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The focal-point analysis (FPA) technique is used for the defini-

tive characterization of conformational interconversion

parameters, including activation energy barriers, activation

free energies, and kinetic rate coefficients at 298 K, of two n-

alkanes, n-butane, and n-pentane, yielding the first complete

analysis of their interconversion kinetics. The FPA implemen-

tation developed in this study is based on geometry optimi-

zations and harmonic frequency computations carried out

with density functional theory methods and single-point

energy computations up to the CCSD(T) level of electronic

structure theory using atom-centered Gaussian basis sets as

large as cc-pV5Z. The anharmonic vibrational computations

are carried out, at the MP2/6-31G* level of theory. Reflecting

the convergence behavior of the Gibbs free-energy terms

and the interconversion parameters, well-defined uncertain-

ties, mostly neglected in previous theoretical studies, are pro-

vided. Finally, the effect of these uncertainties on the

concentrations of the conformers of n-butane and n-pentane

is examined via a global Monte–Carlo uncertainty analysis.
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Introduction

Normal alkanes are among the simplest molecules of impor-

tance for organic chemistry. Due to the presence of a number

of CC single bonds, n-alkanes exhibit considerable conforma-

tional flexibility. A comprehensive description of the conforma-

tional behavior of n-alkanes helps to understand the allowed

conformational space of more complicated and complex

organic compounds, like lipids, polymers, proteins, and nucleic

acids. Therefore, it is not surprising that several experimental

and theoretical studies have appeared with the aim to (a)

explore the stationary (critical) points on the conformational

potential energy surfaces (CPES) of n-alkanes[1] and other flexi-

ble molecules[2–9]; (b) investigate the energetics and the con-

formational equilibria of the conformers[10–30]; and (c)

determine kinetic parameters describing the interconversions

among the conformers.[31–40] The best experimental stud-

ies[3,13,24,31–40] utilized several spectroscopic (infrared, ultravio-

let, and Raman) techniques, while the best theoretical

studies[4–8,16,19–22,25,27,29,36] applied variants of the focal-point

analysis (FPA) approach,[41,42] within which particularly accurate

results with well-defined uncertainties can be obtained for

energy differences of the critical points.

Any point on the CPES of a n-alkane with nC carbon atoms

can be identified by nC23 CCCC (backbone) torsion angles.

The structure of the backbone dihedral angles H1;H2; . . . ;

HnC23 is denoted here by a torsion sequence K H1ð ÞK
H2ð Þ . . . K HnC23ð Þ, where K Hið Þ is a label based on the value

of Hi 2 2p;pð �. It is known[43,44] that the following four tor-

sion sequences have the same physical properties:

s15K H1ð ÞK H2ð Þ . . . K HnC23ð Þ

s25K HnC23ð Þ . . . K H2ð ÞK H1ð Þ

s35K 2H1ð ÞK 2H2ð Þ . . . K 2HnC23ð Þ

s45K 2HnC23ð Þ . . . K 2H2ð ÞK 2H1ð Þ;

(1)

which are called isomorphic torsion sequences. As a result, iso-

morphic n-alkane conformers are indistinguishable via spectro-

scopic measurements. Isomorphic torsion sequences can be

divided into equivalence classes. Each equivalence class is well

represented with one of its entries, called a unique sequence

(structure).
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The smallest n-alkane exhibiting rotational isomerism is n-

butane. The one-dimensional CPES of this molecule can be

mapped by varying a single torsion angle, for example, H1 in

Figure 1, while relaxing all the other internal coordinates. It is

well established[45] that the CPES of n-butane has three min-

ima, corresponding to three conformers, with the labels

K � 1808
� �

� t, K � 608ð Þ � g1, and K � 2608ð Þ � g2, and

three transition states with K � 08ð Þ � s, K � 1208
� �

� n1, and

K � 21208
� �

� n2. These conformers and transition states

define the following sequences of interconversions:

t �n1
� �

�g1;

t�n2½ ��g2;

g1
�s½ ��g2;

(2)

where the transition states are indicated in brackets. The min-

ima and the transition states of the CPES related to n-butane

can be divided into the classes c15 tf g, c25 g1;g2f g, c35 sf g,
and c45 n1; n2

� �
, whose unique critical points are represented

by t, g6, s, and n6. Therefore, eq. (2) can be reduced to

t �n6
� �

�g6

g6
�s½ ��g6;

(3)

where t �n6
� �

�g6 is either t �n1
� �

�g1 or t�n2½ ��g2, and

g6
�s½ ��g6 denotes the pair of reactions g1

�s½ ��g2. These

processes fully describe the kinetics of eq. (2).

As to the conformational flexibility of n-pentane, 11 minima,

20 transition states, and 9 maxima have been established for this

molecule by Tasi et al.[1] The existence of these stationary points

was later confirmed by an independent study.[46] The complex

CPES of n-pentane is defined by two torsion angles, see H1 and

H2 of Figure 2. Among the 11 conformers the following intercon-

versions could be identified[1]:

tt �tn1
� �

�tg1

tt �n1t
� �

�g1t

tt�tn2½ ��tg2

tt�n2t½ ��g2t

tg1
�n2g1½ ��x2g1

g1t�g1n2½ ��g1x2

tg2
�n1g2
� �

�x1g2

g2t �g2n1
� �

�g2x1

tg1
�ts½ ��tg2

g1t�st½ ��g2t

tg1
�n1g1
� �

�g1g1

g1t �g1n1
� �

�g1g1

tg2
�n2g2½ ��g2g2

g2t�g2n2½ ��g2g2

g1g1
�sx2½ ��g1x2

g1g1
�x2s½ ��x2g1

g2g2
�sx1½ ��g2x1

g2g2
�x1s½ ��x1g2

g1x2
�c1c2½ ��x1g2

g2x1
�c2c1½ ��x2g1;

(4)

where K � 958ð Þ � x1, K � 2958
� �

� x2, K � 758ð Þ � c1, and

K � 2758ð Þ � c2. Equation (4) can be simplified with the set

of unique critical points {tt, tg6, g6g6, g6x7, c6c7, ts, x6s,

tn6, g6n6, g6n7} as follows:

tt �tn6
� �

�tg6

tg6
�g6n6
� �

�g6g6

tg6
�g6n7
� �

�g6x7

g6g6
�x6s½ ��g6x7

tg6
�ts½ ��tg6

g6x7
�c6c7½ ��g6x7:

(5)

The conformational thermodynamics of n-butane was

reviewed recently by two of the present authors.[27] They

showed that the generally accepted experimental values for

the enthalpy difference of n-butane are biased by the

improper statistical model utilized during the evaluation of the

direct experimental data. It was also demonstrated there that

the thermochemical quantities estimated using state-of-art

electronic structure computations within the FPA approach

can compete with spectroscopic methods as far as their accu-

racy (610 cal mol21) is concerned. Similar conclusions were

obtained[29] by some of the coauthors of this study for the

energy and enthalpy differences for the conformers of n-

pentane.

The principal purpose of the present investigation is the for-

mulation of an FPA protocol capable of estimating accurate

interconversion rate coefficients of n-alkanes larger than the

two alkanes of the present study. Thus, the FPA protocol to be

developed must be based on inexpensive geometry optimiza-

tions and harmonic frequency computations. These computa-

tions could be carried out at the density functional theory

(DFT) level of electronic structure theory. Another important

aim of this study, following a recent recommendation about

reporting highly accurate computational results in the field of

atomic and molecular physics,[47] is the detailed uncertainty

analysis of the free energy contributions, as well as the effect

Figure 1. Backbone torsional angle (H1) in n-butane, along which the (con-

formational) interconversions take place. [Color figure can be viewed at

wileyonlinelibrary.com]

Figure 2. Backbone torsional angles (H1 and H2) in n-pentane, along

which the (conformational) interconversions take place. [Color figure can

be viewed at wileyonlinelibrary.com]
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of the computed uncertainties on the concentration profiles

and kinetic rates of the interconversion processes.

Methodological Considerations

FPA approach

The computational techniques utilized in this study are similar to

those used in Refs. [27] and [29] to benchmark the relative

enthalpies of the conformers of n-butane and n-pentane. Refer-

ences [27] and [29] made use of the FPA approach[41,42] to pro-

vide uncertainties of sub-kJ mol21 accuracy for the relative

energies without making any empirical adjustments. Note that

within the FPA technique the accuracy of the thermochemical

quantities determined depends on the accuracy of (a) the refer-

ence structures and the harmonic frequencies; (b) the individual

energy increments of the FPA scheme, which can be improved

by extrapolating them to the complete basis set (CBS) limit; and

(c) additional “small corrections” (relativistic effects,[48–52] diago-

nal Born–Oppenheimer corrections (DBOC),[53] and post-CCSD(T)

contributions[54–56]), which may need to be considered.

As the transition states on the CPES corresponding to n-

pentane have low point-group symmetry (usually C1), the

CCSD(T) optimizations, carried out for the minima possessing

higher point-group symmetry, would be exceedingly expen-

sive. Consequently, a DFT functional suitable for replacing the

coupled-cluster approach for the optimization of the reference

geometries was searched for. This search was helped by a

related study of Martin.[46] The performance of the DFT func-

tionals examined is presented in detail in the Selection of the

DFT functionals for the geometry optimizations section.

At this point, the notation applied during this study must

be introduced. Consider a CPES, and let its global minimum

be designated by Sg, while an arbitrary structure in this space

be given as S. Then, Q Sð Þ indicates the value of the quantity

Q computed for S, and U Q Sð Þð Þ denotes the uncertainty of

Q Sð Þ. The relative value of Q Sð Þ, related to Q Sg

� �
and desig-

nated by DQ Sð Þ, is

DQ Sð Þ5Q Sð Þ2Q Sg

� �
: (6)

If Qc Sð Þ is a contribution to Q Sð Þ, then the relative contribu-

tion is given as dQc Sð Þ. This notation deviates from the con-

ventional use of d within the FPA scheme, where d refers to

energy increments. Provided that R5S1 ! S12½ � ! S2 is an

interconversion reaction from conformer S1 to conformer S2

through the transition state S12,

D‡
RQ5Q S12ð Þ2Q S1ð Þ5DQ S12ð Þ2DQ S1ð Þ (7)

is the activation value of Q corresponding to R. The activation

contribution, d‡
RQc, is expressed as

d‡
RQc5Qc S12ð Þ2Qc S1ð Þ5dQc S12ð Þ2dQc S1ð Þ: (8)

When the reference structures have been chosen, the FPA

approach requires single-point energy computations at these

geometries. The DE Sð Þ relative energy is decomposed here as

DE Sð Þ5DEHF Sð Þ1dEMP2 fcð Þ Sð Þ1dECCSD fcð Þ Sð Þ1dECCSD Tð Þ fcð Þ Sð Þ1dECV Sð Þ;
(9)

where the so-called energy increments are

dEMP2ðfcÞðSÞ5DEMP2ðfcÞðSÞ2DEHFðSÞ; (10)

dECCSD fcð Þ Sð Þ5DECCSD fcð Þ Sð Þ2DEMP2 fcð Þ Sð Þ; (11)

dECCSD Tð Þ fcð Þ Sð Þ5DECCSD Tð Þ fcð Þ Sð Þ2DECCSD fcð Þ Sð Þ: (12)

In these expressions “fc” denotes the use of the frozen core

approximation, while EHF, EMP2 fcð Þ, ECCSD fcð Þ, and ECCSD Tð Þ fcð Þ are

the Hartree–Fock (HF), the frozen-core second-order Møller–

Plesset (MP2),[57] CCSD,[58] and CCSD(T)[59] energies, respec-

tively. It is preferable to extrapolate these energies to the CBS

limit. dECV Sð Þ includes the core-core and core-valance correc-

tions[60] due to the prior utilization of the frozen-core

approach, estimated here as follows:

dECV Sð Þ5DEMP2 fullð Þ Sð Þ2DEMP2 fcð Þ Sð Þ; (13)

where EMP2 fullð Þ Sð Þ is the all-electron MP2 energy. During the

frozen-core computations, the 1s orbitals of the carbon atoms

are kept frozen. In what follows “fc” will be omitted when this

causes no confusion.

As to the CBS limit of the various contributions to DE Sð Þ,
DEHF Sð Þ, and dEv Sð Þ should be extrapolated with different for-

mulas, where v 2 MP2;CCSD;CCSD Tð Þ;CVf g. For the relative

HF energy, the following formula is utilized[61]:

DEHF Sð Þ � DE
X;X11ð Þ

HF Sð Þ5DE
X½ �

HF Sð Þ1
DE

X11½ �
HF Sð Þ2DE

X½ �
HF Sð Þ

12 11 1
X11

� �
e9

ffiffi
X
p

2
ffiffiffiffiffiffiffi
X11
pð Þ ;

(14)

where X52 Dð Þ; 3 Tð Þ; 4 Qð Þ; 5; 6; . . . : is the cardinal number of

the Dunning-type cc-pVXZ basis sets,[62] DE
X½ �

HF Sð Þ is the rela-

tive HF/cc-pVXZ energy, and DE
X;X11ð Þ

HF Sð Þ is the X; X11ð Þ
extrapolation of the HF term based on DE

X½ �
HF Sð Þ and

DE
X11½ �

HF Sð Þ. The correlation contributions at the CBS limit can

be estimated as[63]

dEv Sð Þ � dE X;X11ð Þ
v Sð Þ5dE X½ �

v Sð Þ1
dE

X11½ �
v Sð Þ2dE

X½ �
v Sð Þ

12 X
X11

� �3
; (15)

where dE
X;X11ð Þ

v Sð Þ is the X; X11ð Þ extrapolation of the v corre-

lation term, and X is the cardinal number of the cc-pCVXZ[64]

and cc-pVXZ basis sets in the cases of v5CV and v 6¼ CV,

respectively.

In Refs. [27] and [29] post-CCSD(T), DBOC, and scalar relativ-

istic[54–56] contributions were also considered. For n-butane

and n-pentane, these “small corrections” seemed to cancel

each other in the relative energies. Thus, these “small

corrections” are neglected in the present study.

The relative zero-point vibrational energies (ZPE), responsi-

ble for about half of the uncertainties of the enthalpy differ-

ences of the conformers,[29] are computed as[65]
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DEZPE Sð Þ5DEhZPE Sð Þ1dEaZPE Sð Þ; (16)

with

dEaZPE Sð Þ5DEaZPE Sð Þ2DEhZPE Sð Þ; (17)

where EhZPE Sð Þ and EaZPE Sð Þ are the harmonic and the anhar-

monic ZPE, respectively. The anharmonic ZPEs are derived via

hybrid degeneracy-corrected (vibrational) second-order pertur-

bation theory (HDCPT2).[66,67]

In eq. (9), the effect of the internal rotation[68,69] should also

be included. However, as the presence of hindered rotors may

not affect substantially the high interconversion barriers, it was

not introduced in our protocol. (During an extended future

analysis, it may be worth returning to this correction.)

Interconversion parameters

To estimate the interconversion parameters (barrier heights,

activation free energies, and rate coefficients), one should

account for the energetics of the conformers and the transi-

tion states and the temperature dependence of these quanti-

ties. At a selected thermodynamic temperature T, the relative

(Gibbs) free energy of the structure S is obtained as

DGT Sð Þ5DG0 Sð Þ1dGcorr;T Sð Þ; (18)

where DG0 Sð Þ � DGT50 Sð Þ5DE Sð Þ1DEZPE Sð Þ, and dGcorr;T Sð Þ
is the relative thermal free-energy correction provided by the

formulas of statistical thermodynamics[70] within the ideal gas,

rigid rotor, and harmonic oscillator approximations. (For ideal

gases, dGcorr;T Sð Þ is independent of pressure.)

The rate coefficient of the reaction R5S1 ! S12½ � ! S2 can

be estimated by the aid of the Eyring–Pol�anyi equation[71,72]:

kT Rð Þ5
kBT

h
exp 2

D‡
RGT

RT

	 

; (19)

where kB is the Boltzmann factor, R is the universal gas con-

stant, h is the Planck constant, and D‡
RGT 5DGT S12ð Þ2DGT S1ð Þ

is the activation free energy of R. Using eqs. (9)–(18), D‡
RGT

can be written in the following form:

D‡
RGT 5D‡

REHF1d‡
REMP21d‡

RECCSD1d‡
RECCSD Tð Þ1d‡

RECV1

D‡
REhZPE1d‡

REaZPE1d‡
RGcorr;T :

(20)

Given the rate coefficients, the differential mass-balance

relations of the interconversion reaction networks can be

solved, utilizing eqs. (9)–(12) of Ref. [73]. The kinetic behavior

of these reaction networks is investigated in the Kinetic simu-

lations section.

As indicated in the FPA approach section, the terms in the

expressions of the relative energy and the activation free

energy need extrapolation to both the one- and n-particle lim-

its. The FPA technique is built on the fact that the higher the

level of electron correlation correction the faster the conver-

gence with respect to the expansion of the basis set. This

favorable behavior helps to ensure the accuracy of the

extrapolated values. Based on the convergence behavior of

the one- and n-particle series, uncertainties can be estimated,

as detailed in Table 3 (vide infra). It should be noted that the

direct extrapolation of the terms in eq. (20) provides a better

approximation for the uncertainties of D‡
RGT than applying the

uncertainties related to DGT S12ð Þ and DGT S1ð Þ.

Selection of the DFT functionals for the geometry

optimizations

As mentioned in the FPA approach section, geometry optimi-

zations at the CCSD(T) level cannot be achieved at a reason-

able computational cost. Therefore, especially for larger n-

alkanes one must rely on the use of inexpensive DFT techni-

ques to obtain the reference structures for the FPA analysis.

Accordingly, as part of this study, an extensive search was exe-

cuted for the most suitable DFT functional capable of provid-

ing the reference geometries needed for the FPA analysis.

Martin[46] obtained a 108 resolution image of the two-

dimensional CPES of n-pentane at the CCSD(T)-F12[74] level

near the CBS limit. At fixed backbone torsional angles, con-

strained optimizations were carried out at the CCSD(T)/cc-

pVTZ and SCS-MP2/cc-pVTZ[75] levels. At these gridpoints,

utilizing the cc-pVTZ basis set,[62] single-point energy com-

putations were then performed with some wave-function-

based and DFT methods free of dispersion as well as includ-

ing the most popular dispersion correction schemes (-D2,[76]

-D3,[77] -D3BJ[78–81], and -NL[82]). Comparing the single-point

energies of the methods applied in Ref. [46] against the

CCSD(T)/cc-pVTZ analogues, the DSD-PBEP86-D2[83] func-

tional proved to be the best technique to predict the rela-

tive energies of the conformational stationary points of n-

pentane.

In our selection procedure full geometry optimizations were

performed with all the methods listed in table 1 of Ref. [46],

ignoring dispersion (-noD) and including the “D2” dispersion

correction scheme. These computations utilized the cc-pVTZ

basis set for all the conformers of n-alkanes with 1 � nC � 5.

The root-mean-square deviations of the (optimally rotated and

translated) geometries (GRMSD) with respect to the

CCSD(T)(full)/cc-pVTZ optimized structures[27,29,84] are tabu-

lated in Table 1 of this study. There the “total” GRMSDs

(GRMSDtot), defined as

GRMSDtot5

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXn

i51

niGRMSD2
i =
Xn

i51

ni

s
; (21)

are also reported, where GRMSDi is the GRMSD of the ith

structure, ni is the number of atoms in the ith species, and n

is the number of structures in Table 1.

On closer inspection of the GRMSDtot values, it is clear that

DSD-PBEP86-D2 emerges as the most accurate DFT technique

for geometry optimizations. This is fully in accord with Martin’s

results.[46] Nevertheless, it is worth noting that ordering of the

levels of theory is slightly distorted by the use of constrained

geometries in Ref. [46]. For instance, MP2-noD is hardly worse

FULL PAPERWWW.C-CHEM.ORG

Journal of Computational Chemistry 2018, 39, 424–437 427

http://onlinelibrary.wiley.com/


in Table 1 of this study than DSD-PBEP86-D2, while it is only

the seventh in the ranking of Ref. [46].

Following a request of one of the referees of this study,

geometry optimizations have been performed using additional

electronic structure theory methods free of dispersion and

with those accommodating certain (-D2, -D3, and -D3BJ) dis-

persion schemes. To this end, both the cc-pVTZ and def2-

TZVPP[91] basis sets were applied, yielding 738 optimized struc-

tures for the n-alkane conformers examined in Table 1. A com-

parison of the approximate equilibrium geometries to the

CCSD(T)(full)/cc-pVTZ counterparts in terms of the GRMSDtot

values is made in Table 2.

As seen from Table 2, there are methods comparable to

DSD-PBP86-D2/cc-pVTZ in GRMSDtot, most notably MP2-D3BJ/

cc-pVTZ. However, the GRMSDtot values, highlighted in bold-

face in Table 2, exhibit only an insignificant difference. Conse-

quently, the FPAeff protocol (see An effective FPA model for

describing the conformational kinetics of n-alkanes section), in

which the DSD-PBPE86-D2/cc-pVTZ method was chosen to

compute reference geometries and harmonic frequencies,

appears to be an excellent and inexpensive choice for larger

n-alkanes, as well.

Results

An effective FPA model for describing the conformational

kinetics of n-alkanes

In this subsection, based mostly on results presented in Refs.

[27] and [29], an effective FPA protocol (FPAeff ) is introduced for

the characterization of the interconversion kinetics of n-alkanes.

Nevertheless, to validate our novel FPA model, it is necessary to

establish four auxiliary FPA schemes (FPAI, FPAII, FPAeff(I), and

FPAeff(II)), as well. Three of these procedures (FPAI, FPAII, and

FPAeff ) are presented in Table 3, while the FPAeff(I) and FPAeff(II)

models are derived from FPAeff by substituting the DSD-PBEP86-

D2/cc-pVTZ reference geometries by their CCSD(T)(full)/cc-pVXZ

counterparts, respectively (X53; 4).

Although only the increments to the relative free energy are

collected in Table 3, the parameters D‡
RE, D‡

RG0, and D‡
RGT can

also be estimated with these procedures if we introduce the

quantities D‡
RQ and d‡

RQ by analogy to DQ Sð Þ and dQ Sð Þ,
respectively. Having the activation free energies determined, it

is also possible to express the coefficients kT Rð Þ by the aid of

eq. (19) and approximate their uncertainties with the law of

uncertainty propagation:

Table 1. Root-mean-square deviations of the optimized geometries (GRMSD), in mÅ, at various levels of electronic structure theory using the cc-pVTZ

basis set.

Species

B2GP-

PLYP-

D2[85]
B2GP-PLYP-

noD[85]
B3LYP-

D2[76,86–88]
B3LYP-

noD[87,88]
DSD-PBEP86-

D2[83]

DSD-

PBEP86-

noD[83]
M06-2X-

noD[89]
M06-

noD[89]
MP2-

noD

PBE0-

D2[77,90]
PBE0-

noD[90]

SCS-

MP2-

noD[75]

methane 47.7 46.7 4.0 2.2 3.0 1.5 1.1 1.2 0.4 3.8 2.9 1.0

ethane 59.6 58.7 10.6 8.3 11.2 11.2 11.5 11.6 11.9 12.4 11.0 10.9

propane 70.0 71.1 1.8 13.0 2.8 3.7 5.0 10.7 6.7 5.4 7.3 2.5

n-butane (t) 90.4 92.3 6.1 16.5 5.1 4.0 2.8 8.0 2.0 3.6 7.0 6.6

n-butane (g6) 85.2 90.8 12.0 34.1 7.8 6.3 41.0 34.2 14.4 8.3 18.6 12.8

n-pentane (tt) 103.6 106.5 6.6 20.8 5.4 4.6 3.1 9.6 2.5 4.0 9.1 8.1

n-pentane (tg6) 99.0 106.1 20.8 40.2 6.6 6.6 40.0 33.3 10.4 16.7 25.2 11.4

n-pentane (g6g6) 93.2 116.0 16.7 127.1 5.2 22.4 40.4 21.6 7.8 13.5 83.5 18.6

n-pentane (g6x7) 93.0 105.9 31.4 100.6 14.1 18.6 24.8 20.3 5.3 18.4 50.7 17.3

GRMSDtot 89.1 97.1 16.6 64.8 7.9 12.1 27.5 21.4 8.2 11.8 38.9 12.3

The GRMSDs are related to the CCSD(T)(full)/cc-pVTZ equilibrium structures taken from the literature.[27,29,84]

Table 2. “Total” root mean square deviations of the optimized geometries (GRMSDtot), in mÅ, at various levels of electronic structure theory, without dis-

persion (-noD) and with the most common (-D2,[76] -D3,[77] and -D3BJ[78–81]) dispersion correction schemes, utilizing the cc-pVTZ and def2-TZVPP basis

sets.[a]

cc-pVTZ def2-TZVPP

Methods -noD -D2 -D3 -D3BJ -noD -D2 -D3 -D3BJ

B2GP-PLYP[85,92–94] 97.1 89.1 92.3 93.1 96.3 88.8 91.8 92.6

B3LYP[76,86–88,93,94] 64.8 16.6 31.3 32.6 64.2 16.1 30.6 31.8

DSD-PBEP86[83,95] 12.1 7.9 – 9.5 9.3 7.6 – 8.2

DSD-PBEPBE[95] 13.4 7.6 – 10.5 10.0 8.6 – 8.5

M06-2X[89,92–94] 27.5 29.2 27.1 – 27.6 29.3 27.1 –

M06[89,92–94] 21.4 24.0 20.1 – 21.8 23.6 20.8 –

MP2[92] 8.2 8.0 – 6.5 12.8 10.0 – 10.3

SCS-MP2[75,85] 12.3 8.8 – – 11.7 11.7 – –

PBE[92–94,96,97] 59.5 21.0 40.8 37.9 57.3 19.7 38.6 35.7

PBE0[77,90,92–94] 38.9 11.8 21.5 22.8 37.1 11.2 19.6 20.9

TPSS[92–94,98] 65.4 24.0 33.7 34.9 62.4 26.0 30.5 31.4

TPSS0[92–94,99] 44.3 20.2 15.6 15.6 41.9 22.2 12.8 12.9

[a] The reference equilibrium structures correspond to the CCSD(T)(full)/cc-pVTZ level.[27,29,84]
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U kT Rð Þð Þ5 kT Rð Þ
RT
U D‡

RGT

� �
: (22)

With the help of the auxiliary FPA models, we are able to (a)

analyze the accuracy of the energy decomposition associated

with the FPAeff protocol and (b) gauge the magnitude of the

geometry effects derived from the use of DSD-PBEP86-D2/cc-

pVTZ reference structures. These investigations, detailed in Val-

idation of the FPAeff protocol against the auxiliary FPA proce-

dures section, require (a) matching the energy increments of

the FPAI and FPAII methods with their FPAeff(I) and FPAeff(II)

equivalents, and (b) observing the differences of the FPAeff

values from the results of FPAeff(I) and FPAeff(II). Useful informa-

tion can be obtained by comparing the DEhZPE Sð Þ, DEaZPE Sð Þ,
dGcorr;T Sð Þ terms computed with the individual FPA proce-

dures, as well.

All the electronic structure computations needed for the

FPA analysis were performed with the Molpro 2012.1[100] and

Gaussian09 release E.01[101] software packages. Molpro was uti-

lized to determine CCSD(T) single-point energies, while Gauss-

ian was used for all of the other quantum-chemical

computations. The effects of electron correlation were com-

puted using restricted HF orbitals, unless noted otherwise.

Validation of the FPAeff protocol against the auxiliary FPA

procedures

To ensure the reliability of the data obtained with the FPAeff

model, a comprehensive FPA analysis was carried out for the

relative free energies, at 0 K, related to the conformers of n-

butane and n-pentane (see Table 4). The HF relative energies

converge smoothly to the CBS limit, within 61 cal mol21. The

Table 3. Composition of the FPAeff model and two of its ancillary FPA procedures.

FPAI
[a] FPAII

[a] FPAeff

Reference geometry CCSD(T)/cc-pVQZ CCSD(T)/cc-pVTZ DSD-PBEP86-D2/cc-pVTZ

Correlation type (C) C5full C5full C5fc

DEHF Sð Þ DE
5;6ð Þ

HF Sð Þ DE
5;6ð Þ

HF Sð Þ DE
4;5ð Þ

HF Sð Þ

U DEHF Sð Þð Þ jDE
5;6ð Þ

HF Sð Þ2DE
4;5ð Þ

HF Sð Þj jDE
5;6ð Þ

HF Sð Þ2DE
4;5ð Þ

HF Sð Þj jDE
4;5ð Þ

HF Sð Þ2DE
3;4ð Þ

HF Sð Þj

dEMP2 Cð Þ Sð Þ dE
5;6ð Þ

MP2 Cð Þ Sð Þ dE
5;6ð Þ

MP2 Cð Þ Sð Þ dE
4;5ð Þ

MP2 Cð Þ Sð Þ

U dEMP2 Cð Þ Sð Þ
� �

jdE
5;6ð Þ

MP2 Cð Þ Sð Þ2dE
4;5ð Þ

MP2 Cð Þ Sð Þj jdE
5;6ð Þ

MP2 Cð Þ Sð Þ2dE
4;5ð Þ

MP2 Cð Þ Sð Þj jdE
4;5ð Þ

MP2 Cð Þ Sð Þ2dE
3;4ð Þ

MP2 Cð Þ Sð Þj

dECCSD Cð Þ Sð Þ dE
3;4ð Þ

CCSD Cð Þ Sð Þ dE
4;5ð Þ

CCSD Cð Þ Sð Þ dE
3;4ð Þ

CCSD Cð Þ Sð Þ

U dECCSD Cð Þ Sð Þ
� �

jdE
3;4ð Þ

CCSD Cð Þ Sð Þ2dE
4½ �

CCSD Cð Þ Sð Þj jdE
4;5ð Þ

CCSD Cð Þ Sð Þ2dE
3;4ð Þ

CCSD Cð Þ Sð Þj jdE
3;4ð Þ

CCSD Cð Þ Sð Þ2dE
4½ �

CCSD Cð Þ Sð Þj

dECCSD Tð Þ Cð Þ Sð Þ dE
3;4ð Þ

CCSD Tð Þ Cð Þ Sð Þ dE
4;5ð Þ

CCSD Tð Þ Cð Þ Sð Þ dE
3;4ð Þ

CCSD Tð Þ Cð Þ Sð Þ

U dECCSD Tð Þ Cð Þ Sð Þ
� �

jdE
3;4ð Þ

CCSD Tð Þ Cð Þ Sð Þ2dE
4½ �

CCSD Tð Þ Cð Þ Sð Þj jdE
4;5ð Þ

CCSD Tð Þ Cð Þ Sð Þ2dE
3;4ð Þ

CCSD Tð Þ Cð Þ Sð Þj jdE
3;4ð Þ

CCSD Tð Þ Cð Þ Sð Þ2dE
4½ �

CCSD Tð Þ Cð Þ Sð Þj

dECV Sð Þ 0[b] 0[b]
dE

3;4ð Þ
CV Sð Þ

U dECV Sð Þð Þ 0[b] 0[b]
jdE

3;4ð Þ
CV Sð Þ2dE

4½ �
CV Sð Þj

DEhZPE Sð Þ DE
3½ �

hZPE; A Sð Þ
[c] DE

3½ �
hZPE; A Sð Þ

[c] DE
3½ �

hZPE; B Sð Þ
[d]

U DEhZPE Sð Þð Þ jDE
3½ �

hZPE; A Sð Þ2DE
2½ �

hZPE; A Sð Þj jDE
3½ �

hZPE; A Sð Þ2DE
2½ �

hZPE; A Sð Þj jDE
3½ �

hZPE; B Sð Þ2DE
2½ �

hZPE; B Sð Þj

dEaZPE Sð Þ dEaZPE; A Sð Þ[e] dEaZPE; B Sð Þ[f ] dEaZPE; A Sð Þ[e]

U dEaZPE Sð Þð Þ jdEaZPE; A Sð Þj jdEaZPE Sð Þj jdEaZPE Sð Þj

dGcorr;T Sð Þ dG
3½ �

corr;T ; A Sð Þ
[g] dG

3½ �
corr;T ; A Sð Þ

[g] dG
3½ �

corr;T ;B Sð Þ
[h]

U dGcorr;T Sð Þ
� �

jdG
3½ �

corr;T ; A Sð Þ2dG
2½ �

corr;T ; A Sð Þj jdG
3½ �

corr;T; A Sð Þ2dG
2½ �

corr;T ; A Sð Þj ajdG
3½ �

corr;T ; B Sð Þj1bjdG
3½ �

corr;T ; B Sð Þ2dG
2½ �

corr;T ; B Sð Þj1c[i]

DE Sð Þ DEHF Sð Þ1dEMP2 Cð Þ Sð Þ1dECCSD Cð Þ Sð Þ1dECCSD Tð Þ Cð Þ Sð Þ1dECV Sð Þ

U DE Sð Þð Þ U DEHF Sð Þð Þ1U dEMP2 Cð Þ Sð Þ
� �

1U dECCSD Cð Þ Sð Þ
� �

1U dECCSD Tð Þ Cð Þ Sð Þ
� �

1U dECV Sð Þð Þ

DG0 Sð Þ DE Sð Þ1DEhZPE Sð Þ1dEaZPE Sð Þ

U DG0 Sð Þð Þ U DE Sð Þð Þ1U DEhZPE Sð Þð Þ1U dEaZPE Sð Þð Þ

DGT Sð Þ DG0 Sð Þ1dGcorr;T Sð Þ

U DGT Sð Þð Þ U DG0 Sð Þð Þ1U dGcorr;T Sð Þ
� �

[a] The FPAI and FPAII protocols are simplified versions of similar models of Refs. [27] and [29], respectively. [b] In these schemes, there is no need for

the indicated correction. [c-d] DE
X½ �

hZPE; A Sð Þ and DE
X½ �

hZPE; B Sð Þ are the relative harmonic ZPE values computed at the CCSD(T)(full)/cc-pVXZ and DSD-

PBEP86-D2/cc-pVXZ levels of theory (X52; 3), respectively. [e-f ] dEaZPE; A Sð Þ and dEaZPE; B Sð Þ are the relative anharmonic corrections determined with the

MP2/6–31G* and MP2(full)/cc-pVDZ methods, respectively. [g-h] dG
X½ �

corr;T ; A Sð Þ and dG
X½ �

corr;T ; B Sð Þ are the thermal corrections to the relative free energy,

computed at the CCSD(T)(full)/cc-pVXZ and DSD-PBEP86-D2/cc-pVXZ levels (X52; 3), respectively. [i] This is an empirical formula reflecting the devia-

tions of the FPAeff estimates of the dGcorr;T Sð Þ values from the FPAI/FPAII results, where a50:03, b51:25, and c525 cal mol21.
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same holds for the CCSD, CCSD(T), and CV contributions with

maximum uncertainties of 611, 65, and 64 cal mol21,

respectively. Minor fluctuations occur in the MP2 increments,

leading to larger uncertainties in the CBS values. Sextuple-

f[102] computations providing even more accurate MP2 contri-

butions are avoided for the reason of their considerable com-

putational expense and as they would not improve

significantly the overall accuracy of the quantities derived. The

influence of the CV correction is minuscule; thus, it can be

omitted from the free-energy expression.

For comparison, the FPAeff protocol and its auxiliary FPA

procedures were compiled to obtain the thermochemical

parameters (DE Sð Þ, DG0 Sð Þ, and DG298 Sð Þ) describing the con-

formational equilibria of n-butane and n-pentane conformers.

The results of our analyses are presented in Tables 5 and 6.

These tables exhibit a reasonable compliance of the methods

examined: the deviations of the “repeated” estimates of the

individual quantities are not larger than 6100 cal mol21.

The deviations of the FPAeff(I)/FPAeff(II) data from their FPAI/

FPAII counterparts reflect the accuracy corresponding to the

collection of the methods choosen in FPAeff. They are largest

for the MP2(C) increments, with a maximal discrepancy of

610 cal mol21, where C 2 full; fcf g. As noted earlier, deter-

mining the MP2/cc-pV6Z single-point energies would imply

significant increase in the computational complexity, prevent-

ing the applicability of the FPAeff protocol for longer n-alkanes.

For the dECCSD Cð Þ Sð Þ and dECCSD Tð Þ Cð Þ Sð Þ parameters, the

FPAeff(I)/FPAeff(II) models provide adequate approximations: the

(3,4) extrapolations differ from their fully correlated (4,5) var-

iants by only a few cal mol21. The relative energies of the con-

formers are also well modeled with the FPAeff(I)/FPAeff(II)

methods, the largest deviation shown is 637 cal mol21 for

the unique conformer g6x7.

As seen in Table 5, the impact of using a level less accurate

than CCSD(T)(full)/cc-pVTZ for the determination of reference

geometries is rather pronounced for the FPAeff estimates of

the DEHF Sð Þ and dEMP2 Cð Þ Sð Þ contributions. In contrast, the

FPAeff values of the relative energies have discrepancies not

larger than 610 cal mol21 from the results of the FPAeff(I)/

FPAeff(II) models, indicating that the geometry effects are

almost totally compensated after summation of the individual

terms.

Concerning the ZPE and the thermal correction terms of

Table 5, the FPAI/FPAII and the FPAeff values are in good agree-

ment. While the estimated uncertainties of the DEhZPE Sð Þ
parameters describe well the differences of the FPAI/FPAII and

FPAeff results, the uncertainties of dGcorr; 298 Sð Þ contributions

were determined “empirically,” as detailed in a footnote to

Table 3. It can also be discerned from Table 5 that the rather

small MP2(full)/cc-pVDZ anharmonic corrections are adequately

approximated with the MP2/6-31G* quartic force field

computations.

The DG0 Sð Þ and DG298 Sð Þ data provided by the various FPA

models are in good agreement, demonstrating that our FPAeff

procedure is fairly robust; we expect that FPAeff can be used

for predicting the interconversion parameters of n-butane and

Table 4. Convergence of the terms contributing to the relative free energies, at 0 K, for the conformers of n-butane and n-pentane using the FPAeff

protocol.[a,b]

S½c� X DE
X½ �

HF Sð Þ dE
X½ �

MP2 Sð Þ dE
X½ �

CCSD Sð Þ dE
X½ �

CCSD Tð Þ Sð Þ dE
X½ �

CV Sð Þ DE
X½ �

hZPE Sð Þ dEaZPE Sð Þ

g6 (n-butane) 2 1152 2492 86 246 4 85 –

3 1128 2566 91 265 2 106 –

4 1136 2558 94 267 2 – –

5 1137 2566 – – – – –

Best[d] 1137 2575 96 268 3 106 24

Unc[e] 0 23 2 1 1 21 4

tg6 (n-pentane) 2 1186 2577 104 258 1 90 –

3 1184 2635 109 275 1 106 –

4 1194 2626 115 277 3 – –

5 1195 2632 – – – – –

Best[d] 1195 2638 118 278 4 106 23

Unc[e] 0 19 3 1 1 16 3

g6g6 (n-pentane) 2 2368 21399 297 2127 4 279 217

3 2359 21580 312 2174 23 314 –

4 2378 21574 326 2181 21 – –

5 2381 21586 – – – – –

Best[d] 2381 21598 337 2186 1 314 217

Unc[e] 1 28 11 5 2 35 17

g6x7 (n-pentane) 2 4335 21286 156 2134 15 233 –

3 4271 21488 175 2191 17 298 –

4 4289 21477 191 2197 22 – –

5 4291 21478 – – – – –

Best[d] 4292 21479 202 2202 26 298 231

Unc[e] 1 9 11 5 4 65 31

[a] All values are expressed in cal mol21. [b] Reference geometries were optimized at the DSD-PBEP86-D2/cc-pVTZ level of DFT theory. [c] The first col-

umn contains the torsion sequences of the conformers of n-butane and n-pentane. [d] Best estimates of the individual contributions. [e] Estimates of

the uncertainties of the individual contributions.
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n-pentane. Additionally, we also expect that larger n-alkanes

can be modeled reliably with this FPA protocol.

Best estimates for the interconversion parameters

of n-butane and n-pentane

Tables 7 and 8 demonstrate that the free energy contributions,

determined via the FPAeff protocol for n-butane and n-pen-

tane, as well as the quantities derived from them have low

uncertainties: the energy barriers and the free energies at 0

and 298 K have 656, 6143, and 6200 cal mol21 maximum

uncertainties, while the inaccuracy of the rate coefficients is

not larger than 10%.

Inspecting the free energy contributions (Table 7), it can be

seen that D‡
REHF, d‡

RECCSD, and d‡
RECCSD Tð Þ are computed with a

few cal mol21 uncertainties. The other terms exhibit larger

uncertainties, especially d‡
RGcorr;298, for which the maximum

uncertainty is around 690 cal mol21. Table 7 also indicates

that the anharmonic corrections are nearly identical for the

individual reactions. As also observed in Table 5, the CV effect

is not substantial: in the case of very similar geometries, the

CV effect is almost completely wiped out. Most thermal correc-

tion data are about 5002600 cal mol21, due to the fact that

the similar relative entropies (around 2 and 3 cal mol21K21

for the minima and the transition states, respectively) have sig-

nificant influence on these contributions. It can also be

observed that the contributions in the lower barriers have sim-

ilar magnitude, in contrast to the greater activation energies,

in which the correlation effects are suppressed by the D‡
REHF

factor.

As far as the energetics of the interconversions of n-butane

and n-pentane is concerned (Table 8), relatively small energy

barriers (less than 7 kcal mol21) are found, due to the fact

that only the torsional vibrations of the conformers are

excited. As a result, the interconversion processes of n-butane

and n-pentane take place with rate coefficients greater than

107 s21. The rate coefficients cover five orders of magnitude,

suggesting that certain interconversions are favored in the

Table 5. Best estimates of the contributions to the relative free energies of the conformers of n-butane and n-pentane, at 298 K, using the FPAeff protocol

and its auxiliary FPA procedures.[a]

Quantity Method S5g6(n-butane) S5tg6 (n-pentane) S5g6g6 (n-pentane) S5g6x7 (n-pentane)

DEHF Sð Þ FPAI/FPAII
[b,c] 1109(0) 1183(0) 2363(1)[c] 4279(1)[c]

FPAeff(I)/FPAeff(II)
[b] 1109(1) 1183(0) 2362(1)[c] 4278(1)[c]

FPAeff 1137(0) 1195(0) 2381(1) 4292(1)

dEMP2 Cð Þ Sð Þ FPAI/FPAII 2545(11) 2615(1) 21580(15) 21473(35)

FPAeff(I)/FPAeff(II) 2541(22) 2622(19) 21570(28) 21464(10)

FPAeff 2575(23) 2638(19) 21598(28) 21479(9)

dECCSD Cð Þ Sð Þ FPAI/FPAII 95(0) 117(5) 330(0) 199(5)

FPAeff(I)/FPAeff(II) 96(2) 112(1) 325(11) 195(12)

FPAeff 96(2) 118(3) 337(11) 202(11)

dECCSD Tð Þ Cð Þ Sð Þ FPAI/FPAII 259(0) 280(1) 2190(2) 2204(1)

FPAeff(I)/FPAeff(II) 259(1) 278(1) 2187(5) 2202(4)

FPAeff 268(1) 278(1) 2186(5) 2202(5)

dECV Sð Þ FPAeff(I)/FPAeff(II) 22(0) 6(1) 6(2) 31(5)

FPAeff 3(1) 4(1) 1(2) 26(4)

DEhZPE Sð Þ FPAI/FPAII 88(0) 102(6) 319(47) 242(46)

FPAeff 106(21) 106(16) 314(35) 298(65)

dEaZPE Sð Þ FPAI/FPAII 24(4) 26(6) 222(22) 228(28)

FPAeff 24(4) 23(3) 217(17) 231(31)

dGcorr; 298 Sð Þ FPAI/FPAII 234(18) 2400(22) 232(54) 2176(94)

FPAeff 29(31) 2423(39) 214(62) 2197(97)

[a] All values (with their uncertainties in parentheses) are given in cal mol21. [b] The FPAI and FPAeff(I) methods were applied only to the g6 conformer,

in contrast to the FPAII and FPAeff(II) schemes, which used only for the n-pentane conformers. The raw computational data needed for obtaining the

best estimates of these protocols are taken from Refs. [27] and [29]. [c] The small (� 1 cal mol21) deviations of the FPAI/FPAII and FPAeff(I)/FPAeff(II)

estimates are attributed to the use of different softwares for these computations.

Table 6. Comparison of the quantities derived from the terms listed in Table 5.

Quantity Method S5g6(n-butane) S5tg6 (n-pentane) S5g6g6 (n-pentane) S5g6x7 (n-pentane)

DE Sð Þ FPAI/FPAII 600(11) 605(7) 923(18) 2801(42)

FPAeff(I)/FPAeff(II) 603(26) 601(22) 936(47) 2838(32)

FPAeff 593(27) 601(24) 935(47) 2839(30)

DG0 Sð Þ FPAI/FPAII 684(15) 701(19) 1220(87) 3015(116)

FPAeff 695(49) 704(52) 1232(123) 3106(152)

DG298 Sð Þ FPAI/FPAII 650(33) 301(41) 1452(141) 2839(210)

FPAeff 686(80) 281(91) 1446(185) 2909(249)

For comments, see the footnote to Table 5.
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reaction network. As expected, the replacement of g6 by x7 is

the slowest process, as here a change of 61958 occurs in one

of the backbone torsion angles. Furthermore, g6x7 ! g6x7

appears as the fastest interconversion, due to the resemblance

of the reactant (g6x7) to the transition state (c6c7). Table

8 also reveals that the exchange of t and g6 is less affected

by the addition of t and g6 dihedrals: t�g6, tt�tg6, and

tg6
�g6g6, as well as g6

�g6 and tg6
�tg6, have very

similar barrier heights. Nevertheless, the differences in the

activation free energies become slightly larger due to the

larger differences in entropy. It is worth noting that s, ts, and

c6c7 connect two isomorphic conformers on symmetric

pathways; thus, their rate coefficients cannot be determined

experimentally.

Comparison to previous studies

The relative energies of the conformers of n-butane and n-

pentane have been subjected to a detailed analysis.[27,29] Thus,

only activation free energies and energy barriers of previous

studies are analyzed here. Rate coefficients for these reactions

have not been found in the literature.

Tables 9 and 10 list the values for the barrier heights and

the activation free energies (at 0 and 298 K) of n-butane and

n-pentane. In these tables, the interconversion parameters

were also computed at the DSD-PBEP86-D2/cc-pVTZ structures

with those methods which are directly included in the FPAeff

model. In these cases, the geometry effects are not significant;

thus, where larger differences occur in a given column of

Tables 9 and 10, they can be attributed to the accuracy of the

method applied rather than the uncertainty of the optimized

geometries.

It can be observed in Table 9 that the differences are

smaller for t! g6 than for g6 ! g6: 6400 and

61000 cal mol21, respectively. The empirical barriers are

determined with the help of simple models based on the

enthalpies of formation of certain n-alkanes[10] and on the tor-

sional transitions of n-butane.[13] Note that the activation

energy of g6 ! g6 obtained from the latter study agrees with

none of the theoretical estimates. According to Refs. [14] and

[23], this is attributed to the increased uncertainty of the

potential-fitting procedure used in Ref. [13].

Of the electronic structure computations listed in Table 9

the protocol followed in this study involves the most elaborate

Table 7. Best estimates of the factors contributing to the activation free energies at 298 K for the gase-phase interconversions among the unique con-

formers of n-butane and n-pentane.[a]

ID[b] R[c] D‡
REHF d‡

REMP2 d‡
RECCSD d‡

RECCSD Tð Þ d‡
RECV D‡

REhZPE d‡
REaZPE d‡

RGcorr;298

n-butane R1 t ! n6
� �

! g6 3665(1) 2238(19) 278(5) 252(2) 34(3) 32(49) 216(16) 554(63)

R2 g6 ! n6
� �

! t 2528(1) 337(42) 2174(3) 16(1) 31(3) 274(28) 212(12) 564(58)

R3 g6 ! s½ � ! g6 5296(3) 2278(24) 2156(9) 264(8) 42(3) 91(29) 215(15) 583(60)

n-pentane R01 tt ! tn6
� �

! tg6 3515(1) 2308(18) 252(5) 260(2) 29(2) 15(44) 224(24) 212(50)

R02 tg6 ! tn6
� �

! tt 2320(1) 330(37) 2170(1) 18(1) 26(2) 291(28) 221(21) 635(62)

R03 tg6 ! g6n6
� �

! g6g6 3332(0) 2348(24) 218(6) 265(3) 29(3) 23(49) 221(21) 784(84)

R04 g6g6 ! g6n6
� �

! tg6 2146(1) 612(33) 2236(1) 43(1) 32(2) 2185(31) 28(8) 147(35)

R05 g6g6 ! x6s½ � ! g6x7 6617(1) 2186(33) 2233(11) 292(6) 56(4) 231(67) 221(21) 76(36)

R06 g6x7 ! x6s½ � ! g6g6 4707(2) 2305(14) 299(9) 276(6) 31(2) 215(37) 27(7) 487(66)

R07 tg6 ! g6n7
� �

! g6x7 3402(1) 2589(16) 37(7) 293(3) 27(3) 50(55) 225(25) 826(90)

R08 g6x7 ! g6n7
� �

! tg6 305(2) 252(6) 247(1) 30(0) 4(0) 2143(5) 3(3) 600(69)

R09 g6x7 ! c6c7½ � ! g6x7 124(0) 371(1) 2111(3) 34(2) 5(0) 2195(16) 216(16) 470(80)

R010 tg6 ! ts½ � ! tg6 5324(5) 2395(27) 2123(11) 284(9) 41(4) 84(27) 218(18) 668(69)

[a] All values (with their uncertainties in parentheses) are in cal mol21. [b] Reaction identifiers (ID) are used to refer to a particular interconversion.

[c] The transition states of the processes are placed in square brackets.

Table 8. Best estimates of the reaction parameters (energy barriers, activation free energies at 0 and 298 K, and rate coefficients at 298 K) for the gase-

phase interconversions of n-butane and n-pentane.[a]

ID D‡
RE ðcal mol21Þ D‡

RG0 ðcal mol21Þ D‡
RG298 ðcal mol21Þ k298 Rð Þ ðs21Þ

n-butane R1 3331(30) 3347(95) 3901(158) 103(7) 3 107

R2 2738(50) 2652(90) 3216(148) 33(2) 3 108

R3 4840(47) 4916(91) 5499(151) 69(4) 3 106

n-pentane R01 3124(28) 3115(96) 3327(146) 27(2) 3 108

R02 2524(42) 2412(91) 3047(153) 44(3) 3 108

R03 2930(36) 2932(106) 3716(190) 14(1) 3 108

R04 2597(38) 2404(77) 2551(112) 101(5) 3 108

R05 6162(55) 6110(143) 6186(179) 22(2) 3 106

R06 4258(33) 4236(77) 4723(143) 26(1) 3 107

R07 2784(30) 2809(110) 3635(200) 16(1) 3 108

R08 544(9) 404(17) 1004(86) 137(5) 3 109

R09 423(6) 212(38) 682(118) 24(1) 3 1010

R010 4763(56) 4829(101) 5497(170) 69(5) 3 106

[a] The reaction IDs are defined in Table 7.
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quantum-chemical techniques, as far as the reference geome-

tries, the basis sets, and the levels of the single-point energy

computations are considered. One can recognize that certain

studies (see, e.g., Ref. [11]) give a good approximation of the

energy barrier for the conversion t! g6, but fail to predict

correctly the barrier height for the reaction g6 ! g6. In those

cases where a 100 cal mol21 deviation of a particular datum

from our FPAeff estimates is observed, the electron correlation

effects were computed at relatively high levels. As to D‡
RG298,

the literature values agree well with the present FPAeff esti-

mate for the reaction t! g6. As to g6 ! g6, the impact of

hindered rotors, which was taken into account in Ref. [14],

may be the reason behind the larger differences from our

FPAeff estimates, where the internal rotation effects are not

considered.

For n-pentane, no experimental or empirical studies are

available. Of the computational investigations (see Table 10),

the results of Ref. [46] agree very well with our FPAeff esti-

mates: the absolute differences are within or near to the

uncertainties provided by the present protocol. The inexpen-

sive molecular mechanics force field results, applied in Ref.

[18], show larger discrepancies, around 61000 cal mol21 in

the worst case. Combination of the MP2/cc-pVDZ, MP2/cc-

pVQZ, and CCSD(T)/cc-pVDZ energies, denoted as MP2:CC,

provides a good estimation for the barrier heights. Although

this does not affect the correctness of the computations in

Ref. [18], we must note that Klauda et al.[18] improperly des-

ignated the conformer g1x2 as g1g2: the second torsion

angle is � 2958 instead of � 2608. The results in Table 10

also suggest that the MP2/6–31G* method overcorrects the

effect of electron correlation, both for the barrier heights

and for the activation free energies. This overestimation is

likely due to intramolecular basis set superposition error

(BSSE).

Kinetic simulations

Next, sequences of interconversions corresponding to n-

butane and n-pentane are investigated, based on the theory

of first-order complex reaction networks (FCRN).[73,103] Due

to the fact that these reaction networks include components

(unique conformers) less than six (in fact, two and four),

their first-order linear system of ordinary differential equa-

tions (FLSODE) can be given in an algebraically closed

form.[73,103]

Consider a general FCRN containing K components. For a

general case, the FLSODE of this reaction network can be

expressed as follows:

_C5FC; (23)

where C5C tð Þ is the vector of size K including the time-

dependent concentrations of the components, _C is the time

derivative of C, and F is a K3K matrix constructed from the

rate coefficients. If C05C t50ð Þ is the vector of initial concen-

trations and k1, k2, . . ., kL are pairwise distinct (not necessarily

real) eigenvalues of F with corresponding l1, l2, . . ., lL multi-

plicities, C5C tð Þ can be given as[73,103]

Table 9. Energy barriers and activation free energies at 298 K reported by various studies for the gase-phase interconversions of n-butane.[a,f ]

Quantity R1
[b] R3

[b] Method[d] Ref.[c]

D‡
RE 3720 5400 Empirical [10]

3620 3277 Empirical [13]

3320 5210 MP3/6–311G**//MP2/6–31G [11]

3400 5380 MP3/6–311G*//MP2/6–31G* [12]

3539 5196 CBS/Q [14]

3294 5196 G2

3310 {3298}[d] 4890 {4883}[d] CCSD(T)/cc-pVTZ//MP2/6–311G(2df,p) [15]

3307 4876 CCSD(T)/CBS//CISD/DZP [16]

3246 4833 B3LYP/6–311G**//B3LYP/6–311G** [17]

3303 {3292}[d] – {4817}[d] MP2:CC//MP2/cc-pVDZ [18]

3428 {3422}[d] – {5039}[d] MP2/cc-pVQZ//MP2/cc-pVDZ

3356 – C27r//MP2/cc-pVDZ

3345 – C27//MP2/cc-pVDZ

3880 – AMBER99//MP2/cc-pVDZ

3643 {3650}[d] 5329 {5323}[d] MP2/cc-pVDZ//MP2/cc-pVDZ [21]

3517 {3521}[d] 5125 {5119}[d] CCSD(T)/cc-pVDZ//MP2/cc-pVDZ

3430 {3422}[d] 5036 {5039}[d] MP2/cc-pVQZ//MP2/cc-pVDZ

3303 {3292}[d] 4832 {4817}[d] MP2:CC//MP2/cc-pVDZ

3100 4600 DFT (potential fitting) [23]

3440 5100 MP2/6–31G*//MP2/6–31G* [28]

3331(30) 4840(47) FPAeff (see the text) This study

D‡
RG298 4080 5820 CBS/Q [14]

3830 5820 G2

3971 {3884}[d,e] 5450 {5601}[d,e] CCSD(T)/cc-pVTZ//MP2/6–311G(2df,p) [15]

3901(158) 5499(151) FPAeff (see the text) This study

[a] All values are given in cal mol21. [b] The reaction IDs are defined in Table 7. [c] The line numbers of the sources are listed here. [d] Values in braces

were obtained with the methods detailed in the 4th column of this table at the DSD-PBEP86-D2 reference geometries. [e] These numbers were

computed using the thermal free energy corrections of the present FPAeff protocol. For details on the methods, see the original papers.
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C tð Þ5FC0
V21E tð Þ; (24)

where

E tð Þ5fek1t; tek1 t; . . . ; tl121ek1t; ek2 t; tek2t; . . . ; tl221ek2t; ::;

ekLt; tekLt; . . . ; tlL21ekLtgT; (25)

V5 E 0ð Þ; _E 0ð Þ; €E 0ð Þ; . . . ; E K21ð Þ 0ð Þ
n o

; (26)

and

FC0
5 C0; FC0; F2C0; . . . ; FK21C0

� �
; (27)

with the vector E kð Þ 0ð Þ5 d kð ÞE tð Þ=dtk
� �

t50
and the transpose

operation T. The eigenvalues of F can be determined by solving

pF kð Þ50, where pF kð Þ is the characteristic polynomial of F:

pF kð Þ5aK11k
K 1aKkK211 . . . 1a2k1a1: (28)

The coefficients of pF kð Þ can be obtained with the help of Lev-

errier’s method[73,103]:

aK115 21ð ÞK ; (29)

aK112k52
1

k

Xk

i51

aK112k1itr Fi
� �
ð1 � k � KÞ; (30)

where tr Fi
� �

is the trace of the ith power of F.

The FLSODE induced by the interconversion mechanism of

n-butane in eq. (3) is a system of two differential mass-balance

relations, namely

_ct52k1ct1k2cg6

_cg6 5k1ct2k2cg6 52 _ct;
(31)

where (a) k15k298 R1ð Þ and k25k298 R2ð Þ, following the notation

of Table 5; (b) ct5ct tð Þ and cg6 5cg6 tð Þ are the time-dependent

concentration functions of species t and g6, respectively; and (c)

_ct and _cg6 are the time derivatives of ct and cg6 , respectively.

Obviously, the reversible reaction g6
�g6 is canceled out in eq.

(31); thus, k298 R3ð Þ does not occur in this equation. For this

FLSODE, the vectors and matrices of eqs. (24)–(27) can be written

as follows:

C5 ct; cg6

� �T
; (32)

C05 c0;t; c0;g6

� �T
; (33)

F5
2k1 k2

k1 2k2

 !
; (34)

E tð Þ5 ek1t; ek2 t
� �T

5 1; e2 k11k2ð Þt
n oT

; (35)

V5 E 0ð Þ; _E 0ð Þ
� �

5
1 0

1 2k12k2

 !
; (36)

FC0
5 C0; FC0f g5

c0;t k2c0;g6 2k1c0;t

c0;g6 k1c0;t2k2c0;g6

 !
; (37)

where k150 and k252k12k2 are the eigenvalues of the

matrix F in eq. (34). Substituting eqs. (32)–(37) into eq. (24),

the solution of eq. (23) can be obtained by performing the

matrix inversion and the multiplications in eq. (24).

n-butane is not an easily resolvable mixture of its conform-

ers, which exist in thermodynamic equilibrium at a given tem-

perature and pressure. Thus, the experimental preparation of a

non-equilibrium initial state at constant temperature for the

species t and g6 is not trivial. A feasible solution to this prob-

lem was suggested by Zwier,[34] whose idea, called IR-induced

population transfer, builds on the fact that individual conform-

ers can be excited in a conformation-specific way. For instance,

if conformer t is excited, then the equilibrium concentrations,

c1t and c1g6 , will be perturbed with P to c1;t2P and

c1;g6 1P, respectively. From the C05 c1;t2P; c1;g6 1P
� �T

Table 10. Energy barriers (D‡
RE) and activation free energies at 0 K (D‡

RG0) reported by various studies for the gase-phase interconversions of

n-pentane.[a,c,e]

Quantity R01 R03 R05 R07 R09 R010 Method[a] Ref.

D‡
RE 3396 3185 6859 3093 362 5329 MP2/6–31G*//MP2/6–31G* [1]

3200[c] {3095} 2892 {2889} – {6108} 2764 {2758} – {427} – {4746} MP2:CC//MP2/cc-pVDZ [18]

3213 {3204} 2971 {2972} – {6429} 2819 {2813} – {490} – {4945} MP2/cc-pVQZ//MP2/cc-pVDZ

2946 2935 – 2965 – – C27r//MP2/cc-pVDZ

3329 3407 – 3297 – – C27//MP2/cc-pVDZ

3910 3845 – 3636 – – AMBER99//MP2/cc-pVDZ

3106 {3103} 2898 {2896} 6138 {6133} 2769 {2767} 407 {403} 4800 {4797} CCSD(T)/cc-pVTZ//cCCSD(T)/cc-pVTZ [46]

3106 {3103} 2899 {2896} 6140 {6133} 2770 {2767} 406 {403} 4800 {4797} CCSD(T)/cc-pVTZ//cSCS-MP2/cc-pVTZ

3100 2892 6096 2754 421 4740 CCSD(T)-F12/cc-pVDZ-F12//cSCS-MP2/cc-pVTZ

3098 2893 6119 2752 423 4740 CCSD(T)-F12/cc-pVTZ-F12//cSCS-MP2/cc-pVTZ

3098 2894 6118 2751 426 4739 CCSD(T)-F12/cc-pVTZ-F12//cCCSD(T)/cc-pVTZ

3124(28) 2930(36) 6162(55) 2784(30) 423(6) 4763(56) FPAeff (see text) This study

D‡
RG0 3402 3190 6783 3124 187 5382 MP2/6–31G*//MP2/6–31G* [1]

3115(96) 2932(106) 6110(143) 2809(110) 212(38) 4829(101) FPAeff (see text) This study

All values are given in cal mol21. [a] The letter “c” in boldface indicates the use of constrained optimization. [b] Values in braces were obtained with the

methods of the 8th column at the DSD-PBEP86-D2 reference geometries. [c] This datum shows an unusually large discrepancy from the value in braces.

After trying to reproduce this number, we determined 3105 cal mol21 instead of 3200 cal mol21. [d] For further comments, see the footnote to Table 9.
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initial state, the system will return to equilibrium following

first-order kinetics. At 298 K, c1t and c1g6 can be expressed

as

c1;g6

c1;t
5

k1

k2
; (38)

ctot5c1;t1c1;g6 ; (39)

where ctot is the total concentration of n-butane. After some

algebraic manipulations,

c1;t5
k2ctot

k11k2
(40)

and

c1;g6 5ctot2c1;t: (41)

Using ctot51 mol dm23 and P50:2c1;t, 0:61 and 0.39

mol dm23 are obtained for c0;t and c0;g6 , respectively, which

serve as the initial parameters of our simulation depicted in Fig-

ure 3. The uncertainties of the concentrations were determined

via a Monte-Carlo uncertainty analysis,[104] based on 1000 simula-

tions. During this process, the rate coefficients were varied within

their uncertainty intervals, while the initial concentrations were

treated as exact, to better represent the effects caused by the

inaccuracy of the rate coefficients on the kinetic model consid-

ered. It can be proved that these uncertainty estimates are iden-

tical for ct tð Þ and cg6 tð Þ, as shown in Figure 3. It can also be seen

there that the uncertainties are increasing up to equilibrium. The

largest uncertainty of the concentrations is not larger than 10%.

For the interconversion network of n-pentane in eq. (5), the

following first-order system of differential equations can be

constructed:

_ctt52k01ctt1k02ctg6

_ctg6 5k01ctt2 k021k031k07ð Þctg6 1k04cg6g6 1k08cg6x7

_cg6g6 5k03ctg6 2 k041k05ð Þcg6g6 1k06cg6x7

_cg6x7 5k07ctg6 1k05cg6g6 2 k061k08ð Þcg6x7 ;

(42)

where (a) k0 i5k298 R0i
� �

(1 � i � 8) following the notation of

Table 5, and (b) ctt, ctg6 , cg6g6 , and cg6x7 are the concentration

functions of the species tt, tg6, g6g6, and g6x7, respectively.

As observed in the case of n-butane, the reactions between two

isomorphic conformers do not appear in the differential mass bal-

ance relations. The coefficient matrix of this reaction network is

F5

2k01 k02 0 0

k01 2 k021k031k07ð Þ k04 k08

0 k03 2 k041k05ð Þ k06

0 k07 k05 2 k061k08ð Þ

0
BBBBB@

1
CCCCCA:

(43)

When the eigenvalues of F, which can be determined via the

Cardano formula, are available, the solution of eq. (42) is

provided by eqs. (24)–(27). To make a simulation for this

reaction network, C05 c1;tt2P; c1;tg6 1P; c1;g6g6 ; c1;g6x7

� �T

is used, where

c1;tg6 5
k01
k02

c1tt; (44)

c1;g6g6 5
k03
k04

c1;tg6 5
k01
k02

k03
k04

c1;tt; (45)

c1;g6x7 5
k05
k06

c1;g6g6 5
k01
k02

k03
k04

k05
k06

c1;tt; (46)

and

c1;tt5
ctot

11 k01
k02

1 k01
k02

k03
k04

1 k01
k02

k03
k04

k05
k06

; (47)

with ctot51 mol dm23 and P50:5c1;tt.

The concentration curves of Figure 4 were obtained with

the help of these parameters, following the same procedure

Figure 3. Concentration profiles corresponding to the interconversion net-

work of n-butane. To obtain the uncertainty intervals shown, only the

uncertainties of the rate coefficients were taken into account. [Color figure

can be viewed at wileyonlinelibrary.com]

Figure 4. Concentration profiles corresponding to the interconversion net-

work of n-pentane. To obtain the uncertainty intervals shown, only the

uncertainties of the rate coefficients were taken into account. [Color figure

can be viewed at wileyonlinelibrary.com]
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applied for the interconversion network of n-butane. As seen

in Figure 4, the concentrations of the species g6g6 and g6x7

are rather small, around 0:1c1;tt and 0:01c1;tt, respectively.

The Monte-Carlo uncertainties of these components are nearly

10%, which are greater than the uncertainties related to tt and

tg6, about 4.5 and 6%, respectively.

Based on all this information, the estimated parameters of

our FPAeff model describing the interconversions of n-butane

and n-pentane can be considered dependable. To improve the

uncertainties of the concentrations of g6g6 and g6x7, mainly

the ZPEs should be computed even more accurately, following

more sophisticated models and methods with a larger compu-

tational cost.

Conclusions

A FPA model, denoted by FPAeff, was presented to estimate

the conformational interconversion parameters of two n-

alkanes, n-butane, and n-pentane. In accordance with a rec-

ommendation of Martin,[46] the DSD-PBEP86-D2 level of DFT

theory was used for geometry optimizations and harmonic

frequency computations, which can safely substitute the ref-

erence structures and the harmonic frequencies obtained at

the much more expensive CCSD(T)(full)/cc-pVTZ level. The

accuracy of the estimated energy barriers, activation free

energies, and rate coefficients for the interconversions of n-

butane and n-pentane conformers is ensured by a sequence

of single-point energy computations at high levels of elec-

tronic structure theory. For all of our data, rather small and

always reliable uncertainties are provided. Comparing our

FPAeff estimates against the corresponding values of previ-

ous quantum-chemical investigations, of which the present

FPAeff procedure emerges as the most extensive protocol for

predicting the interconversion parameters of unbranched

alkanes, a good agreement is found with results of MP the-

ory and of coupled-cluster techniques. Although at present

experimental studies dealing with the kinetic behavior of

these reaction systems are not available, they could be use-

ful for benchmarking this as well as future computational

studies. The current FPAeff scheme is recommended for

modeling the interconversion parameters of longer n-alka-

nes, as well.
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