifestation of the fact the potential energy surface is not
globally quadratic, as required for the validity of the global
harmonic approximation. (2) The torsional character of certain
vibrations makes even the local application of the quadratic
approximation quantitatively inaccurate, especially in the inter-
mediate- and high-temperature range. Although hindered-rotor
approximations'”?° using normal-mode-substitution models
and mixed torsional Pitzer—-Gwinn methods'” are available for
statistical mechanical treatments of anharmonic molecules, it is
still challenging to include multiple-structure anharmonicity
and torsional anharmonicity when the torsions are not separable
from each other and from other degrees of freedom. In addition,
the internal rotation could couple with the overall rotation
of the molecules; Wong and Raman addressed this issue in
the study of the thermodynamic properties of 1,3-butadiene®
and 1,2-dihaloethane®® using an internal coordinate path
Hamiltonian formalism.?’

Recently, we provided a new method, called the internal-
coordinate multi-structural (MS) approximation® to calculate
the partition functions of complex molecules that contain
several torsional modes and applied it to study the kinetics
and thermodynamics of large molecules.>*** This new method
provides a practical approach to compute the partition func-
tions of large molecules including both multiple-structure
anharmonicity and torsional anharmonicity. The MS method
with torsional anharmonicity (MS-T) includes both effects,
and it reduces to the multi-structural local harmonic (MS-LH)
approximation in the low-temperature limit, where only the
multiple-structure anharmonicity effect is important; but it
reaches the correct free-rotor result in the high-temperature
limit, thereby including the torsional anharmonicity effect.

In the present work, we studied the thermal entropies,
enthalpies, and free energies of the isomerization reaction
between two alkanes: n-heptane and isoheptane. The n-heptane
molecule contains six torsions, and four of them can generate
distinguishable conformers; isoheptane also includes six torsions
but only three of them produce distinguishable structures. Both
multiple-structure and torsional anharmonicity play significant
roles in both molecules and must be considered when calculat-
ing their partition functions and thermodynamic properties.
In the present work we include all structures for each molecule,
and we employ the MS method®* with both local harmonic
and torsional anharmonicity approximations to calculate the
conformational-vibrational-rotational partition functions, absolute
entropies, and heat capacities of the two molecules and the
changes of entropy, enthalpy, and free energy in the isomeriza-
tion reaction that inter-converts the two molecules at various
temperatures. We also utilized Benson’s empirical group addi-
tivity method to estimate the thermodynamic quantities of the
two molecules. We will show that our calculated results agree
well with experimental data from the American Petroleum
Institute (API) tables,® with the Thermodynamics Research
Center (TRC) data series,”” and with the empirical estimates in
the temperature range 298—1500 K, and extend our method to

calculate thermodynamic properties at even higher temperatures.
Note that temperature of 3000 K and higher are not of practical
interest for most purposes but are interesting to illustrate the
approach to the high-temperature limiting form and therefore
are included in two of the tables.

We note that the present work includes anharmonicity in
three ways. First of all, calculated harmonic frequencies are
scaled by an empirical factor of 0.981 that has been determined™
to reduce the average error in zero point energies calculated by
the local harmonic approximation. This factor includes all
kinds of anharmonicity, both principal (i.e., intra-mode)
anharmonicity and mode-mode coupling.>' To be precise, then,
because our zero point energies are based on these effective
frequencies, our low temperature results should be called
quasiharmonic, although we often omit the “quasi” since the
method is general enough to include either true harmonic
frequencies or effective frequencies. The second way in which
we include anharmonicity is the multiple-structure effect. The
existence of multiple local minima on a potential energy surface
is an anharmonic effect since a harmonic oscillator has only
one local minimum in its potential energy surface. Including all
minima but treating each local minimum by the harmonic or
quasiharmonic approximation is called the MS-LH approxi-
mation. (Notice, though, a possible semantic ambiguity since,
from another point of view, the existence of multiple structures
often (although not always) results from torsions, so the MS-LH
treatment is the first step in taking account of torsions.) Finally
we include explicit torsional anharmonicity, resulting in the
MS-T approximation, which is designed to go to the correct
high-temperature limit as far as torsions and overall rotations
are concerned. But we should emphasize that we do not include
other kinds of anharmonicity that become significant at high
temperature. For example, principal bend anharmonicity®>3?
could increase the partition function at high temperature (thereby
partly cancelling the effect of torsional anharmonicity), but this is
beyond the scope of the present treatment.

Finally we note that all calculations in the present paper
refer to the vapor phase, and in particular for temperatures
below the boiling point they refer to the saturated vapor phase
in the standard state of an ideal gas at a partial pressure of
one bar. To consider thermodynamics in the condensed phase
would require considerations of intermolecular forces and pack-
ing. That is beyond our scope. In addition, note that some of
our temperatures are above the auto-ignition temperatures
of n-heptane and isoheptane, but this is not a concern because
we study the pure hydrocarbon systems without any air or
oxygen.

Computational methods

Electronic structure calculations

The M06-2X density functional®* with the 6-311+G(2df,2p)
basis set® was applied to optimize the geometries and obtain
the frequencies for all the conformers of n-heptane and iso-
heptane. The 6-311+G(2df,2p) basis set is the same as the
MGS3S basis set®® for H and C, and we will use the short name
for brevity. The multilevel BMC-CCSD*” method and the ab initio
CCSD(T)-F12a%%3° method with the jul-cc-pVTZ basis set*
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were used to calculate single-point energies at the M06-2X
optimized geometries.

MO06-2X density functional calculations were performed by
using the Gaussian 09 program;*' the BMC-CCSD calcula-
tions were carried out using MLGAUSS2.0;* and CCSD(T)-
F12a calculations were performed using Molpro.** The integration
grid employed for density functional calculations of frequencies
had 99 radial shells and 974 angular points per shell.

The frequencies used for the partition function calculations
in the next section are obtained by using M06-2X/MG3S
density functional calculations and multiplying the directly
calculated values by a quasiharmonic frequency scaling factor>
specific for hydrocarbons; this factor is 0.981. This frequency
factor is calibrated®® to—on average—correct the zero point
energy calculated from the frequencies by the harmonic formula;
since the zero point energy is dominated by high-frequency
modes, this factor applies mainly to high-frequency modes,
and it may be considered to be part of the electronic structure
methodology. In practice the factor is applied by multiplying
all Cartesian and internal-coordinate Hessian elements by
square of 0.981.%°

Conformational-vibrational-rotational partition functions

Including multiple structures and making the harmonic approxi-
mation in the vicinity of each local minimum of the potential
energy surface is called the local harmonic (LH) approximation,
and calculations including torsional anharmonicity have a
suffix —T. If one uses all structures (AS), one may call the
resulting multi-structural methods MS-AS-T and MS-AS-LH.
However, in the rest of this paper (and in future work, except
when we need to emphasize that all structures are included),
we will shorten MS-AS-T and MS-AS-LH to MS-T and MS-LH,
respectively; this will not cause confusion in the present paper
because we always employ all structures in the present article.
(MS-AS-T and MS-AS-LH were called MS-AS and MS-HO,
respectively, in the original®? reference, but we now abandon
that notation as being too easily misunderstood.)

The complete conformational-vibrational-rotational parti-
tion functions of n-heptane and isoheptane were calculated by
the MS method®? using the MSTor program;** in the MS-LH
and MS-T versions of this method we respectively have

J
Egi:]]fo%ib = Z Orotjexp(—p U])Q;'IO (1)
Jj=1
and

J t
oM s = D Qrojexp(—BUNOI°Z [ [ - ()
j=1 =1

where “con” denotes conformational, “rovib” denotes rotational-
vibrational; Q.o is the rotational partition function (including
the rotational symmetry number in the denominator) of struc-
ture j, Q}{O is the normal-mode local-harmonic-oscillator vibra-
tional partition function calculated at structure j, Z; is a factor
designed to ensure that the MS-T scheme reaches the correct high-
T limit (within the parameters of the model), and f;. is an internal-
coordinate torsional anharmonicity function that, in conjunction
with Z;, adjusts the harmonic partition function of structure j for
the presence of the torsional motion 7.

Note that it is not necessary to assign each torsional motion
to a specific normal mode. The MS-T approximation reduces
to the MS-LH approximation in the low-temperature limit,
and it approaches the free-rotor result in the high-temperature
limit. The Z; and f;, factors, based in part on internal-
coordinate Hessians, are designed to interpolate the partition
function between these limits in the intermediate temperature
range. In principle, more accurate interpolations could be
carried out? if one calculated the barrier heights for torsional
motions that interconvert the reactant structures with one
another and the transition state structures with one another,
but an advantage of the method employed here is that it does
not require the expensive and labor-intensive step of finding
and characterizing saddle points.

Thermodynamic function calculations

The energy and entropy functions can be calculated using the
complete partition functions (including translational, electronic,
and conformational-vibrational-rotational contributions) by
the following:

_ 0In(Q)
E = T 3)
S°=kp+kplnQ — lT <0ng) (4)
14

where O = Q0:0Qcon-rovib in Which Q. and Q, are electronic
and translational partition functions, respectively. The transla-
tional partition function is evaluated for one mole of an ideal
gas at a standard state pressure of one bar (0.986923 standard
atmospheres).

Then the enthalpy and free energy can be obtained by

H = E + kgT ®)
G°=H-TS° (6)

The heat capacity Cp can be determined using

@, o

Results and discussion

Structures, energies, and rotational symmetry number of
n-heptane

We label the carbons of n-heptane as shown in Fig. 1. There
are six internal rotation coordinates in the molecule, which
describe torsions around the C(1)-C(2), C(2)-C(3), C(3)-C(4),
C(4)-C(5), C(5)—-C(6), and C(6)-C(7) bonds. Note that the
torsional motions of the methyl groups, —C(1)H; and —C(7)H3,
in the molecule do not generate distinct structures due to the
symmetry. Therefore, only the C(2)-C(3), C(3)-C(4), C(4)-C(5),
and C(5)-C(6) torsional motions produce distinguishable
conformers. Based on calculations using the M06-2X density
functional with the MG3S basis set, 59 distinguishable struc-
tures (conformers) of n-heptane have been obtained in the
present work, and 58 of them consist of 29 pairs of mirror
images. The remaining structure, due to symmetry (it has a
mirror plane) does not have a distinguishable mirror image.
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n-heptane

isoheptane

Fig. 1 Numbering scheme for n-heptane and isoheptane.

Fig. 2 shows 30 structures of n-heptane. Except for the first
structure, all the others have corresponding mirror-image
structures. Tables 1 and 2 show the naming convention and
structural numbering that is used for labeling the structures.
For instance, “ap™*sc*ac*ap™” (structure 26) means the con-
former of n-heptane with the first, second, third, and fourth
dihedral angles in the ranges of 150 to 180, 30 to 60 and 90
to 120, and 150 to 180 degrees, respectively. Note that the
structure apapapap has no mirror image pair due to its Cy,
symmetry. The relative conformational energetic information
and rotational symmetry numbers of these 59 structures are
specified in Table 2. It is found that the BMC-CCSD and M06-2X

energies agree very well with each other, but, for each of the
structures, they are consistently smaller than the energies
calculated by CCSD(T)-F12a. The deviations between the
MO06-2X energy and the CCSD(T)-F12a energy range from
0.19 to 1.39 kcal/mol. Note that there are 11 structures
(including the global minimum structure, and the highest-
energy local-minimum structure), that contain a C, rotational
axis, and the corresponding rotational symmetry number of
these structures is 2. This symmetry number reduces the contri-
butions of these structures to the conformational-vibrational—
rotational partition functions.

Structures, energies, and rotational symmetry number of
isoheptane

Isoheptane also contains six internal rotations, and the label-
ing of the carbon backbone is also displayed in Fig. 1. The
torsional motions are around the C(1)-C(2), C(2)-C(3),
C(3)-C(4), C(4)—C(5), C(5-C(6), and C(2)-C(7) bonds. The
internal rotation of the three methyl groups —C(1)H;, —C(6)H3,
and —C(7)H; generates identical conformers; thus they do not
contribute to the multiple-structure effect, whereas the torsional
motions around the C(2)-C(3) and C(3)-C(4), and C(4)-C(5)
bonds do produce distinguishable conformers. In total, 37
structures were obtained for isoheptane using the M06-2X
density functional in the present work, and they are shown
in Fig. 3. Tables 1 and 3 show the naming and numbering
convention that is used for labeling of the structures, and the
relative conformational energy and rotational symmetry
number of each structure are given in the Table 3. As for
n-heptane, the relative conformational energies calculated
using CCSD(T)-F12a are larger than those calculated with
either BMC-CCSD or M06-2X. The deviations between the
MO06-2X and CCSD(T)-F12a results are smaller than those for
n-heptane; they range from 0.12 to 1.09 kcal/mol. None of the

TEEE

22

R R

32

FA S R

54 56 58

Fig. 2 Structures of n-heptane. Note that all structures shown except structure 1 also have distinguishable mirror images. This figure is also

included in ESI as Fig. S1.§
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Table 1 Labeling of structures”

Abbreviation dihedral angle range (deg)
+ syn-periplanar sp+ [0, 30]
—syn-periplanar sp— [-30, 0]
+ syn-clinal sc+ [30, 60]
—syn-clinal sc— [—60, —30]
+ gauche g+ [60, 90]
—gauche g— [—90, —60]
+ anti-clinal ac+ [90, 120]
—anti-clinal ac— [—120, —90]
+anti-periplanar ap+ [150, 180]
—anti-periplanar ap— [—180, —150]
anti-periplanar ap 180

“ The dihedral angles in used for torsions are and C(1)-C(2)-
C(3)-C(4), C(2)-C(3)-C(4)-C(5), C(3)-C(4)-C(5)-C(6), and C(4)-C(5)
C(6)-C(7) for n-heptane; the dihedral angles in used for torsions are and
C(1)-C(2)-C(3)-C(4), C(2)-C(3)-C(4)—C(5), and C(3)-C(4)-C(5)-C(6)
for isoheptane.

structures has a rotational symmetry axis; thus the overall
rotational symmetry numbers of all structures are one.

Conformational-vibrational-rotational partition functions of
n-heptane and isoheptane in various approximations

The number of structures of each isomer provides the first
indication that the torsions are strongly coupled. For n-heptane,
excluding the two methyl torsions, because methyl torsions do
not generate more than one distinguishable structure, gives four
torsions, and four independent torsions generate n* structures
where 7 is the number of structures generated by an independent
torsion. For ideal torsions, n would be 3 (two gauche and one
trans conformer) and #* would equal 81, but we find only 59
distinguishable structures. For isoheptane, separable ideal
torsions would generate 3% = 27 structures, but we instead
find 37 distinguishable structures. To understand these differ-
ences we must consider two issues: rotational symmetry and
the pentane effect.

First consider rotational symmetry. As explained in the
original MS-T paper,?* the Voronoi calculation of the effective
periodicities includes not just the indistinguishable structures,
but also all the distinguishable structures located in the full
torsion space. For example, in n-heptane, starting from the
all-trans structure (structure 1), rotation of the C(2)-C(3),
C(3)-C4), C(4)-C(5) and C(5)-C(6) bonds by —122.95, —122.26,
—116.63, and —270.06 degrees, respectively, gives the same
structure (structure se¢ *sc*gac™) as is obtained by rotation
of these bonds by —270.06, —116.63, —122.26, and —122.95 degrees,
respectively. Although there is only one distinguishable struc-
ture generated, both of these structures must be included in
the torsional space for the effective periodicity calculations.
For the present molecules, this kind of phenomenon occurs
in n-heptane but not in isoheptane. In fact, counting both
distinguishable structures and indistinguishable ones, n-heptane
has 107 structures; these consist of 11 structures with a rotational
symmetry number of two and 96 structures with a rotational
symmetry of one, but overall rotations map 48 of these into
the other 48, so the final number of distinguishable structures
is 59. Thus, in considering the torsional landscape one must
actually compare 107 structures (not 59) to the ideal number of
81 for n-heptane. For isoheptane, there is no rotational symmetry,

Table 2 Name convention, sequence number, energy’ (kcal/mol),
and rotational symmetry number of n-heptane”

Energy

Structures Number j M06-2X BMC-CCSD CCSD(T)-F12a o;

apapapap 1 0.00 0.00 0.00 2

ap ap g ap, 2,3 0.47 0.46 0.58 1

ap+ap+g+ap+

ap ap sc sc, 4,5 0.47 0.41 0.57 1

aptaptsctse”

apapapg, 6,7 0.47 0.48 0.86 1

ap”ap ap’g"

aptsctseTap®, 8,9 0.48 0.43 0.85 2

ap sc sc ap

ap*setseTset, 10,11  0.88 0.86 1.13 1

ap sc sc sc

se*seTseset, 12,13 092 0.88 1.14 2

SC S¢C sC sc

g apTscset, 14,15 0.98 0.91 1.15 1

g ap sc sc

aptgraptet, 16,17 111 1.03 1.25 1

WAL

gaprap' g, 18,19 0.49 0.54 1.13 1

gapap g

gtaptapTgT, 20,21 0.82 0.86 1.37 1

gapap g’

g ap sc s¢c, 22,23 1.09 1.09 1.56 1

g’ap’strsc+

apTgtaptg, 24,25 054 071 1.46 2
R

LWL

ap 'sc ac ap, 26,27 2.25 2.31 2.58 1

ap sc ac ap

aptgtscTac, 28,29 2.35 2.35 2.66 1
—a—an—ant

ap g sc ac

aptaptacset, 30,31  2.18 2.18 2.50 1
RS

ap ap ac’sc

apap g+ g+, 32,33 2.25 2.3 2.88 1

ap ap g g

ap_ap sc act, 34,35 2.29 2.31 2.83 1

ap*ap+sc+ac’

sc¥setgtacT, 36,37 268 2.74 3.14 1

sc sc g ac

g gtacg, 38,39 281 2.86 3.25 1

g gactg’

gt apactscT, 40,41 272 2.86 3.24 1

g’ap+ac’sc+

gtaptacTse™, 42,43 2.81 2.81 3.17 1

g’ap’ac*sc’

aptsctacgT, 44,45 277 2.73 3.13 1
—co—aprTot

ap sc ac' g

ap gtactscT, 46,47 259 2.72 3.39 1
+ oot

ap g ac s’

scTap g g, 48,49 2.67 2.69 3.37 1
-

scap g g

ap actgg®, 50, 51 3.88 3.94 4.72 1
+ oot o —

ap ac g'g

sctacacTset, 52,53 392 4.19 4.85 2

sc”ac ac*sc”

gtactgract, 54,55 475 4.72 5.36 1

g ac g ac”

actgracset, 56,57 5.29 5.39 5.88 1
BT

ac g ac’sc

acTggact, 58,59 561 5.67 6.18 2

ac’g+g+ac’

¢ The energy is calculated by the M06-2X, BMC-CCSD, and CCSD(T)-
F12a methods, respectively. If overall rotation maps a structure onto the
same unique nonisomorphic conformer, then the rotated image is not
counted, and a rotational symmetry number of two is included in the
rotational partition function of the original structure. If overall rotation
maps a structure onto a different structure from the list constructed
considering only torsional symmetry, then we include only one of them
and use a rotational symmetry number of one.
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Fig. 3 Structures of isoheptane. All structures occur in optically active pairs except structure 13. This figure is also included in ESI as Fig. S2.7

so one must compare 37 structures to the ideal number of 27 in
this case.

Next consider the pentane effect. For alkane or polyethylene
chains of length five carbons or longer, it is well known that
structures with g*g~ or g g* configurations for successive
torsions are either excluded or made unfavorable by steric
repulsion; this is called the pentane effect.** Naively one
might simply assume that these structures are missing and that
the number of structures would be less than the ideal number.
In fact, Tables 2 and 3 show that none of the n-heptane or
isoheptane structures contains g g~ or g g*. However, the
situation is actually more complicated because the pentane effect
can also make the conformational landscape more rugged. The
sterically disfavored structure may, for example, be replaced by
two structures,>' 33357 for instance, in isoheptane the g* g~
conformation of C(1)-C(2)-C(3)-C(4), C(2)-C(3)-C(4)-C(5) is
replaced by two structures: with g*sc™ for these torsions in
structure 3 and with se*g~ for these torsions in structure 18.
This kind of effect makes the total number of conformers larger
than the ideal number, and this added ruggedness explains why

both n-heptane and isoheptane have more structures than the
ideal number (107 vs. 81 and 37 vs. 27).

If one creates a list of 27 ideal structures for isoheptane by
simply assigned ap, g*, or g~ to every torsion in all combina-
tions, one finds that 15 of the 27 ideal structures have neither
g¥g” nor or g g™, and 10 have one of these, and two have
two of them. Replacing each of the 12 disfavored structures by
2 structures yields the total of 37 structures that are observed.

The existence of this kind of ruggedness provides further
confirmation that the torsional motion must be considered
strongly coupled in partition function calculations.

We can compare some details of our structure counts for
n-heptane to previous work. For this purpose we introduce
the term “‘unique (nonisomorphic) conformers’ used by Tasi
et al> to denote the number of structures excluding those
generated from ones already in the list by 180 deg rotation
(here we are referring to overall rotation) or mirror reflection;
Goto et al.> call these generatable conformers “symmetrically
equivalent conformers”. Scott and Scheraga*® used a molecular
mechanics potential functions and found 28 unique nonisomorphic

This journal is © the Owner Societies 2012
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Table 3 Name convention, sequence number, energy’ (kcal/mol),
and rotational symmetry number of isoheptane

Energy

BMC- CCSD(T)-

Structures Number j M06-2X CCSD Fl12a G;

0.00 0.00  0.00
0.01 0.03  0.30
0.02 0.09  0.57

0.37 0.4 0.53
sctap gt,scTaptg” , 0.65 0.59  0.69
g apscT, g ap s’ 11, 12 0.68 0.70  0.90
apapap 13 0.69 0.67  0.75
apTaptgt,aprapg= 14,15 1.22 1.24 1.43
g acTap, g ac ap 16, 17 1.70 1.81 195
sc g ac’,sc g ac” 18, 19 1.98 2.04 243
spscTap”, sp scap” 20, 21 2.18 2,17 236
gacg,gracTg" 22,23 2.26 232 254
spigtet,spg g 24, 25 2.29 232 270
ap ac*ap, apTacTap® 26,27 2.42 248  2.69
aptgTapt,apgrap” 28,29 2.60 267 298
apTgtse, ap g sc” 30, 31 2.61 2.83 3.34
sc g act,scgtac” 32,33 4.09 408 450
apactgt,apTac g™ 34,35 3.06 3.10  3.38
sctactg’, scTac g™ 36, 37 2.16 2.18 2.48
“ The energy is calculated by the M06-2X, BMC-CCSD, and CCSD(T)-
F12a methods, respectively. If overall rotation maps a structure onto the
same unique nonisomorphic conformer, then the rotated image is not
counted, and a rotational symmetry number of two is included in the
rotational partition function of the original structure. If overall rotation
maps a structure onto a different structure from the list constructed
considering only torsional symmetry, then we include only one of them
and use a rotational symmetry number of one.

— 00 AN BN
(=]

sc ap ap , se* ap+ ap+
g +sc’ap’, g’sc+ ap+
+

1
3
g se7se, g setse” S,
7
9

sccaptgt, sctap g

+ 4+

e e e e e e et e ek et e bk et e e et e

conformers and a total of 101 conformers in the full torsional
space; Goto et al. used the MM2 molecular mechanics method to
explore the torsional landscape and they found 31 unique non-
isomorphic conformers and a total of 109 conformers in the full
torsional space; Tasi et al. used a parametrized effective one-
electron quantum chemical model and found 30 unique non-
isomorphic conformers and a total of 107 conformers in the full
torsional space; and we find 30 unique nonisomorphic conformers
(the 30 rows of Table 2) and a total of 107 conformers in the full
torsional space. The agreement of these numbers of structures is

reasonable since different electronic structure or molecular
mechanics methods do not necessarily predict the same number
of structures and furthermore the higher-energy ones might
easily be missed in searches.

It is worthwhile to emphasize some statistical mechanical
issues here. Goto™ assigned each of the conformers a “statistical
weight” equal to one plus the number of structures generated
from it by 180 deg rotation, mirror reflection, or a combination
of rotation and reflection. That is correct for the structures
generated by mirror reflection but not for the structures gener-
ated from the original structure or its mirror image by rotation.
If overall rotation maps a structure onto the same unique
nonisomorphic conformer, then the rotated image should not
be counted, and furthermore a rotational symmetry number of
two should be included in the rotational partition function of
the original structure. If overall rotation maps a structure into a
different structure from the list constructed considering only
torsional symmetry, then one has two choices: either (i) count
both and use a rotational symmetry number of 2 for both or
(ii) count only one of them and use a rotational symmetry
number of one. We make the latter choice (although the first
choice might be preferred by some because it has the advantage
that the rotational symmetry number is the same for every
structure). Scott and Scheraga*’ computed a “statistical weight™
in the same way as Goto et al., but they did not perform
statistical mechanical calculations. Tasi et al.”’ include self-
images that are equivalent by rotation in their figures.

The partition functions calculated for n-heptane and iso-
heptane in the present work are given in Tables 4 and 5. The
zero of energy for the partition function calculations is taken
to be the energy at the global minimum structure of the isomer
under consideration, n-heptane or isoheptane. In n-heptane,
four of the torsions [C(2)-C(3), C(3)-C(4), C(4)-C(5) and
C(5)-C(6)] are involved in a strongly coupled?? (SC) group;
the other two torsions [C(1)-C(2), C(6)-C(7)] are considered
to be nearly separable (NS). In isoheptane, three torsions
[C(2)—C(3) and C(3)-C(4), and C(4)—C(5)] are strongly coupled
and the other three [C(1)-C(2) and C(5)-C(6), and C(2)-C(7)]
are treated as nearly separable torsions. The nearly separable
torsions are all internal rotations of methyl groups that produce

Table 4 Calculated conformational-vibrational-rotational partition function of n-heptane

MS-LH MS-T

T (K) MO06-2X BMC-CCSD* CCSD(T)-F12a” MO06-2X BMC-CCSD* CCSD(T)-F12a”
298 2.85E — 90 2.63E — 90 1.89E — 90 4.20E — 90 3.88E — 90 2.80E — 90
300 1.39E — 89 1.28E — 89 9.20E — 90 2.05E — 89 1.89E — 89 1.37E — 89
400 1.09E — 63 1.02E — 63 7.73E — 64 1.88E — 63 1.76E — 63 1.35E — 63
500 LL13E — 47 1.07E — 47 8.44E — 48 2.23E — 47 2.11E — 47 1.68E — 47
600 1.34E — 36 1.27E — 36 1.04E — 36 2.92E — 36 2.78E — 36 281E — 36
800 6.68E — 22 6.42E — 22 5.45E — 22 1.63E — 21 1.57E — 21 1.34E — 21
1000 3.13E — 12 3.03E — 12 2.64E — 12 7.84E — 12 7.59E — 12 6.65E — 12
1500 3.56E + 03 3.48E + 03 3.16E + 03 7.93E + 03 7.75E + 03 7.04E + 03
2000 1.02E + 13 1.00E + 13 9.32E + 12 1.82E + 13 1.79E + 13 1.66E + 13
2400 4.86E + 18 479E + 18 4.50E + 18 7.14E + 18 7.04E + 18 6.59E + 18
3000 2.61E + 25 2.58E + 25 2.45E + 25 2.85E + 25 2.82E + 25 2.67E + 25
4000 7.20E + 33 7.14E + 33 6.87E + 33 4.98E + 33 4.94E + 33 4.73E + 33
6000 3.16E + 45 3.14E + 45 3.06E + 45 9.98E + 44 9.94E + 44 9.63E + 44
8000 4.59E + 53 4.57E + 53 448E + 53 7.70E + 52 7.67E + 52 7.49E + 52
10000 9.18E + 59 9.15E + 59 9.00E + 59 9.06E + 58 9.03E + 58 8.85E + 58

“ BMC-CCSD//M06-2X/MG3S. * CCSD(T)-F12a/jul-cc-pVTZ//M06-2X/MG3S.
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Table 5 Calculated conformational-vibrational-rotational partition function of isoheptane

MS-LH MS-T
T (K) MO06-2X BMC-CCSD* CCSD(T)-FIZab MO06-2X BMC-CCSD* CCSD(T)-F12a[7
298 3.03E — 90 3.04E — 90 2.55E — 90 4.45E — 90 4.46E — 90 3.76E — 90
300 1.47E — 89 1.47E — 89 1.23E — 90 2.16E — 89 2.17E — 89 1.83E — 89
400 9.35E — 64 9.36E — 64 8.09E — 64 1.61E — 63 1.61E — 63 1.40E — 63
500 8.71E — 48 8.71E — 48 7.68E — 48 1.70E — 47 1.70E — 47 1.51E — 47
600 9.67E — 37 9.66E — 37 8.66E — 36 2.07E — 36 2.08E — 36 1.87E — 36
800 4.49E — 22 4.48E — 22 4.10E — 22 1.07E — 21 1.07E — 21 9.82E — 22
1000 2.02E — 12 2.02E — 12 1.88E — 12 4.92E — 12 4.92E — 12 4.58E — 12
1500 2.20E + 03 2.19E + 03 2.08E + 03 4.71E + 03 4.70E + 03 4.46E + 03
2000 6.17E + 12 6.15E + 12 591E + 12 1.06E + 13 1.0SE + 13 1.0IE + 13
2400 2.90E + 18 2.90E + 18 2.80E + 18 4.07E + 18 4.06E + 18 391E + 18
3000 1.54E + 25 1.54E + 25 1.49E + 25 1.61E + 25 1.60E + 25 1.55E + 25
4000 4.20E + 33 4.20E + 33 4.10E + 33 2.77E + 33 2.76E + 33 2.69E + 33
6000 1.82E + 45 1.82E + 45 1.79E + 45 5.50E + 44 548E + 44 5.38E + 44
8000 2.63E + 53 2.63E + 53 2.60E + 53 4.23E + 52 4.22E + 52 4.16E + 52
10000 5.24E + 59 5.23E + 59 S5.19E + 59 497E + 58 4.96E + 58 4.90E + 58
¢ BMC-CCSD//M06-2X/MG3S.  CCSD(T)-F12a/jul-cc-pVTZ//M06-2X/MG3S.
three identical structures. For these torsions we can take M.
(the total number of minima, whether distinguishable or 0 PR SR -
. . . P L —
not, along torsional coordinate t of structure j) as three. For o T
the strongly coupled torsions, the M, parameters are obtained 10 { /_/-/'
by four-dimensional and three-dimensional Voronoi tessella- /' MS-T
tion methods®** for n-heptane and isoheptane, respectively. E J
Tables S1 and S2 in the ESI give full details of the torsional 5 -201 J
parameters for each structure of n-heptane and isoheptane that . I.l —u— CCSD(T)-F12a
are used for the partition function calculations carried out using 304 T —e—BMC-CCSD
MS-T approximation by the MSTor program.** L]
Tables 4 and 5 show that the partition functions obtained by ”
CCSD(T)-FIZa are smaller than those by BMC-CCSD, which i (l) 20‘00 40‘00 60‘00 80‘00 10(‘)00
are smaller than those by M06-2X. The percent deviations T(K)
between CCSD(T)-F12a and M06-2X results decrease with
temperature for both n-heptane and isoheptane as shown in
Fig. 4 and 5. The percent deviations between BMC-CCSD and 0 oo o0 — 00— °
. - — °
MO06-2X decrease with increase of temperature for n-heptane, !" _/./' -
but they are close to zero for isoheptane as shown in Fig. 4 and 5. 104 /r'/
These temperature-dependent behaviors of deviations are under- - / MS-LH
standable since the differences of the conformation energies 8 _/'
calculated by CCSD(T)-F12a and M06-2X are large, but those o =204 _/ —=a— CCSD(T)-F12a
between BMC-CCSD and M06-2X are small. [-’ —e—BMC-CCSD
For n-heptane, Table 4 and Fig. 6 show the differences of -304 /-
the partition functions calculated by the MS-LH and MS-T .
approximations. Two asymptotic trends have been correctly -
designed into the approximations:* (1) In the limit where the 0 2000 4000 6000 8000 10000
temperature approaches zero, the ratio Q%ii%vib/Q(ﬁﬁiﬁsib T(K)

goes to one; and (2) as the temperature tends to infinity, the
ratio goes to zero. As the temperature increases from zero, the
OMS- T o/OMSTH. " ratio first increases dramatically and then
decreases gradually. At low temperature the LH approxi-
mation underestimates the partition functions, and at high T
it overestimates it. Similar behavior is observed in Table 5 and
Fig. 7 for isoheptane.

Interestingly, it is found that the ratio of isoheptane parti-
tion functions to n-heptane partition functions decays drama-
tically with increasing temperature and then reaches a steady
value at the high-temperature limit in both MS-LH and MS-T
calculations, as shown in Fig. 8. In the MS-T approximation,
at 298 K the ratio is 1.34, 1.15, or 1.06 for CCSD(T)-F12a,

Fig. 4 The percent deviations of partition functions of n-heptane
between CCSD(T)-F12a and M06-2X results, and the percent devia-
tions between BMC-CCSD and M06-2X results calculated by MS-LH
and MS-T methods.

BMC-CCSD, or M06-2X calculations, respectively; and at
10000 K, the ratio becomes 0.55, 0.55, and 0.55. As already
noted, n-heptane has 59 structures and isoheptane has 37, and
these two numbers are correlated with the asymptotic behavior
in the high-temperature range. Based on CCSD(T)-F12a,
BMC-CCSD, and M06-2X calculations, the relative confor-
mational energies have a spread from 0 to 6.18, 5.67, and
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Fig. 5 The percent deviations of partition functions of isoheptane
between CCSD(T)-F12a and M06-2X results, and the percent devia-
tions between BMC-CCSD and M06-2X results calculated by MS-LH
and MS-T methods.
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Fig. 6 The ratio of partition functions of n-heptane calculated by
MS-T and MS-LH approximations at various temperatures.

5.61 kcal/mol for n-heptane, and range from 0 to 4.50, 4.08,
and 4.09 kcal/mol for isoheptane. Because of the higher
conformational energies of n-heptane, at low temperature
many conformers contribute much less to the total partition
functions than for isoheptane; thus its partition functions
are smaller. When temperature increases, the contribution
from higher-energy conformers becomes significant, and the
partition functions of n-heptane become larger than those of
isoheptane.

2.54
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s
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Fig. 7 The ratio of partition functions of isoheptane calculated by
MS-T and MS-LH approximations at various temperatures.
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Fig. 8 The ratio of partition functions of isoheptane over n-heptane
calculated by MS-LH and MS-T approximations at various temperatures.

Entropies and heat capacities of n-heptane and isoheptane

We employed the eqn (3), (4), (5), and (7) to calculate the
standard-state entropy and heat capacity of n-heptane and
isoheptane. The results are given in the Tables 6-9. In addi-
tion, we apply Benson’s group additivity parameters'>!> to
estimate the same thermodynamic quantities, and these results
are also tabulated in Tables 6-9. Note that Benson’s heat-of-
formation parameters in ref. 15 are updated from those in
ref. 13, but the entropy and heat capacity parameters are still
the same as those in ref. 13. (Because Benson’s parameters and
the thermodynamic functions in the API tables correspond to
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Table 6 Standard-state entropy of n-heptane in cal mol~! K~! at various temperatures

MS-LH MS-T
T (K) M06-2X BMC-CCSD* CCSD(T)-F12a” M06-2X BMC-CCSD“ CCSD(T)-F12a” Benson® Exp.-API? Exp.-TRC® Exp/
298  101.44  101.35 101.05 103.16  103.08 102.81 10221 102.27 102.32
300 101.69  101.60 101.31 103.43  103.35 103.08 102.48  102.53 102.56
371.5 11057 110.52 110.32 112,71 112.66 112.48 111.81 111.80 + 0.3
400 11406 114.02 113.84 11632 116.28 116.12 11544  115.45 115.44
500 126.12  126.09 125.96 128.63  128.60 128.49 12776 127.77 127.75
600 13777  137.75 137.65 14033 140.30 140.21 139.45  139.42 139.53
800  159.56  159.55 159.49 161.84  161.83 161.76 160.98  160.98 161.23
1000 179.28  179.27 179.23 181.09  181.08 181.02 180.26  180.25 180.52
1500 220.79  220.78 220.76 22128  221.28 221.23 220.40 220.60
2000 253.80  253.79 253.78 253.09  253.09 253.06
2400 27581 27581 275.80 27427  274.28 274.25

¢ BMC-CCSD//M06-2X/MG3S. » CCSD(T)-F12a/jul-cc-pVTZ//M06-2X/MG3S. ¢ Using Benson’s data from ref. 13 and adding 0.026 cal mol™' K™
to convert from a standard pressure of 1 atm to a standard pressure of 1 bar. ¢ Using API data from ref. 28 and adding 0.026 cal mol ™! K~! to convert
from a standard pressure of 1 atm to a standard pressure of 1 bar. ¢ Using TRC data from ref. 29./ The experimental data come from ref. 63, and we
added 0.026 cal mol~' K~ to convert from a standard pressure of 1 atm to a standard pressure of 1 bar.

Table 7 Standard-state entropy of isoheptane in cal mol~' K~' at various temperatures

MS-LH MS-T
T(K) MO062X BMC-CCSD* CCSD(T)-F12a” M06-2X BMC-CCSD“ CCSD(T)-F12a” Benson® Exp-API Exp-TRC*
298 99.76 99.77 99.62 101.48 101.49 101.36 100.90  100.38 100.50
300 100.02 100.02 99.88 101.75 101.76 101.63 101.16  100.62 100.74
400 112.61 112.61 112.51 114.82 114.82 114.74 11408 114.03 113.65
500 124.79 124.79 124.71 127.22 127.22 127.16 12640  126.63 126.05
600 136.51 136.50 136.45 138.98 138.97 138.92 138.11 138.63 137.93
800 158.37 158.37 158.33 160.56 160.55 160.51 159.69  160.33 159.73
1000 178.12 178.12 178.09 179.83 179.82 179.78 179.01 179.73 179.33
1500  219.65  219.64 219.63 22002 220.02 219.99 219.21 220.12
2000  252.66  252.65 252.64 251.84  251.83 251.81
2400  274.67  274.67 274.66 273.02  273.01 272.99

4 BMC-CCSD//M06-2X/MG3S. * CCSD(T)-F12a/jul-cc-pVTZ//M06-2X/MG3S. ¢ Using Benson’s data from ref. 13 and adding 0.026 cal mol~' K~!
to convert from a standard pressure of 1 atm to a standard pressure of 1 bar. ¢ Using API data from ref. 28 and adding 0.026 cal mol ™! K~! to convert
from a standard pressure of 1 atm to a standard pressure of 1 bar. ¢ Using TRC data from ref. 29.

Table 8 Heat capacity of n-heptane in cal mol~' K

—1

at various temperatures

MS-LH MS-T
T(K) MO06-2X BMC-CCSD* CCSD(T)-F12a” MO06-2X BMC-CCSD* CCSD(T)-F12a” Benson® Exp.-APIY Exp.-TRC® Exp’
3571 4406 44.19 44.56 4587 4597 46.33 46.14 45.77
3732 4586 4598 46.32 4758  47.68 48.00 47.83 47.51
400.4 4889  49.00 49.29 5043 50.52 50.78 50.62 50.37
4344 5260  52.69 52.93 5387 53.94 54.15 53.97 53.85
466.1 5595  56.02 56.23 56.94  57.00 57.18 56.96 57.00
300 3775 3795 38.49 3971 39.88 40.42 3988 39.86 39.67
400 48.85 4895 49.25 5039 50.48 50.74 5043 50.42 50.36
500 5937 59.43 59.62 60.05  60.10 60.25 60.05  60.07 60.25
600 68.49  68.53 68.67 6828 6832 68.41 6833  68.33 68.69
800 8295 8297 83.06 8132 81.35 81.40 8139 8143 81.81
1000 93.68  93.69 93.76 9LI1  91.14 91.18 91.24 9120 91.20
1500 11027  110.27 110.31 10647 106.48 106.52 10641 106.40 106.12
2000 11872 118.72 118.75 11434 11434 114.37
2400  122.63  122.63 122.65 11796  117.96 117.99

¢ BMC-CCSD//M06-2X/MG3S.  CCSD(T)-F12a/jul-cc-pVTZ//M06-2X/MG3S. ¢ Using Benson’s data from ref. 13. ¢ Using API data from
ref. 28. ¢ Using TRC data from ref. 29.”/ The experimental data are from ref. 64.

a standard state of 1 atm, we correct them to a standard state
of 1 bar in the present article; no such correction is needed for
the values in the TRC tables, which already correspond to a

standard state at 1 bar.)

For both n-heptane and isoheptane in the temperature range

from 298 K to 2400 K, as discussed above, the partition
functions obtained by the MS-LH approximation are consis-
tently smaller than those by MS-T. However, the calculated
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Table 9 Heat capacity of isoheptane in cal mol~! K~! at various temperatures

MS-LH MS-T

T(K) M06-2X BMC-CCSD* CCSD(T)-F12a® M06-2X BMC-CCSD* CCSD(T)-F12a® Benson® Exp.-APIY Exp.-TRC¢
300 38.56 38.51 38.74 40.40 40.35 40.28 39.61 39.86 39.32
400 49.52 49.49 49.62 50.90 50.87 50.98 50.37 50.42 50.67
500 59.85 59.84 59.93 60.42 60.40 60.46 60.12 60.07 60.66
600 68.83 68.83 68.90 68.55 68.55 68.59 68.47 68.33 69.19
800 83.11 83.12 83.18 81.47 81.46 81.49 81.58 81.43 82.60
1000 93.76 93.77 93.81 91.18 91.18 91.20 91.38 91.20 92.40
1500  110.28 110.28 110.31 106.46 10647 106.48 106.66  106.40 108.03
2000 11872 118.72 118.73 114.33 114.33 114.35

2400  124.38 124.38 124.39 119.59 119.59 119.61

“« BMC-CCSD//M06-2X/MG3S. * CCSD(T)-F12a/jul-co-pVTZ//M06-2X/MG3S. ¢ Using Benson’s data from ref. 13. ¢ Using API data from

ref. 28. ¢ Using TRC data from ref. 29.

entropies and heat capacities calculated using the MS-LH
approximation are smaller than those obtained by MS-T in
the low-temperature regime but larger in high-temperature
regime. This observation can be explained by eqn (4), which
shows that the entropy depends on the partition function and
its temperature derivative. As a further consequence of this
dependence, the ratio of the MS-T partition function to the
MS-LH one is larger than the entropy ratio between MS-T
and MS-LH results at each temperature (as shown in Fig. 9
and 10).

n-heptane
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Fig. 9 The ratio of entropies of n-heptane calculated by MS-T and
MS-LH approximations at various temperatures.
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Fig. 10 The ratio of entropies of isoheptane calculated by MS-T and
MS-LH approximations at various temperatures.

Note that Benson’s empirical parameters'>!> are based on

the API tables, which are based on experimental data. The
direct experimental measurement of the entropy of n-heptane
by calorimetric method was accomplished by Pitzer at
371.5 K.** Waddington and Huffman® determined the heat
capacity of n-heptane experimentally between 350 K and 470 K,
and the heat capacity data at the other temperatures in the
range from 298 K to 1500 K were calculated by Person and
Pimental.®> All of these results were used to generate the
thermodynamic data in the API tables. Huffman er al.'' deter-
mined the heat capacity isoheptane at low temperature in the
liquid and solid state, and we did not find direct experimental
measurements of the heat capacity in the gas phase in the
temperature range from 298 K to 1500 K. The API tables
recommend that the heat capacity of isoheptane should be
assumed to be the same as n-heptane (our calculations confirm
that this holds within 0.1 cal K~' mol™" for 300-2000 K), and
entropy and other thermodynamic-data in the API tables for
isoheptane are those estimated by Park et al. at 298 K.%® The
TRC tables are based on both direct measurements of thermo-
dynamic properties and inferences from spectroscopic data.

For n-heptane, Table 8 demonstrates the heat capacity
calculated by MS-T agrees well with the experimental values
in the temperature range where they are available. At tempera-
tures out of this range, MS-T calculations agree with Benson’s
estimates, with the TRC data series, and with the API data set
very well. The entropy values we calculated using MS-T agree
well with Pitzer’s experimental data at 375.1 K, with the best
results being obtained using CCSD(T)-F12a energies. At other
temperatures between 298 and 1500 K, MS-T calculations with
CCSD(T)-F12a energies are also consistent with Benson’s esti-
mates, the TRC data series, and the API data. Similarly, for the
entropy and heat capacity of isoheptane, Table 7 and 9 show
good agreement between the MS-T calculations and estimates
based on Benson’s data, the TRC data series, and the API data.
All of these comparisons validate the MS-T method for predict-
ing entropy and heat capacity.

Change of entropies, enthalpies, and free energies in the
isomerization reaction between n-heptane and isoheptane

Using eqn (4)(6), we obtain the entropy, enthalpy, and free
energy for n-heptane and isoheptane and the change of entropies,
enthalpies, and free energies in the isomerization reaction between
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Table 10 Standard-state entropy, enthalpy, and free energy changes of the isomerization reaction between n-heptane and isoheptane

MS-LH MS-T
T(K) MO06-2X BMC-CCSD* CCSD(T)-F12a” M06-2X BMC-CCSD* CCSD(T)-F12a®  Benson® Exp.-APIY Exp.-TRC®
AS° (cal/mol'K ™)
298 —1.68 —1.58 —1.43 —1.68 —1.59 —1.44 —1.31 —1.89 —1.82
300 —1.67 —1.58 —1.34 —1.68 —1.58 —1.44 —1.31 —1.91 —1.82
400 —1.45 —1.41 —1.26 —1.50 —1.46 —1.38 —1.36 —1.42 -1.79
500 —1.33 —1.31 —1.21 —1.41 —1.38 —1.33 —1.36 —1.14 —1.70
600 —1.25 —1.24 —1.16 —1.35 —1.33 -1.29 —1.34 —0.79 —1.60
800 —1.18 —1.18 —1.14 -1.29 —1.28 —1.26 —1.28 —0.65 —1.51
1000 —1.15 —1.15 —1.13 —1.26 —1.26 —1.24 —1.25 —0.52 —1.20
1500 —1.14 —1.14 —1.13 —1.25 —1.26 —1.25 -1.19 —0.48
2000 —1.14 —1.14 —1.13 —1.26 —1.26 —1.26
2400 —1.14 —1.14 —1.14 —1.26 —1.26 —1.26
AH (kcal/mol)
298 —1.53 —1.98 —1.60 —1.53 —1.98 —1.60 —2.40 -1.71 —1.63
300 —1.53 —1.98 —1.60 —1.53 —1.98 —1.60 -1.72 —1.63
400 —1.45 -1.92 —1.57 —1.47 —1.93 —1.58 —-2.42 —1.59 —1.60
500 —1.39 —1.87 —1.53 —1.42 —1.90 —1.56 —2.42 —1.46 —1.58
600 —1.35 —1.84 —1.51 -1.39 —1.87 —1.54 —-2.40 —-1.27 —1.53
800 —1.31 -1.79 —1.47 —1.35 —1.84 —1.51 -2.37 —1.02 —1.39
1000 —1.28 -1.77 —1.46 —1.33 —1.82 —1.50 —2.34 —1.04 —1.20
1500 —1.26 —1.75 —1.45 —1.32 —1.82 —1.51 —2.27 —0.24
2000 —1.26 —1.75 —1.45 —1.33 —1.83 —1.52
2400 -1.27 —1.76 —1.46 —1.33 —1.83 —1.53
AG* (kcal/mol)
298 —1.03 —1.51 —1.18 —1.03 —1.51 —1.17 —2.01 —1.15 —1.08
300 —1.03 —1.50 —-1.17 —1.02 —1.50 —-1.17 —1.15 —1.10
400 —0.87 —1.36 —1.03 —0.87 —1.35 —1.03 —1.87 -1.02 —0.91
500 —0.73 —1.22 —0.91 —0.72 —1.21 —0.89 -1.74 —0.89 —0.72
600 —0.60 —1.09 —0.78 —0.58 —1.07 —0.76 —1.60 —0.80 —0.57
800 —0.36 —0.85 —0.55 —0.32 —0.81 —0.51 —1.34 —0.50 —0.19
1000 —0.13 —0.62 —0.31 —0.07 —0.56 —0.26 —1.09 —0.52 0.02
1500 0.44 —0.05 0.25 0.56 0.07 0.36 —0.48 0.48
2000 1.01 0.52 0.81 1.19 0.70 0.99
2400 1.47 0.98 1.27 1.69 1.20 1.49

4 BMC-CCSD//M06-2X/MG3S. * CCSD(T)-F12a/jul-cc-pVTZ//M06-2X/MG3S. ¢ For AS°, using Benson’s data from ref. 13, For AH and AG®
using Benson’s data in ref. 15, which includes an updated heat formation data set comparing with those from ref. 13. ¢ Using API data from

ref. 28. ¢ Using TRC data from ref. 29.

n-heptane and isoheptane. These results are shown in Table 10.
The MS-T and MS-LH calculations agree well with each other
at low temperature for AS°, AH, and AG®, but the deviations
between the two approximation methods are larger in the high-
temperature range, where the LH approximation breaks down.

Note that, our calculated data for the AS® results agree very
well with estimations based on Benson’s empirical data, and
they are also close to the TRC data series and the API data set.
For the AH results, Benson’s method gives negative deviations
compared with the API data; MS-LH and MS-T methods
using M06-2X and CCSD(T)-F12a energies give positive
deviations, and those using BMC-CCSD energies give nega-
tive deviations; but they all still agree with the API data set
within £1 kcal/mol over the whole temperature range. A similar
trend is observed for the AG® results.

Conclusions

In the present work, we applied the MS-T and MS-LH
methods to calculate the partition functions for n-heptane
and isoheptane. Furthermore, we used the partition functions
to predict the thermodynamic quantities, such entropy and
heat capacity, for these two species, and we also calculated AS®,
AH, and AG” for the isomerization reaction between n-heptane

and isoheptane. The results show that all calculated thermo-
dynamics quantities based on the MS-T method agree well with
experimental data, in particular the API tables, the TRC data
series, and estimates based on Benson’s empirical parameters in
the temperature range from 298 K to 1500 K. This shows that
the MS-T method including both multi-structural anharmonicity
and torsional anharmonicity effect can be used to calculate the
thermodynamic properties for molecules containing many torsions.
It also gives us confidence that we can extend the application of
electronic structure theory with the MS-T method to predict the
thermodynamic properties at even higher temperatures that are
not included in the empirical API tables or TRC data series,
and where empirical estimation would be a dangerous extra-
polation, or—even more importantly for developing combus-
tion mechanisms—to predict the thermodynamic parameters of
many multiple-structure molecules where no data is available.
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