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A complete and consistent set of 95 Benson group additive values (GAV) for the standard enthalpy of formation
of hydrocarbons and hydrocarbon radicals at 298 K and 1 bar is derived from an extensive and accurate
database of 233 ab initio standard enthalpies of formation, calculated at the CBS-QB3 level of theory. The
accuracy of the database was further improved by adding newly determined bond additive corrections (BAC)
to the CBS-QB3 enthalpies. The mean absolute deviation (MAD) for a training set of 51 hydrocarbons is
better than 2 kJ mol. GAVs for 16 hydrocarbon groups, i.e., GJ&C), C—(Cq)a, C—(C)(Cy)(C),
C—(C)(Cy)2(C), C=(C)(Cu)s, C—(C)2(C)z, C—(C)2(Cu)(C), C—(C)2(Cy)2, C—(C)3(C), C—(C)3(Ca), C—(C)a,
C—(C)(Ca)(C)(H), C—(Co)(C)(H)2, C—(Co)(CY(C)(H), C—(Co)(C)(C)2s Ca—(C)(Cy), for 25 hydrocarbon

radical groups, and several ring strain corrections (RSC) are determined for the first time. The new parameters
significantly extend the applicability of Benson’s group additivity method. The extensive database allowed
an evaluation of previously proposed methods to account for non-next-nearest neighbor interactions (NNI).
Here, a novel consistent scheme is proposed to account for NNIs in radicals. In addition, hydrogen bond
increments (HBI) are determined for the calculation of radical standard enthalpies of formation. In particular
for resonance stabilized radicals, the HBI method provides an improvement over Benson’s group additivity
method.

1. Introduction on a limited set of parameters, the so-called group additivity

o ) . . values (GAVs). Benson defined a group as a “polyvalent atom
An accurate kinetic model for industrial processes proceeding (ligancy > 2) in a molecule together with all of its ligand%”.

via radical reactions requires a detailed network of elementary ., every group, a contribution, the GAV, to the enthalpy of
e . ery group, . : _ )

reactloEs.h The development of ISUCh crc])mplex reacatlon formation is defined. To account for non-bonded interactions,

networks has progressed significantly over the past detade. ., ractions for non-next-nearest neighbor interactions (NNI) and

These reaction networks can consist of thousands of Specieg;,g girain corrections (RSC) have been introduced. Despite the
and reactions. The availability of accurate thermochemical dataever increasing accuracy and computational efficiency of ab

is of primary importance to solve the kinetic equations and the initio methods, group additivity methods remain much faster.

?hnee:% dbﬁlﬂpesdal; I?o prt?](;uclgllyemfe?nsgge ;? coélcegt at|)| Group additive methods have proven to predict thermodynamic
rmody Ic ' rge nu ' SPECIES DY jata with chemical accuracy, i.e., within 4 kJ mblsimilar to
ahigh-level ab initio methods, and they can be easily implemented

are difficult to obtain experimentally. Because of the lack of . . -
: : in computer codes for on-the-fly calculation of thermodynamic
accurate thermodynamical data, alternative approaches, such as

guantum chemical calculations or empirical methods that relate properties. Therefore group additivity methods siill offer an

thermochemical data to the molecular structure, have widely exce_llent_ way to calcul_ate the thermodynam|_c_ parameters
been studied. required in complex reaction networks. Group additivity is based

L . ., onthe group concept and has been extensively discussed in the
In principle, quantum chemical methods are able to provide

e th hemistry for all th h g - literaturel®>1920This present study illustrates the use of ab initio
accurate fnermocnhemis nl/s or all In€ gas phase Species appearngy e jations to determine group additive values in cases where
in a reaction network!® In practice, however, accurate

! ; no experimental data on enthalpies of formation are available.
calculations for large molecules are computationally extremely ) L .
intensive. To reduce the amount of experimental data required, 1 1e Most widely used group additivity scheme is the group
Benson developed a group additivity metHod® to predict the ~ additivity method proposed by Bensbhbut other additivity

thermodynamic data for different classes of molecules, basedSchemes have also been developed, e.g., by Pty
Greenshields and Rossifiand by Somayajulu and Zwolinski,

) " ) ) ) and methods specific for hydrocarbons by Thinh eéf&f.and
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bonded carbon atoms; unfused aromatic carbon atog)s(@ H
fused aromatic carbon atomsyC and allenic carbon atoms H C

. ; c G
(Caor =C=). As usual, the corresponding radical atom types C#: c) E’@Q 8 c’etc.
are denoted by a dot, i.e., Cy, C; and G,. For radical-specific &
groups, i.e., groups containing a radical carbon atom, a
distinction is made between radical-centered groups and radical-

1 2 3
C.
adjacent groups. Radical-centered groups have a central radical E’@tc_ ﬂ:@: g :7@;0é
4 6

atom; radical-adjacent groups have a radical ligand atom.

5
The accuracy and applicability of group additivity methods H
depends on the availability and the accuracy of its parameters, c Cow H ct
the GAVs. For the group additivity method of Benson large X>\ H:%(c.) c>
sets of GAVs have been determinéd®28-30 Due to their ¢
importance, GAVs for hydrocarbons have been updated regu- o il
larly when new, more accurate experimental data became 7 8 9

available. Extensive listings of GAVs can be found in Benson’s Figure 1. Definitions of non-next-nearest neighbour interactions: (1)
seminal bookThermochemical Kinetié& and in Cohen and  1.4-gauche interaction; (2) single cis interaction; (3) double cis
Benson’s 1993 review? In 1996, Cohen has revised the GAVs |nter|ac_t|on; ) ene-yn$ C'Slk'“ltir%m.'on; (5)_orth08|nte;gct||on;teﬁl}h 1
for gas, liquid and solid phase en.thalpies of formaﬁ%h’he mga?ﬂso::tg?igg?é; gzaﬁcr){e 21in;2trgz:et‘icot:$n’ (8) radical gauche
GAVs in Cohen’s database are derived solely from experimental

data, rather than from extrapolated or calculated values, a
common pracl:tice for somgzof the ‘?ar"er da}abase_s derivgd fromand Bensoff revised the gauche counting scheme because it
Rossini et af or Stull et af? Ev_en in Cohen’s detal_led FeVIEW,  \vas found that the destabilization energy increases superlinearly
some of t_he reported GAVs might not be very reliable, as th_ey with the number of alkane gauche interactions around the same
were derived from the enthalpy of formation of molecules in o4 |5 the revised gauche counting scheme Cohen and
whlch.substantlal ring strain is present. Despltg the fairly Iarge Bensof therefore propose to assign a higher number of NNI
experimental database of hydlrocarbon enthalpies of formation, -4 raction terms than the number of alkamgauche interactions
nearly half of the GAVs remains unknown; only 50 out of the present for highly substituted molecules.

95,’ GAVs required for stable hydrocarbons have been dgter- To account for ring strain, ring strain corrections (RSC) were
mined. The total number of 95 GAVs comprises all possible o4y ced. Because there is no obvious relation between the

combinations of H, C, & G and G, excluding fused aromatics.  pgc and the ring structure, a specific RSC is required for every
Hydroca;bo_n rad'csi“ GAVs havesbeen_pubhshed by O'Neal and e of ring, taking into account both the ring size and the
Benson?® Ni et al3* and Coher¥> As discussed, determining . mper of endocyclic double bon#sCohen later determined
accurate enthalpies of forr_nat|on for hydrocarbon free radicals separate RSCs for bicyclic and methylene-substituted sp¥cies.
is experimentally challenging and the number of hydrocarbon  racent developments in computational chemistry have made

radicals for which accurate thermodynamic parameters arej nossiple to determine accurate enthalpies of formation from
available remains rather low as compared to stable molecules.ﬁrst principles3”38 This new development makes it possible to

Therefore many radical GAVs remain unknown, only 9 out of. determine some of the missing GAVs, RSCs and NNI correc-
41 GAVs have been reported for radical-centered groups. This tjons from first principles. This approach was first followed by
lack of GAVs clearly limits the applicability of Benson method  p4rsi et al20to determine GAVs and radical gauche interaction
for the prediction of thermodynamic parameters in the modeling ¢qrections from a small database of ab initio CBS-4 enthalpies
of hydrocarbon radical chemistry. of formation of G<n<s alkyl radicals. Recently, Sumathi and

In contrast to Benson’s group definition, non-next-nearest Greer5 have determined some missing non-radical GAVs from
neighbor interactions (NNI), which are interactions between a set of ab initio G2 enthalpies of formation.
atoms separated by at least 2 atoms, are not well-defined. Predicting the enthalpy of formation of resonance stabilized
Benson’s method distinguishes different types of NNIs: alkane radicals by group additive methods is problematic because the
1,4-gauche, alkane 1,5, alkene 1,4-gauche, alkene single angesonance effect extends beyond the group region. For resonance
double cis, eneyne cis and ortho interactions (Figure 1). The stabilized radicals the hydrogen bond increment (HBI) method,
cis and ortho interactions are further refined by introducing a introduced by Lay et aP? can provide a valuable alternative to
distinction betweenert-butyl and other group¥.:3° NNI cor- Benson’s method. In the HBI method the enthalpy of formation
rections for hydrocarbon radicals were first introduced by Marsi of a radical is derived from the enthalpy of formation of the
et al?® These authors studied non-next-nearest neighbor interac-corresponding parent molecule by adding a so-called HBI to
tions in alkyl radicals and introduced corrections for two types account for the changes that occur upon formation of a radical
of NNIs: radical gauche type 1 (RG1) and radical gauche type from the parent molecule. The enthalpy of formation of the
2 (RG2), illustrated in Figure 1. From CBS-4 ab initio enthalpies parent molecule can either be obtained from group additivity
of formation, Marsi et al. determined a stabilizing correction or from experimental databases. The limited availability of
of —0.8 kJ mof? for the RG1 NNI and found that RG2 radical experimental enthalpies of formation again draws the
interactions can be neglected. Both corrections are thus signifi- focus to ab initio databases to determine the Hydrogen Bond
cantly different from the repulsive gauche alkane correction of Increments.
3.3 kJ mof! In addition, different counting schemes to The aim of this study is (i) to construct a database of accurate
determine the number of NNI corrections to be taken into standard enthalpies of formation for hydrocarbons, based on
account have been introduced, even for alkanes. For alkanesigh-level CBS-QB3 ab initio calculations, (i) to derive a
the number of gauche interactions can be clearly identified. In consistent and accurate set of GAVs for hydrocarbons and
Benson’s original scheme with so-called classical gauche hydrocarbon radicals, (iii) to determine a consistent and accurate
counting each gauche interaction increases the enthalpy ofset of hydrogen bond increments for hydrocarbon radicals and

formation of the molecule by the same amount. In 1992, Cohen
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(iv) to improve the modeling of non-next-nearest neighbor suited. Extending the method to determine heat capacities and
interactions. A novel, improved counting scheme for radical entropies necessitates explicit accounting for all conformers.
gauche interaction corrections will be introduced. There are 2 Work is in progress to determine GAV for heat capacities and

newly reported alkene GAVs, 9 alkyne GAVs, 5 aromatic entropy.

GAVs, 25 radical GAVs and 13 HBIs. Polycyclic hydrocarbons The agreement of ab initio calculated standard enthalpies of
and radicals are not included in this study. For a discussion onformation with experimental standard enthalpies of formation

the group additivity method for polycyclic aromatic species we was improved using an empirical correction. Two different

refer to the recent work of Yu et 4} empirical correction methods were evaluated: atom additive
correction (AAC# and the bond additive correction (BAZ.
2. Methodology The atom additivity scheme was introduced by Saeys ¥ttal.

2.1. Computational Method. All quantum chemical calcula- ~ '€MOve the systematic overestimation of the standard enthalpies

tions were performed at the CBS-QB3 level of theédnysing of formation by the CBS-QB3 method, in particular for Ia}rg_er

the GAUSSIAN 03 packag® The rigid rotor harmonic molecules. This approach was found_ to reduce the deviations

oscillator approximation was used for all rovibrational modes. to better than 3 kJ mlok The atom addmve. corrected standard
Standard enthalpies of formation were calculated using the €Nthalpies of formation are calculated using

atomization energy method. In this method the standard enthalpy

of formation is obtained as the difference between the ab initio

calculated (Al) atomization enthalpy of a compound and the

experimentally determined enthalpy of formation of the gaseous yyhere A{H),(CBSQB3) is obtained from eq 1 amduns over

AHaod AAC) = AHe(CBSQB3)+ S NAAC, (2)
1

atoms: the different types of atoms present in the molecule (here C
0 0 0 and H),N; is the number of atoms of typeand AAG is the
AH(C Hy) = mAngas,ex;(C) + nAngas,ex;(H) - atom additive correction factor for atoms of typerhe bond
[me\l (C)+ anl(H) —H AIO(CmHn)] (1) additive corrected standard enthalpies of formation are calculated
using the BAC schem®;*” introduced by Petersson et al. for
With AtHOp ex(C) = 716.68 kI mot® and AH,q o fH) = the CBS-Q method®

218.00 kJ mot at 298 K3 This method was used to determine 0 0
the standard enthalpies of formation for 233 species; see AfHz0e(BAC) = A{H2CBSQB3)+ zNij BAC; 3)
Supporting Information, Table 1S. The thermochemical data L

reported in this work all pertain to the ideal gaseous state at 1

bar and 298 K. number of bonds between atoms of tymndj. Corresponding

In this work, standard enthalpies of formatioyH®, were 4 petersson et 4f.the BACs applied in this work pertain to
calculated for the most stable conformer only, using the rigid .o c—H c—c. c=C. and &C bond.

rotor/harmonic oscillator (RR/HO) approximation to account for
rotational and vibrational contributions to the enthalpy. At 298
K, the most stable conformer is the dominant one in the
equilibrium mixture and therefore the higher energy conformers
will have a very small contribution to the enthalpy. Only if the
energy difference between conformers is on the ordeRDf
i.e., 2.5 kJ mot?, will the equilibrium mixture contain a non-
negligible amount of the higher energy conformer3 at 298

K. The contr|b'ut|on of'the different conformers tq the enthalpy SSQ= Z(yj _ 9])2 (4)
can be described using Boltzmann mole fractions based on ;

enthalpies of the different conformers as proposed by D&Tar.

The author reports an increase in enthalpy upon inclusion of This results in the normal equations

all conformers of 1.13 kJ mot for n-butane afl = 298 K.

wherei andj run over the different atom types amy is the

2.2. Estimation of Group Additive Values.The empirically
corrected ab initio database has a uniform accuracy and therefore
all group additive values are estimated by unweighed linear
regression analysis, using the following objective function, in
which y; is the BAC corrected ab initio standard enthalpy of
formation of moleculg andy; is the GA calculated enthalpy of
formation:

Even in the case ofi-octane with 273 staggered conformers, GAV = (X™X) X"y (5)
the contribution of different conformers to the enthalpy at -
298 K amounts to 4.9 kJ mot only. in which GAV is the estimation vector of group additive

The enthalpy contribution of different conformers can also Values andX the matrix in which the elementis; specify the
be evaluated by comparing the ab initio calculated value of the humber of times grougp occurs in moleculd. Each of the
standard enthalpy of formation based on RR/HO approximation columns of the matrix of independent variab¥gorresponds
for the most stable conformer with the value calculated on the t0 & group, and each row corresponds to a molecule. Because
basis of the hindered rotor formalism as described by Van of the definition of a group, each group contains information
Speybroeck et # Using the hindered rotor formalism to  about the neighboring groups and the columnx iare linearly
calculate the enthalpy af-butane, we found a difference of ~dependent for each class of molecules except for alkanes.
1.31 kJ mot™ as compared to the harmonic oscillator approach. Therefore, with the exception of alkanes, tKéX matrix is

Both approaches indicate that the contribution of different singular and there are multiple solutions for {8AV vector.
conformers to the enthalpy is much smaller as compared to theNote that the linear dependence of the rowspace does not result
mean difference between calculated and experimentally observedn a singularX™X matrix.
standard enthalpies of formation (see Table 1). To illustrate the linear dependence of the columnspace,

The principle aim of the current study is to determine standard consider the alkene groups. In the matrix of independent
enthalpies of formation. As enthalpies are less affected by variablesX, every column corresponds to an alkene group, from
statistical contributions originating from mixing of conformers C—(Cgy)(H)3 to C, and each row corresponds to an alkene in
than entropy or heat capacity, the RR/HO approximation is the database. Two categories of groups can be distinguished:
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TABLE 1: Training Set for the Determination of Bond Additivity Corrections and for the Assessment of the Accuracy of the
Standard Enthalpy of Formation Predicted by the CBS-QB3, CBS-QB3-BAC, and the Group Additivity Method (298 K, kJ
mol~1)2

deviations from experimeht deviations from experimeht
f f
AHO BAC GA9 AHO BAC GAY
name exp CBS-QB3 oldl new CohehA news name exp CBS-QB3 old new Cohef new?
Alkanes
ethane —83.7 18 —-22-27 0.1 —2.1 n-pentane —146.4 6.6 —-4.0 —0.7 0.1 15
ethane —84.F 2.8 -1.2 -1.7 1.1 —-1.1 2,3-dimethylbutane —-177.8 9.8 -3.0 15 0.5 1.1
propane —104.7 38 —24 -17 0.2 —1.6 n-hexane —167.2 7.7 —-5.1 -0.6 0.0 —0.6
isobutane —134.4 59 —-25 -05 0.2 0.0 2-methylpentane —-174.3  10.9 -28 08 04 06
isobutane —135.6 71 -13 0.7 14 1.0 heptane —187.8 8.9 —-6.0 -0.2 —-0.3 —-05
n-butane —125.6 51 —-33 —-13 1.7 0.3 2,23-trimethylbutane  —204.8 9.8 -51 0.6 1.9 1.8
n-butane —127.* 66 —-18 02 3.2 1.3 octane —208.4 9.9 -72 -02 —-06 —-04
neopentane —168.7 8.1 -25 0.8 1.1 1.0 2,2,4-trimethylpentane —224.F 9.9 —-7.2 —0.3 0.7 1.9
n-pentane —146.8 70 -3.6 —0.3 0.5 —0.5 2,2,3,3-tetramethylbutane—225.% 9.3 -7.8 —0.8 0.4 —-0.5
n-pentane —147.F 7.3 -33 0.0 0.8 0.5 2,2,4,4-tetramethylpentan®41.5 8.7 —10.6 —2.3 —44 -28
Alkenes
ethene 523 3.7 1.5 -1.7 0.5 —1.6 1,3-pentadiene 762 12.4 56 3.4 1.4 4.0
allene 190.4 4.9 24 =22 55 1.9 14-pentadiene 106.3 10.0 32 10 05 1.0
propene 204 5.6 1.2 -0.7 0.5 —0.1 2-methyl-1,3-butadiene 75.7 105 36 15 0.6 2.1
1,3-butadiene 1101 9.7 51 1.7 —-03 09 3-methyl-1,2-butadiene 129.1 84 15-06 —-05 —4.6
1,3-butadiene 111¢9 7.9 3.2 -0.1 3-methyl-1-butene —27.4 8.0 -0.7 -0.1 -09 -0.1
1,2-butadiene 16204 7.2 25 -09 1.3 —0.9 2-methyl-2-butene —41.3 9.1 04 10 —-06 -0.2
1,2-butadiene 165¢4 4.2 —-0.5 —-3.9 trans-2-pentene —33.1° 11.0 23 29 1.4 2.7
1-butene 0.0 7.6 2.0 -2.2 0.5 0.3 cis-2-pentene —28.C 11.4 27 33 0.9 3.7
isobutene -16.7 7.2 0.6 0.0 2.2 —0.4 1,5-hexadiene 830 114 23 14 04 1.4
cis-2-butene 7.7 9.2 27 20 0.7 3.0 3,3-dimethyl-1-butene  —59.& 9.8 -11 0.7 3.9 1.1
trans2-butene —10.8 7.1 06 -0.1 -0.8 0.0
Alkynes
ethyne 226.9 7.7 41 19 0.7 0.7 1-butyne 165.2 10.0 21 24 1.3 3.6
ethyne 2288 7.3 37 15 —-0.7 —-0.7 2-methylbut-1-en-3-yne 259.0 6.0 -32 -08 —42 -038
propyne 1848 7.2 1.4 05 1.4 1.7 cis-3-penten-1-yne 2580 6.7 -16 —2.7 —-82 -28
propyne 185.4 7.6 1.8 0.9 0.8 1.1 trans3-penten-1-yne 250 7.1 -12 -23 —-6.3 —35
1,3-butadiyne 46490 6.8 —0.8 —2.1 —24.6 —2.1 3-methyl-1-butyne 1364 13.2 3.0 46 0.5 4.6
3-buten-1-yne 29622 2.9 —4.2 -3.0 —11.3 —-6.8 3,3-dimethyl-1-butyne 1070 10.8 -15 13 1.0 13
Aromatic Compounds
benzene 829 8.1 05-0.1 -0.1 0.0 styrene 14659 12.6 26 18 1.3 1.8
benzene 825 8.5 1.0 04 0.3 0.4 ethylbenzene 29.8 9.6 -23 -04 1.2 -04
toluene 50.2 95 -02 04 0.0 0.4 isopropylbenzene 3.9 10.1 -4.0 -09 03 -0.9
toluene 50.0 9.7 0.0 0.6 0.2 0.6 tert-butylbenzene —22.F 10.5 —57 —-1.4 1.4 -14
styrene 14758 117 1.7 0.9 0.4 0.9 o-methylstyrene 1183 104 —-1.8 —-1.4 nfa —1.4
Mean Absolute Deviation
alkanes 7.4 41 09 1.0 11
alkenes 8.4 22 15 11 14
alkynes 7.8 24 2.0 51 22
aromatics 8.4 20 0.8 06 0.7
total 8.2 28 13 18 1.4

a Experimental standard enthalpy of formation and deviation from experimental vaieslowski et af® ¢ NIST chemistry webbook ¢ Pedley*®
e DeviationA = AH® — AH%exp).  Bond additive corrected with (old) parameters reported by Peterssoffetral.(new) parameters determined
in this work; see Table Z.Group additive standard enthalpy of formation, calculated with (Cohen) the GAV reported by3€ahdr(new) the
GAV determined in this work? a-Methylstyrene was not included in this MAD as there was Re-(Cy)(C) GAV reported by Cohe?f.

groups having a gatom as the central atom and groups having right-hand side of the equation. Thg-&H),, C4—(Cqy)(H), C4—

one or more gatoms as a ligand atom. AyCarbon atom is, (Cy)2 and G, groups do not appear in the equation because they
except for terminal ¢-H, groups, always bonded to a group can be determined independently, i.e., from the enthalpy of
that has a gatom as a ligand. Hence a group from the first formation of ethene, 1,3-butadiene, 2-ethenyl-1,3-butadiene and
category always occurs together with a group from the second 1,2-propadiene, respectively. Because of the linear dependence,
category. For the columng][in the X matrix, the following one of the GAVs can be assigned arbitrarily. Usually, the

linear relationship can be found: C—(Cgy)(H)s GAV is chosen equal to the-gC)(H); GAV,16
which is done in this work as well. Linear dependencies are
[Ci—(C)Y(H)] + 2[C—(C),] + [C4—(CHO)] = a]sq found f_or o'_[her moIgc_uIar classes and are handled in a
[C—(Cp)(H)] + [C—(CY(C)(H),] + [C—(CH(C),(H)] + similar fashion, i.e., by fixing the €(C)(H)s GAV to the
C—(C)(H); GAV and the G— H) GAV to th —(Cy)(H
[C—(C) + 2IC—(H) + 2C—(C)H)] + 2C—(CP O +  gay 0 AV andthe G(CIH) GAVIo the G(C(H

3[C—(Cy)zH] + 3[C—(Cy)sC] — 4[C—(Cy As discussed, the prediction of the enthalpy of formation of

resonance stabilized radicals by Benson’'s group additivity

Note that the coefficients are related to the number of C ligands method is problematic. The enthalpy of formation can be
for the left-hand side and to the number qof kgands for the determined unambiguously with the group additivity method
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only for molecules where the ligands of the radical-centered resonance effects that extend beyond the group region. The HBI
group include information about all unsaturated bonds that are enthalpy of formation of a radical is calculated from the enthalpy

involved in electron delocalization. This is, e.g., the case for
diallylic radicals:

1 2

/\/\

3

the standard enthalpy of formation of the canonical structure
(2) containing the &C—C—C=C sequence can be determined
accurately because the-QCg),X (X = H, C) group provides
information about all possible delocalization. There is no such

of formation of the correspondingarent moleculdy adding a
HBI to account for the loss of a hydrogen atom. Hence, for
standard enthalpies of formation the HBI is defined as

(7

R-H=R+H  AHj;=BDERR—H)

HBI = AH3g(R) — AH3g(RH) =
BDE(R—H) — AHYsdH) (8)

In this study, the enthalpy of formation of the parent molecule
is calculated using our ab initio GAVs, but in principle,

experimental values could be used where available. Following
Lay et al.3° the HBIs are denoted by a short-hand structure in

a group present in the other canonical structures. To prevent awhich a J indicates the radical character of the preceding carbon

misestimation of the €(Cy)(H)2 GAV present in the canonical
structures (1) and (3), only canonical structures in which the
radical-centered group includes information about all unsaturated
bonds involved in electron delocalization, are retained in the
database. However, even then different equivalent canonical
structures are possible, as for, e.g., allylic radicals. The different
structures correspond to different group additive enthalpies of
formation, whereas the actual enthalpy of formation is equal.
An example is the 3-methyl-1-buten-3-yl radical, which is
equivalent to the 3-methyl-2-buten-1-yl radical:

= X

1 2

<+—>

Both resonance structures have very different groups leading
to different values for the GA enthalpy of formation. To
overcome this problem, both resonance structures were initially
included in the matrix of dependent variabksand the group
additive values were estimated. Subsequently, the resonanc
structure with the highest GA enthalpy of formation was
removed from the matriX and all the GAVs were reevaluated.
Therefore, when the GAVs reported in this work are used for
on-the-fly calculations of the enthalpy of formation, the enthalpy
of formation for all resonance structures should be calculated
but only the lowest value should be used.

To assess the reliability of the group additivity approximation,
a statistical analysis is performed when possible. The reported
significance of regressioR, mean absolute deviation (MAD),
root mean square deviation (RMS) and maximum deviation
(MAX) correspond to the differences between the enthalpy of
formation predicted by the ab initio group additivity method
and the values calculated with the CBS-QB3-BAC ab initio
method. The significance of regressibris calculated using

N O X (5[
(3 e = ¥ = p)

wherey is the CBS-QB3-BAC ab initio enthalpy of formation,

y the enthalpy of formation predicted by our ab initio group
additivity methodn the number of molecules in the regression
andp the number of parameters, i.e., the number of estimated
GAVs.

2.3. Hydrogen Bond Increment Method. Lay et al3®
introduced the hydrogen bond increment (HBI) method to
predict thermochemical properties of radicals with a reduced
number of parameters. In contrast to Benson’s method, the HBI

(6)

atom, such as RCCJ for a primary alkyl radical, or by trivial
names such as ALLYL S for a secondary allylic radical.
Radical-specific NNIs are not accounted for explicitly within
the HBI framework. In principle, it is possible to introduce HBIs
corresponding to specific structures to implicitly account for
NNIs. Clearly, this would lead to a large increase in the number
of HBIs and complicate the implementation of the method.
HBIs are not as firmly defined as Benson’s group and
selecting the correct HBI is sometimes ambiguous. For a radical
with a C=CC=C moiety, the &CC=CJ HBI should be used.
If this HBI does not exist, both the=©@CC=CJ or the VIN HBI
(corresponding with the structure=€CJ) could be applied.

3. Results and Discussion

3.1. Ab Initio Database.For the determination of the ab initio
GAVs, a database of 233 CBS-QB3 standard enthalpies of
formation was constructed. The database can be found in Table
1S of the Supporting Information. To assess the accuracy of
the ab initio CBS-QB3 method, the enthalpies of formation were

%enchmarked against a training set of accurate experimental data

for 51 hydrocarbons divided into alkanes, alkenes, alkynes and
aromatics, Table 1. Experimental standard enthalpies of forma-
tion (298 K) were taken from the NIST Webbotkfrom a
compilation by Cioslowski et &8 and from Pedley? Only
experimental values with a standard deviation smaller than 3.3
kJ mol ! were included in the training set, in agreement with
Saeysi* Cyclic species and radicals were excluded. For the
systematic corrections to the CBS-QB3 enthalpy, no distinction
betwea a C and Ccarbon atom was made.

It was found that the CBS-QB3 ab initio method systemati-
cally overestimates the experimental values in the training set,
with the deviation increasing with increasing size of the
molecule. The MAD over the training set was 8.2 kJ mpl
with similar MADs for all four molecular classes (see Table
1). Similar deviations were also noted by Saeys €t dlo
improve the ab initio enthalpies of formation, Saeys et al.
proposed an atom additive correction (AAC) scheme to remove
most of the systematic deviations, using eq 2. The AAC
parameters are given in Table 2. Although the AAC greatly
improves the agreement with the experiment with a MAD of
only 2.3 kJ mot? on the training set, significant deviations still
remain for certain molecular classes. Undesirable for the
determination of ab initio GAVs is in particularly a mean
deviation of—3.3 kJ mot™ for alkanes. Indeed, the experimental
data for alkanes are in general highly reliable and the alkane
groups also occur in most other molecules.

Therefore, the use of another correction method i.e., the bond

method does not use the group concept and can account foradditive correction method (BAC) as presented by Petetson,
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TABLE 2: Empirical Additivity Corrections for CBS-QB3 TABLE 3: Group Additive Values for the Standard
Standard Enthalpies of Formation: Atom Additive (AAC) Enthalpy of Formation of Alkanes (298 K, kJ mol-?1)
and Bond Additive Corrections (BAC) (298 K, kJ mol™%) -
group Bensoh Cohent this worke
Saey3 Peterssdh this work
C—(C)(H)s —42.7 -41.8 —42.9
(CBS-QB3) (CBS-Q) (CBS-QB3) C—(Ch(H2 206 _o0'9 Py
C -1.29 C—(C)s(H) -8.0 —10.0 —6.9
H -0.28 C—(C)s 2.1 -0.4 3.9
C—H —0.46 —0.89 gauche rev 3.3 3.3 2.9
c—C —1.26 0.84 15 6.3 6.7 7.1
c=C —0.33 —-1.78 F 141000
c—C —2.68 —3.97 n/p4 16/6
e
2 Reference 14° Reference 46. I\R/I’Gge 82
MAXe 1.8

was evaluated, using eq 3. The objective is to develop a method

with a MAD better than 2 kJ mot for each molecular class aReference 282 Reference 3(¢ Simultaneous estimation of GAVs
and the BAC scheme allows for a greater differentiation between ?:dre':'s\‘i'oﬁor;fg:r'?e?;g\ixgeg %1L§nh§bgg?$2ﬁ3é3$?oEog‘;j;ggbt
the different molecular classes. Alternatively, an isodesmic m(gaan squaFr)e deviatioﬁ, MAX% maximum deviation. !

reaction scheme, in which the number and formal type of bonds

are conserved, could be used. It can easily be shown that anTABLE 4: Number of Gauche Interaction Corrections in
isodesmic reaction scheme based on a limited number ofthe Classical and Revised Gauche Counting Scheme

reference species, i.e., one molecule for each bond type, is bond: classical revised
identical to a BAC scheme if the BAC parameters are obtained _
L P—-P,S, TorQ 0 0
from the same reference molecules. Determining the BAC S-S 0 0
parameters by regression against the complete experimental ST 1 1
database leads to optimal values for the BAC parameters S-Q 2 2
however. gyl 2 :
Petersson et & have derived BAC parameters for the CBS- Q—% 6 8

Q method from a training set consisting of 19 hydrocarbons,
including 8 cyclo, spiro or bicyclic compounds. Petersson etal.  *P, primary carbon atom; S, secondary carbon atom; T, tertiary
note that “these BAC values should be regarded as preliminarycardbon ator:;g Q. quaternary carbon atdrBenson and Bus$. © Cohen
because the BAC are based on a very limited data*§&t&ing and Bensort
Petersson’s BAC parameters, given in Table 2, for the CBS-
QB3 enthalpies of formation indeed does not lead to an
improvement over the CBS-QB3-AAC method and systematic
deviations from the experimental data are still found; see Table
1. The MADs for each molecular class are summarized in Table
1, and mean deviations can be found in Figure 2. The mean
deviation for the alkane standard enthalpies of formation
amounts to—4 kJ moi%, and the deviations increase with the
increasing size of the alkane. For alkenes a mean deviation of
+2 kJ moltis found and the total MAD over the training set,
1 i - -

e N each ey The CBS.-QB3 BAC h e newydeed BACs s uset
) re ..o calculate the standard enthalpies of formation of 233
using Petersson’s parameters does not meet the accuracy crltenﬁ drocarbons and hvdrocarbon radicals at 298 K. The database
put forward. Therefore, new BAC values were estimated (see TZ\bIe 1S, contains 1y6 alkanes, 34 alkenes, 31 alkynes 19 cyclic’
Table 2). The CBS-QB3 method using the newly estimated BAC hydrocarbons, 15 aromatics and 118 hydrocarbon radicals. In

parameters was found to be sufficiently accurate with a MAD the next sections this accurate database will be used to estimate
of 1.3 kJ mof'! and a mean deviation of 0.5 kJ mélover the
GAVs for every class of molecules.

9 3.2. Alkanes.Benson’s method introduces 4 GAVs and 2
NNI corrections for alkanes, Table 3. The six parameters were
estimated from the 16 alkane standard enthalpies of formation

_ | | present in the database, Table 1S. Both classical and revised
_\_ % % gauche countin§ were considered. The revised scheme intro-

entire training set. The CBS-QB3-BAC method reduces the
MAD with a factor 2 as compared to the CBS-QB3-AAC
method. In particular, the fact that the MAD for every molecular
class is now smaller than 2 kJ mélis satisfying. The new
BAC parameters differ significantly from the values reported
by Peterssoff The performance of the BAC method for radicals
is evaluated using a test set of 11 radicals, the methyl, ethyl,
allyl, n-propyl, isopropyl, isobutyl, 2-butytert-butyl, neopentyl,
2-methyl-2-butyl and phenyl radical. The mean deviation
amounts to 2.9 kJ mot and the MAD to 3.6 kJ mot..

6

W

duces additional terms for highly substituted bonds and is
summarized together with classical gauche counting in Table
4. The difference between classical and revised gauche counting
pertains to the interaction between (1) two substituents on
adjacent tertiary carbon atoms, for which 3 instead of 2
B | corrections terms are taken into account, (2) adjacent tertiary
Alkanes Alkenes Alkynes Aromatics Total and quaternary carbon atoms, for which 5 instead of 4

Figure 2. Differences between CBS-OB3-BAC and experimental corrections are counted, and (3) adjacent quaternary carbon
standard enthalpies of formation for the training set of Table 1. atoms, for which 8 instead of 6 corrections are counted.

Comparison between the CBS-QB3-BAC method of Petersson et al. WO estimation procedures can be followed: the NNI
(gray)® and our new version, Table 2 (black). The crosses indicate the COrrections can be estimated either simultaneously with or
minimum, maximum, and mean deviations. separately from the 4 GAVs. When the NNI corrections are

Difference
AH®(CBS-QB3-BAC) - AH®(exp), kdmal

-12
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Figure 3. Differences between standard enthalpies of formation for Figure 4. Differences between group additively calculated standard
alkanes from group additivity and from the CBS-QB3-BAC method, enthalpies of formation and experimental data for alkanes, for enthalpies
comparing classical and revised gauche counting. GAV from Table calculated with the GAV reported by Cohen and the GAV reported in
2S (298 K, kJ motY). this work (298 K, kJ mal?).

estimated separately, the GAVs are first determined from a counting scheme without reevaluating the gauche correction,
subset of alkanes without NNIs. When the NNI corrections are keeping it fixed at its classical value. The revised gauche
estimated simultaneously with the GAVSs, it is crucial to monitor correction determined in this work, 2.9 kJ mélis slightly
the correlation between the parameters. If one or more correla-lower than the value reported by Benson, 3.3 kJ Tholn
tion coefficients are large, i.e., larger than 0.9, the values of contrast, the 1,5-interaction correction is with 7.1 kJ Thol
the NNI corrections will influence the estimated GAVs, and somewhat larger than the values reported by Benson and Cohen,
the group additive method will be less accurate for alkanes 6.3 and 6.7 kJ mol, respectively.
without gauche interactions. However, the largest correlation  The enthalpies of formation calculated with the ab initio GA
was found to be only-0.78 between the GAV for the-gC), method and with the experimental GA method using the GAV
group and the gauche NNI correction and all 6 parameters canreported by Cohefl are compared with experimental data in
be estimated simultaneously. The correlation between the alkane~igure 4. The ab initio GA method matches or even outperforms
GAVs can be found in Table 3S of the Supporting Information. the GA method with the parameters reported by Cohen, except
The resulting GAVs and NNI corrections can be found in Table for ethane, propane and 2,2,4-trimethylpentane. For the smaller
3. The values reported in Table 3 refer to the revised gauchemolecules the group additive standard enthalpy of formation
counting scheme, as this was found to yield more accurate calculated with the GAVs determined in this work underesti-
results. Uncertainties on the GAV determined in this work are mates the experimental enthalpy by-21.6 kJ mot?, whereas
mentioned in Table 2S of the Supporting Information and the use of the GAV reported by Col#yields enthalpies closer
typically amount to+1.3 kJ mot?. The results for classical to the experimentally observed enthalpy. The deviations for
and revised gauche counting are compared in Figure 3, in whichethane and propane can be traced back to the difference between
the deviations between the standard enthalpies of formationthe CBS-QB3-BAC enthalpy of formation and the experimental
predicted by the group additivity method and the ab initio CBS- value. These deviations fall within the objective of a MAD error
QB3-BAC values are shown, for both the classical and revised of <2 kJ mol™ for the CBS-QB3-BAC method. The deviation
gauche counting scheme. For the revised gauche counting allfor 2,2,4-trimethylpentane can be related to the 1,5-interaction.
deviations are less than 1 kJ mél except for the heavily  2,2,4-Trimethylpentane and 2,2,4,4-tetramethylpentane are the
substituted 2,2,3-trimethylpentane. The revised gauche countingonly species in our database with 1,5-NNI. For 2,2,4-trimeth-
offers a clear improvement over the classical gauche countingylpentane the enthalpy is overestimated; for 2,2,4,4-tetrameth-
scheme, in particular when multiple gauche interactions about ylpentane it is underestimated. A more refined treatment of 1,5-
the same bond are present, e.g., for 2,3-dimethylbutane, 2,2,3,3interactions might further increase the accuracy of the GA
tetramethylbutane and 2,2,3-trimethylbutane. In general, the method for 1,5-substituted hydrocarbons. However, the scope
group additivity concept is found to be very accurate for alkanes, of this study is on the calculation of the standard enthalpy of
with a MAD of only 0.4 kJ mot! between the ab initio  formation of a broader range of hydrocarbons and therefore we
enthalpies of formation and group additivity predictions. concentrated our effort on a minimization of the overall
The ab initio GAVs and NNI corrections reported in this work deviation from experiment: the total MAD for the GA method
are in very good agreement with the experimental values with the GAVs determined in this work is 1.4 kJ mglwhereas
proposed by Benson and Coh@i° The deviations with the  the total MAD using the GAVs reported by Colf€mmounts
original values reported by Benson are generally less than 2 kJto 1.8 kJ moft. A comparison of the MAD values for both
mol~1. Comparison with the GAVs reported by Cohen also methods over the same set of hydrocarbons indicates that the
shows good agreement, the largest difference being 4.3 k}mol performance of both methods is similar.
for the C—(C)4 group. The slightly high ab initio GAVs for 3.3. Alkenes Benson’s method requires 17 GAVs for alkene-
C—(C)4 and C—(C)3(H) might well be due to the higher value specific groups and 3 additional NNI corrections in order to
for the gauche correction used by Benson and Cohen becausealculate the enthalpies of formation of alkenes; see Table 5.
both GAVs are moderately correlated with the gauche correction Only 13 GAVs have been determined experimentally, 3 of which
parameter. Note that in this work the value of the gauche might not be very reliable (€(Cgy)(C)s, C—(Cqy)2(C)(H) and
correction was optimized using the revised gauche counting C—(Cg)2(C),). Recently, Sumathi and Green determined GAVs
scheme, whereas Cohen and Ber&ampplied the revised for 2 alkene groups from ab initio G2 enthalpies of formation
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TABLE 5: Group Additive Values for the Standard

the G is a tertiary carbon atom and; & a quaternary carbon
Enthalpy of Formation of Alkenes (298 K, kJ mol-1)2

atom. The revised gauche counting scheme would require 5

group Bensoh Coheri this work gauche interaction terms to account for the 1,4-interactions
Co—(H)> 26.2 26.4 25.1 across the £€-Cs bond, as discussed for alkanes. However, the
Cq—(C)(H) 36.0 36.0 37.1 1,4-interaction betweendeand G is implicitly accounted for
gd_(g)Z y 4212.2 4215.; 4318.2 by the C-(Cy)(C)s group and the number of gauche interactions
- . . . i i i 0 —
Cj_gcgggcg 372 368 200 fé)r_a $-Q bond_ has to be uied, ie., 2. Thli yielig1® =
Ca (allene) 143.2 143.1 141.3 2(gauche)y= 25.1+ 45.3+ 4(—42.9)+ 7.1+ 2(2.9)= —88.3
C—(Cu)(H)s —422 —41.8 (-42.9) kJ mol. For 2,3-dimethyl-1,3-butadiene, with a tertiary

C—(Cy)(C)(H) -199 -201  -189 tertiary interaction, 3 correction terms are expected within
g:ggggggzm) _S-S _77-19 _?91’ revised gauche counting. However, both—El, groups are
C—(Cd)z(Hi ~180 -180 171 neglected resulting in aSS bond. Hence, no gauche corrections
C—(Cq)2(C)(H) —4.6 11.3 0.4 are required £H% = 2(Cq—(H)2) + 2(Ca—(Ca)(C)) + 2(C—
C—(C)o(C) 28.5 13.8 (Ca)(H)3) = 2(25.1)+ 2(40.0)+ 2(—42.9)= 44.4 kJ mot?).
g:(((éz))z(('é)) L7 l‘é‘% Gauche interactions between substituents on-&£bond
C—(Cq)s 223 differ from gauche interactions between substituents orr&C

cis interaction 4.2 4.6 5.9 bond and therefore Benson and co-work&rstroduced a

2 cis interactions about same bond 13.8 18.3  separate alkene gauche interaction correction. Because of the
cis interaction (1-Bu) 18.4 18.5 greater separation between the carbon atoms, Benson initially
E/p 13342/% assigned a smaller value of 2.1 kJ mioto the alkene gauche
MAD¢ 08 correction as compared to the 3.3 kJ miaif the alkane gauche
RMS! 1.4 interaction correctiof? but eventually removed the distinctiéh.
MAX 4.1 In this work the value of the alkane gauche correction will be

a Bracketed values were not estimated, but fixed to the alkane GAv Uused for both alkane and alkene gauche interactions corrections.

to remove linear dependence; see text. The GAV of boldfaced groups  The estimated alkene GAVs and NNI corrections are pre-
has not been reported befofeReference 28 Reference 30: MAD sented in Table 5. As for the alkanes, the GAVs and the NNI
z Tnzi?nfféogjésigggﬁggégﬁ?ot}ymggrq:;u;%dg;ﬁggrqt’ XIbAX corrections were estimated simultaneously. Because of the linear
initio values consistent with Benson 1976 GAV, Sumathi and Gteen. dependence between the alkene groups discussed as mentioned
9 GAV calculated from the standard enthalpy of formation of camphene above, the GAV of the €(Cq)(H)s group was set equal to the

only. "GAV calculated from Z)-5-ethylidene-bicyclo[2.2.1]-2-heptene  value for the G-(C)(H); group. For alkenes too, the group
only.' GAV calculated from bicylo[2.2.1]hepta-2,5-diene only. additivity approximation is found to be very accurate for alkenes
with a MAD of only 0.8 kJ mot?! between the GA predictions

and the ab initio CBS-QB3-BAC enthalpies. The largest
deviation was found for allene and 3-methyl-1,2-butadiene and
amounts to 4.1 kJ motl. Two alkene GAVs are determined

for the first time in this work: C-(Cg)3(C) and C-(Cy)a. In
general, the ab initio based GAVs correspond very well with
the experimental values obtained by CoRer\ few GAVs

show larger deviations, but the latter are determined out of
experimental enthalpies of formation of bicyclic compounds or
less reliable experimental data. Examples are the GAVs for the

| C—=(Cy)2(C)(H), C—(Cy)2(C). and C-(Cy)(C)s groups. Cohen

(C—(Cy)2(C)(H) and C-(Cg)s(H)). Our ab initio database
contains 34 alkenes which allows us to determine all alkene
GAVs and NNI corrections from first principles.

Alkene groups differ structurally from alkane groups in that
some alkene groups implicitly contain information concerning
NNI 1,4 interactionsg® For example, in €(Cy)(C)s the ligand
atom indicates that the next neighbor of the central carbon atom
is also a atom. Hence, the molecule contains at least g{CH
CqH=C4H, moiety and at least one 1,4-interaction. This type
of 1,4-interaction can be incorporated implicitly into the GAV

of the group and therefore does not require an additional NN : .
correction term. However, not all interactions accross thi<og determined the €(Cy)2(C)(H) GAV from the experimental

bond can be accounted for by this GAV. In (QKC— enthalpy of formation ofZ)-5-ethylidenebicyclo[2.2.1]-2-hep-
(CH3)Cq=CH, the 1,4-interaction between one of the methyl t€ne, a strained molecule. Here, the (C4),(C)(H) GAV was
groups on the C-atom and thes€(H), group is implicitly determined from 3-methyl-1,4-pentadiene and 3-ethyl-1,4-
accounted for by the €(Cg)(C)s group, but the 1,4-interaction ~ Pentadiene. Analogously, Cohen determined the(@)2(C)
between the 3 methyl substituents and the methyl substituentand C-(Ca)(C)s GAVs from bicylo[2.2.1]hepta-2,5-diene and

on the G ligand cannot be accounted for implicitly and requires  c@mphene, respectively. A large difference is also found for the
2 gauche correction terms. Cya—(Cq)2 group; Benson took the GAV from Danner and

In this work we propose the fo"owing procedure to count Daubert® whereas Cohen does not state eXplICItly from which
the number of gauche interaction corrections in alkenes, alkynesspecies the £-(Cq). GAV was derived. Here this GAV was
and aromatics: across a bond@—CsC, where the bond derived from 2-vinyl-1,3-butadiene. This molecule was not
between Gand G is a double or triple bond, and hence i€ included in the database applied by Cohen.

a Gy, G or G, type of atom, the 1,4-interaction betweepddd A careful study of the alkane and alkene GAVs reveals the
C, does not require a correction term. For example, in 2,3,3- influence of replacig a C ligand atom by a {igand atom: in
trimethyl-1-butene: going from C-(C)s(H) to C—(Cg)(C)(H) to C—(Cq)2(C)(H) and
to C—(Cy)3(H) the GAVs increase from-6.9, to—3.9, 0.4, and
c 4.1 kJ motl, respectively, i.e., an average increase of 3.7 kJ
c c,g@ic mol~1 for each replacement. A similar trend can be found for
G C G ¢ the GAVs of C-(C)y(H)2, C—(Cy)(C)(H), and C—(Cq)2(H)2,
c with an average increase of 1.7 kJ miofor each substitution.
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AH°(GA) - AH°(CBS-QB3-BAC), kJmol™

&

Standard Enthalpy of formation AH°(CBS-QB3-BAC), kJmol”

Figure 5. Differences between standard enthalpies of formation for alkenes from group additivity and from the CBS-QB3-BAC method (298 K,
kJ mol?).

TABLE 6: Ring Strain Corrections (RSC) for the Standard
Enthalpy of Formation of Cycloalkanes and Cycloalkenes
(298 K, kJ mol™?1)

The internal consistency of the ab initio GAVs provides further
support for their reliability.
The NNI correction for a single cis interaction, 5.9 kJ miol

is slightly higher than the values presented by Cohen, 4.6 kJ RSC ! ) Bensof Cohert this work
mol~130 and by Benson, 4.2 kJ ndl. Benson determined the Cyc'g'(l) g (1) gig %gg'g
cis correction directly from the enthalpy_ differe.nce betwgisn . g§2:4:0 4 0 112.2 112.1 112.6
andtrans2-butene. In this work the single cis corrections is  cyc-4-1 4 1 124.7 129.6
estimated from 3 different cis alkenes. ThBu cis correction cyc-5-0 5 0 29.7 29.7 30.9
agrees very well with the value presented by Cohen, whereas cyc-5-1 5 1 24.7 24.7 23.8
the ab initio correction for a double cis interactions about the ~ €Y¢-5-2 5 2 23.8 21.0
same bond is 4.5 kJ nol higher than the value reported by gygzg:g g 2 g'g gi gg
Cohen. This difference can be traced back to the CBS-QB3- C§C-6-2(1,3) 6 2 20.1 16.7 15.8
BAC enthalpy of formation of 2,3-dimethyl-2-butene, the only  cyc-6-2(1,4) 6 2 2.1 -12.6 -0.7
species in the database exhibiting a double cis interaction. cyc-7-0 7 0 285 31.3
Indeed, the ab initioc CBS-QB3-BAC value is 7.4 kJ ol cyc-7-1 7 1 22.6 215
higher than the experimental enthalpy applied by Cohen. cye-7-2(1,3) 7 2 2r2 24.7
. N o cyc-7-2(1,4) 7 2 28.6
Deviations between the group additive and the ab initio  cyc-8-0 8 0 431 46.2
enthalpies of formation as a function of the CBS-QB3-BAC  cyc-8-1E 8 1 70.6
enthalpies of formation are presented in Figure 5. Over the entire cyc-8-1Z 8 1 251 284

enthalpy range the deviations are in general less than 1 k}mol
consistent with the MAD of 0.8 kJ mol in Table 5. Deviations
larger than 4 kJ moft are found for the allenic compounds
allene @4.1 kJ mot?) and 3-methyl-1,2-butadiene-¢.0 kJ
mol~1), the only allenic compounds in the database. Apparently,

acyc4-j, wherei indicates the number of atoms in the ring gride

number of endocyclic double bonds; boldface groups have not been

reported before? Benson: cycloalkane$;cycloalkeneg® © Reference

30.

The RSC for cyc-7-2(1,4) and cyc-8-1E are determined for

the GA approximation is somewhat less reliable for allenic tne first time in this work. The ab initio RSC are generally within
compounds. 4 kJ mol! of the experimentally based values reported by
3.4. Cycloalkanes and Cycloalkenes:or the prediction of  Cohen and Benson. However, the ab initio value of the cyc-6-
the enthalpies of formation for cycloalkanes and cycloalkenes, 2(1,4) correction~0.6 kJ mot?, differs significantly from the
the group additivity method introduces ring strain corrections —12.6 kJ mot! presented by Cohefi.This RSC is derived
(RSC) depending on the size of the ring and the number of from the enthalpy of formation of 1,4-cyclohexadiene and a
endocyclic double bonds. This leads to a rather large numberrange of experimental values can be found in the literature,
of RSCs, specific for each type of ring. Our ab initio database ranging from a 109 to 100.4 kJ mdl The low value of 100.4
contains 7 cycloalkanes, ranging from cyclopropane to cyclooc- kJ mol! was used by Cohéhito derive the cyc-6-2(1,4) RSC.
tane, and 12 cycloalkenes, ranging from cycloproperte &nd Our CBS-QB3-BAC standard enthalpy of formation of 113.4
Z-cyclooctene. From the 19 enthalpies of formation 18 RSCs kJ mol ! clearly supports the higher experimental value. Other
are calculated and hence no statistical analysis is performed.high-level ab initio calculations also support the higher experi-
Ring strain corrections (RSC) for the most common cycloal- mental value. Notario et &k.calculated an enthalpy of formation
kanes and cycloalkenes can be found in Table 6. The RSCof 111.3 kJ mot? using the ab initio G3 method, and Saeys et
notation consists of the prefix cyc- followed by the number of all4reported a value of 111.0 kJ mélusing CBS-QB3-AAC#
atoms in the ring and the number of endocyclic double bonds. The introduction ofr-bonds in saturated rings increases the RSC
For some RSC the position of the double bonds or Zfe for smaller rings and decreases the RSC for-C3 molecules.
indication for cis/trans isomerism is indicated. For example, cyc- The only exception is the cyc-6-1 RSC, 5.3 kJ miplvhich is
6-2(1,4) indicates the RSC for a 1,4-cyclohexadiene ring. Note higher than the cyc-6-0 RSC, 3.2 kJ mbl
that gauche interactions within the ring are accounted for in  3.5. Alkynes.Benson’s group additivity method requires 28
the RSC and should not be treated explicitly. alkyne-specific GAVs and 1 additional NNI correction for
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TABLE 7: Group Additive Values for the Standard TABLE 8: Group Additive Values for the Standard
Enthalpy of Formation of Alkynes (298 K, kJ mol~1)2 Enthelupy of Formation of Monocyclic Aromatics (298 K, kJ
—1\a
group Bensoh Coheri this work mol™)
C—(H) 1128 113.8 113.8 group Bensoh Coheri this work
C—(C) 115.4 114.2 115.6 Co—(H) 13.8 13.8 13.8
Ci—(Cy) 122.3 116.7 120.3 Co—(C) 23.0 23.0 24.4
C—(Ct) 115.4 105.9 117.1 Co—(Cy) 24.3 24.3 24.0
C—(C)(H)s —42.2 -41.8 (—42.9) Co—(C) 23.8 16.2
C—(C)(C)(H), -19.8 -19.7 -17.7 C—(Co)(H)s —42.2 -41.8 (—42.9)
C—(C)(C),H -7.2 -75 -2.6 C—(Cy)(C)(H)2 —20.4 —-19.2 —21.2
C—(C)(C) 5.5 5.4 7.6 C—(Co)(C)a(H) —4.1 -4.2 -4.7
C—(C)(Cy(H)2 —14.7 -15.2 C—(Cy)(C)s 12.3 12.1 11.1
C—(CY(Cy)(C)(H) —28.9 3.0 C~(Co)(Ca)(H)2 —-105 —19.8
C—(C)(Cy)(C)2 12.6 C—(Co)(Cy)(C)(H) —3.8
C—(C)(Ca)=(H) 7.9 7.3 C—(Co)(C)(H)2 —15.2
C—(C)(Cy)2(C) 19.2 C—(Co)(CY(C)(H) —24.9
C—(C)(Ca)s 27.3 C—(C)(C)(C)2 15.0
C—(CYo(H)2 —3. -1.8 Ca—(Co)(H) 28.5 28.5 (30.4)
C—(C)2A(C)(H) 7.2 14.7 Ca—(Cp)(C) 36.2 41.5
C—(C)2C)2 26.7 Cy—(Cp)(Cy) 54.4 31.6
C—(C)2ACa)(H) 19.8 24.7 Ca—(Co)(C) 40.1
C—(C)2A(Cu)(C) 33.7 Ci—(Cy) 102.9 (113.8)
g_(((%)j((ﬁg)z 1923 j%g aBoldface groups were determined for the first time in this work.
C—(C)s(C) ' 56.8 Bracketed values were assigned the corresponding GAV to remove
C—(C)x(Cy) 69.1 linear dependence; see tekReference 2% Reference 30¢ From solid
C—(C)a 101.9 state enthalpy of formation.
Ca—(C)(H) 28.4 28 (30.1)
Ca—(C)(C) 34.0 39.7 41.8 enthalpy of formation of 2-pentyne the CBS-QB3-BAC value,
gd—gég(cd) gé-g 4312& 128.9 kJ motl, matches the experimental value, 128.9 kJ
d™ 2 . .

mol~1,*3whereas Sumathi et al. report an extremely low CBS-Q
value of 86.4 kJ molt.5?

2Boldface groups were determined for the first time in this work. Only one additional NNI correction is required for the alkyne
Bracketed values were assigned the corresponding GAV to remove molecular class, the engne cis correction. This pertains to

linear dependence; see tekxReference 28 unless stated otherwise. S . .
¢ Reference 30 Cohen and Benson 1993this GAV is not consistent  the CiS interaction between an alkyl group and a triple bond, as

with the Benson 1976 GAVS.Ab initio values consistent with Benson ~ in Cis-pent-3-en-1-yne; see Figure 1. The NNI correction is
1976 GAV, Sumathi and Greéh. negative,—3.2 kJ motfL. The ene-yne cis interaction is found

alkynes, of which only 10 have been determined on the basis0 P€ stabilizing, in agreement with the value reported by
of experimental data. Recently, Sumathi and Gteesed ab ~ Coher _ _
initio G2 calculations to determine 10 of the missing GAVs. In  The alkyne GAVs are consistent with the alkene and alkane
this work all 29 parameters were estimated from our ab initio Values. Substituting a C-ligand atom by aligand atom leads
database. Because the database contains only 31 alkyne speciel§ an increase in GAV of 312 kJ mot™ for the first ligand,
ranging from ethyne to 3,3-diethenyl-4-penten-1-yne, no statisti- 16—23 kJ mot™ for the second, 3036 kJ mof* for the third
cal analysis was performed. Note thata@jacent groups are ~ and 45 kJ mot* for the fourth. Substituting a &ligand atom
capable to take NNIs into account similar to thg-agljacent Py @ G-ligand atom increases the GAV by-6 kJ mof* for
groups. Hence these NNIs should not be treated explicitely. the first, 12-17 kJ mot™ for the second, 2228 kJ mof* for

The ab initio GAVs are presented in Table 7. Nine GAvs the third and 33 kJ mol for the fourth G atom. The
are determined for the first time. Because of the linear C—(C)(Cu)(C)(H) group for which the GAV reported by Cohen
dependence between the a|kyne groups, the GAV of the is over 30 kJ m011 lower than the value determined in this
C—(C)(H)s group was set equal to the value of the C)(H)s work, fits well into this picture: substitution of the C-ligand in
group and the GAV of the &}(C{)(H) group was set equa| to C—(Cd)(c)z(H) ylelds 6.9 kJ mot? diffel’ence, and substitution
the value of the @ (Ca)(H) group. The ab initio GAVs agree  Of the Gyligand in C—(Ca)2(C)(H) yields 2.6 kJ mol™.
well with the available experimental values. The agreement with  In general, the enthalpies of formation for the 31 alkynes in
the older values reported by Benddis better than with the our ab initio database are predicted accurately by the ab initio
more recent values determined by CoR&Ror the G-centered ~ group additivity method, with a maximal deviation of 3.8 kJ
groups, the deviations from the previously reported GAVs are mol~! for the ene-yne conjugated but-1-en-3-yn.
all smaller than 2 kJ mol. Larger deviations are found for the 3.6. Monocyclic Aromatics.In this paragraph only groups
Ci-adjacent groups for which GAV reported by Benson exist, with one single @ atom are treated. Polyaromatics involving
with the ab initio values being higher than the experimental the fused aromatic carbon atomy@re not included in this
values by 2-5 kJ mol L. Our ab initio GAVs are significantly ~ study. For monocyclic aromatics 18 group additive values have
higher than the values proposed by Sumathi and Grdased been determined, from which 4 arg-Centered and 14 are,C
on G2 ab initio enthalpies of formation, with differences up to adjacent. Five GAVs have not been reported before. Due to the
32 kJ motl. Sumathi and Green state that the CBS-Q method linear dependence between the groups, 3 GAVs need to be
is not reliable for triple bonds and attribute the differences fixed: the C-(Cp)(H)s GAV is set equal to the €(C)(H)3
between the CBS-Q and G2 enthalpies of formation to problems value, the G—(Cy)(H) value is set equal to the;€(Cqg)(H) value
with the CBS-Q method. However, our ab initio CBS-QB3- and the ¢—(Cy) value is set equal to the€(C) value. Group
BAC enthalpies for alkynes were found to agree very well with additive values for monocyclic aromatics are shown in Table
available experimental data (Table 1). Even for the standard 8. In line with G- and G-adjacent groups, gcadjacent groups

ene-yne cis —0.4 -2.9 —-3.2
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take NNIs into account. The NNIs concerned should not be
treated explicitely.

All GAV agree very well with the experimental values.
Except for the G—(Cp)(H) and G—(Cy)(C) groups the differ-
ences with the Benson vali@sire smaller than 1.5 kJ mdl
Also compared to the GAV reported by CoRéthe agreement
is excellent with deviations smaller than 2 kJ miglexcept for
the G—(Cy), C—(Cp)(Ca)(H)2, C:—(Cp) and G—(Cp)(Ca) groups.
Cohen derived the latter GAV from a solid phase standard
enthalpy of formation, which could explain the deviation. The
Cp—(Cy) and G—(Cy) groups always occur together and their
GAVs are perfectly correlated. Hence the sum of their GAVs
should be compared, not the individual values. The ab initio
GAVs yield a sum of 130.0 kJ mot, as compared to 126.7 kJ
mol~? for the experimental values.

The ab initio GAVs are again consistent with the other values
determined in this work. For the C-centered groups the GAVs
change by less than 2.5 kJ mélwhen a C-ligand atom is
substituted by a gligand atom. For the €(C,)(C)(C)(H), the
C—(Cp)(C)(C)2 and C-(Cp)(C)3 groups the influence is larger,
probably because of steric effects.

3.7. Hydrocarbon Radicals.3.7.1. Group Additiity Method.

In principle, 125 GAVs are required to predict the enthalpies
of formation of all hydrocarbon radicals up to monocylic

Sabbe et al.

radicals smaller thanCthey did not provide a general counting
scheme. Here, the following general and consistent counting
scheme is proposed:

A. Radical Gauche 1 Corrections {6C,Cs—Cy, Figure 1):

1. The number of gauche interaction corrections to be taken
into account is determined by neglecting the radical character
of C, and using the revised alkane gauche counting scheme
summarized in Table 4.

2. If one of the central carbon atoms @& Czis a Gy, a G or
a G, type of atom, gauche interactions with the adjacentGe
or G, atom are implicitly taken into account through the GAV
of the other central atom, similar to the procedure described in

section 3.3.
1\2 3{4 1:.2 3:4

For example, for the 2,3-dimethyl-1-buten-3-yl radical the C
carbon atom is of the £type. Hence the 1,4-interation with
the Gy atom is taken into account by the GAV of the
C—(Cy)(C)2 group and only 1 RG1 interaction remains (second-
ary—tertiary type of bond)4H° = C4—(H), + C¢—(C), + C—
(Cy)(C)2 + 3(C—(C)(H)s) + RG1= 25.1+ 45.3+ 127.5+

aromatics. The 125 GAVs can be divided into 41 radical- 3(~42.9)+ 1.8=71.0 kJ mot). For the 2,3-dimethyl-2-butyl

centered and 84 radical-adjacent groups. In addition to the 125

GAVs, a number of radical-specific NNI corrections and RSCs

radical (tertiary-tertiary), 3 RG1 interactions need to be taken
into account according to the revised gauche counting scheme

need to be determined. To estimate this large number of (AH? = 4(C—(C)(H)3) + E—(C)s + C—(C)s(H) + 3(RG1)=
parameters and assess the accuracy of the group additivity4(_42_9)+ 184.5-6.9 + 3(1.8)= 11.4 kJ mot?).

method, one would require a very large ab initio database of
enthalpies of formation. However, the number of parameters
can be significantly reduced. Detailed calculations for alkylic,
alkenylic, alkynylic and benzylic radicals indicate that the GAVs
for the radical-adjacent groups differ very little from the
corresponding hydrocarbon group. The radical-adjacent GAVs
are on average 1.7 kJ mdllower than the corresponding
non-radical GAV. The only GAVs with a deviation larger than
6 kJ mol! are for the C-(C)(Cy)(C)2, C—(C)C)(H)2,
C—(C)(C)(C)(H) and C-(C)(C)(C)2 groups, all occurring in
homoallylic or homopropargylic radicals (see Table 4S). Hence,

the number of radical GAVs that needs to be determined can
be reduced from 125 to 41 by approximating the radical-adjacent

GAVs by the value of the corresponding hydrocarbon group.
This approximation only slightly reduces the accuracy of the
ab initio group additivity method. Indeed, if the GAV of the

radical-adjacent groups are taken equal to the GAV of the
corresponding hydrocarbon group, the MAD between the
standard enthalpies of formation from the group additivity
method and the CBS-QB3-BAC values for the 118 radicals in
the database increases only slightly from 1.1 to 1.7 kJ ol

Of the 41 radical-centered GAVs only 9 been determined
previously by Benson and O’Ne&.Recently, Marsi et ai°
have published significantly higher GAVs for alkylic radicals.
Clearly, the availability of a consistent and accurate set of GAVs
would expand the applicability of the group additivity method
for the modeling of radical chemistry. On the basis of our ab
initio database of 118 radicals, a consistent set of 34 GAVs
was determined.

3.7.1.a. Radical NNI: Theory. To account for NNI gauche
interactions in hydrocarbon radicals, specific radical gauche
interaction corrections need to be introduced. Assigning NNI
corrections to radicals is not straightforward. Marsi etCal.

B. Radical Gauche 2 Corrections(6C,Cs—Cs, Figure 1):

Often both alkane gauche (AG;€C,C3—C,,) and radical
gauche 2 (RG2) interaction occur simultaneously in the same
molecule, and rotamers with a different combination of AG and
RG2 interactions exist. Because RG2 interactions are found to
be less repulsive than AG interactions, the determination of the
number of AG and RG2 corrections to be taken into account is
based on the rotamer corresponding to the minimal number of
AG NNIs. For example, 3 rotamers can be put forward for the
2-methylbut-1-yl radical:

f H RG2_ ], AG
c® c c c c ¢
Rezc EAG
c H H C H H
H H H
1 2 3

respectively having a single RG2 interaction, an AG interaction,
or both a RG2 and an AG interaction. The most stable
conformation isl, with a single RG2 interaction. The following
counting procedure is proposed:

1. In the rotamer with the minimum number of gauche
interactions, the number of RG2 corrections is determined
according to the revised gauche counting scheme (equivalent
to classical gauche counting in this case; see Table 4).

2. The number of AG corrections is obtained by subtracting
the number of RG2 interactions from the total number of gauche
interactions obtained using revised gauche counting. To deter-
mine the total number of gauche corrections, the radical
character of the Catom is neglected.

proposed two types of radical gauche interactions, RG1 and RG2 3. If one of the central carbon atoms 6r C; is a G, C; or

(Figure 1). However, as their study was restricted to alkyl

Cp type of atom, gauche interactions with the adjacept@
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TABLE 9: Group Additive Values for the Standard TABLE 10: Non-Neareast Neighbour Interaction (NNI)
Enthalpies of Formation of Radicals: Radical-Centered Corrections and Ring Strain Corrections (RSC) for the
Groups (298 K, kJ mol~1)2 Stan?ard Enthalpy of Formation of Radicals (298 K, kJ
radical group O’'Neal Bensén Marsietal  this work mol”) - - _
ST 150.0 162.0 168.0 correction  structure BO’Neal Mais; this work
: : ' ' enson® et al.
C—(C)(H) 156.8 171.0 177.3
g_Eg)i( ) 139-1 177.3 134-3 Gauche corrections
—(Ca)(H), 71 107.
C—(Cy)(C) 103.8 1275 RG1 C-CC-C 33 -038 1.8
C—(Co)=(H) 76.5 RG2 ¢-cc-C 3.3 0.0 0.7
C—(Ca2(C) 86.7
C—(Co)3 71.4 1,5-interactions
C—(CY(H), 121.4 .
C—(C)(O)(H) 1336 PO N
C*EC%EC))Z( ) 139.8 type 1 4.7
C—(CY(Co)(H 99.5
C—(C)(Cy(C) 1085 type 2 M 3.0
C—(C)(Ca):2 70.7 _
E—(C(H) 116.2 N
C—(C)2(C) 124.0 type 3 o -1.8
C—(C)s 122.8
C—(Cp)(H)2 96.3 119.1 type 4 >\>\ 2.8
C—(Cr)(C)(H) 103.4 132.8 N
E~(C)(C): 106.8 1426 NN
C—(Co)(Ca)(H) 1236 type 5 ' 14.9
C—(Co)(Ca)(C) 98.1
(::—(Cb)((:d)2 165.7 Ring Strain Corrections
C—(Co)(CY(H) 126.4 cyc-4-1trig 127.3
C=(Co)(CY(C) 155.8 cyc-5-1trig 19.7
g;_((cﬁ))(ct)(cd) 2%'.?3 cye-5-3trig 23.2
Cdf(C) 2732 cyc-6-ltr¥g 3.9
Co—(C) 234.9 cyc—6—3tr}g 3.5
Cd*(CI) 229.8 cyc-6-5trig -0.3
Ca—(C) 246.0
Ci— 454.8 Statistics
Cp— 276.9 F 10246
aThe GAVs of the radical-adjacent groups were assigned the value /p° 118 / 42
of the corresponding non-radical group. Boldface groups were deter- 4
mined for the first time in this work? Reference 33° Reference 20, MAD 1.7
ab initio values. RMS¢ 2.4
MAX¢ 6.8

or G, atom are implicitly taken into account through the GAV
of the other central atom, similar to the procedure described in 2 Reference 332 Reference 20, ab initio valuesn data points and
section 3.3. p regression parameters, 1,5-interaction corrections were determined

As an example the 2,2,3-trimethyl-1-butyl radical can be con- Separately! MAD = mean absolute deviation, RMS root mean
sidered. Two rotamers exist for this radical. The most stable S4Ua'® deviation, MAG= maximum deviation.
rotamer has 2 RG2 and 2 AG interactions, the least stable one hasio linear dependencies because the radical-adjacent GAVs have
1 RG2 and 3 AG interactions. The revised gauche scheme countdeen set equal to the GAVs of the corresponding non-radical
5 gauche contributions for this radical. Hence, 2 RG2 and 3 AG group. The ab initio GAVs in Table 9 are on an average 16.5
corrections are taken into accounil® = C—(C)(H)z + C—(C)s kJ mol! higher than the values reported by O’Neal and
+ C—(C)3(H) + 4(C—(C)(H)3) + 2(RG2)+ 3(AG) = 168.0 Benson®® and 6-7 kJ mol® higher than the ab initio values
+3.9— 6.9+ 4(— 42.9)+ 2(1.8)+ 3(2.9)= 5.7 kJ mof?). reported by Marsi et & In Figure 2 the CBS-QB3-BAC

This scheme differs from the scheme proposed by Marsi et standard enthalpies of formation are on average 3 kJ“mol
al20 but is consistent with the approach introduced for stable higher than experimental values for radicals. However, these
hydrocarbons. For example, for 2-methyl-1-butyl the new deviations cannot account for the difference between the
scheme assigns one RG2 correction because the RG2 interactioexperimental and the ab initio GAV. In particular, the-C
is more stable than an AG interaction, whereas Marsi et al. (Cy,)(C)(H) and the G (Cy)(C), GAVs are remarkably larger
assign one AG correction. than the corresponding Benson values.

Radical 1,5-interactions are in general less destabilizing than Radical enthalpies of formation are particularly difficult to
alkane 1,5-interactions, except for the interaction in 2,2,4,4- determine experimentally, however, and the experimental values
tetramethylpent-3-yl. As the CBS-QB3-BAC results show no have been revised since O’Neal and Berfd@ublished their
obvious correlation among the different types of 1.5-interactions GAVs. For example, O’Neal and Benson used an enthalpy of
and the destabilization energy, a specific 1,5-interaction cor- formation of 107.4 kJ mott for the ethyl radical, significantly
rection is introduced for every possible type of interaction. lower than the currently accepted experimental value available

3.7.1.b. GAVs. Ab initio GAVs for the radical-centered in the NIST webbook? 119 + 2 kJ mol™, and the ab initio
groups can be found in Table 9. NNI corrections, RSCs and a CBS-QB3-BAC value determined in this work, 122.0 kJ niol
statistical analysis are given in Table 10. All Radical GAVs Similar differences can be found for other radicals: (methyl
and NNI corrections are determined simultaneously. There areradical) 142.5 kJ moft (O’'Neal and Bensof), 146.2 kJ mot?!
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(CBS-QB3-BAC) and 147 1 kJ mol (NIST*3); (secpropyl
radical) 76.1 kJ mol® (O’Neal and Bensof), 90.4 kJ mot?!
(CBS-QB3-BAC) and 90k 2 kJ moi® (NIST*3); (tert-butyl

Sabbe et al.

TABLE 11: Values for Hydrogen Bond Increments for
Acyclic Radicals, Ordered from Least to Most Detailed

Structure (298 K, kJ mol~1)

radical) 31.8 kJ mol! (O’Neal and Bensof), 54.6 kJ mot? HBI2 Lay etal® this work
(CBS-QB3-BAC) and 48t 3 kJ mol® (NIST#3). Also for the ccd 205.3 207.8
benzyl radical, the enthalpy of formation reported by O’Neal RCCJ 205.3 208.9
and Bensori? 188.5 kJ mot?, is low as compared to the ab ISOBUTYL 205.3 211.3
initio value, 212.6 kJ mott, and the experimental valdé207 IC\I:(E:JOgENTYL 21%3'3; iéé'g
+ 4 kJ mol L. Clearly, a increase in the GAVs for radical species RGCIC 194 2 196 5
compared to the values reported by O’Neal and Benson is self-  rccicc 194.2 199.0
evident. TERTALKYL 185.2 189.7
3.7.1.c. Radical NNI and RSC. The new values for the radical ~ ALLYLP 151.3 150.3
gauche corrections, 1.8 kJ mé(RG1) and 0.7 (RG2) kJ mol, ﬁtSh% 113‘}?'3 igg‘;
differ significantly from the value of the AG correction, 3.3 kJ VIN 2476 2505
mol™%, illustrating the need to introduce radical-specific gauche VINS 238.4 235.9
corrections. Our values also differ from the corrections proposed = C=C=CJ 154.6
by Marsi et al.,—0.8 kJ mot? for RG1 and 0.0 kJ mot for BENZYL P 152.5 162.0
RG20 based on a lower level CBS-4 ab initio study. In this BENZYL S 141.7 154.0
. . o d : BENZYLT 132.9 147.3
study both corrections are estimated positive, consistent with  =c; 339.7 341.0
the repulsive interactions found from the CBS-QB3 calculations. Cc=CCJ 156.3 164.3
The corrections for radical 1,5 interactions can be found in C=CCJC 146.3 149.9
Table 10 as well. Compared to the alkane 1,5-interacton — C=CCJC2 1358 141.9
correction of 7.1 kJ mot, the corrections for type 1 to 4 are (P::EC,\%?L_C 213?? 'f
very low, between—1.8 and+4.7 kJ mofl. The type 5 C=CJC=C 199.8 189.6
correction is the total 1,5-correction for the given structure, C=CCJG=C 100.2 88.3
hence involving 2 1,5-interactions. The destabilization of 14.9 C=CC=CCJ 116.9 120.8
kJ mol 1 is comparable to the total destabilization due to 1,5- ~ C=CC=CCJ 1211 110.2
interactions ?n 2,2,.4,4-tetramethylpe.ntane, i.e'., 14.7 kJ ol gzgg:gjc gii’g
Eight cyclic radicals have been included in the database, c=ccJic=c 113.6
ranging from cyclobutyl to cyclohexyl. From these, 6 radical (CeHs)CI=C 215.6
ring strain corrections (RSCs) have been determined; see Table ~C=CCJ(CeHs) 143.5
10. The following nomenclature is introduced: dyitrig, where giggjggfﬂ% c igi-g
i indicates size of the ring anjdndicates the number of trigonal CECCJ(Csz)C 180.7
sp carbon atoms in the ring. Radical RSCs differ significantly C=CCJ(C=C)C=C 67.4
from the RSCs for the corresponding non-radical rings. The C=CcCJ(C=C)C=C 63.4
largest difference is found for the cyclopentyl radical, where C=CCJ(C=C)C=C 75.7
the radical RSC of 19.7 kJ mdl is much lower than the non- F 9738
radical value for cyc-5-0, 30.9 kJ mdl For larger rings, the rl\]/{KDC 110/3260
presence of a radical carbon atom has a smaller influence on gy 28
the ring strain. MAX ¢ 9.0

Reso”af‘_c‘? stabilizat_ion i_s difficult to account for Within_ the a2 CJ in the HBI group name indicates the radical center. Boldface
group additivity approximation, as resonance effects typically Hpis were introduced in this work.Reference 39. These authors
extend beyond the group region. Small-scale resonance effectseportedD(R—H) instead ofD(R—H) — AH°(H). Hence, the values
involving only the radical carbon atom and its next neighbors, reported by Lay et al. are 218 kJ mbhigher than the values reported
as in allyl radicals, and the 3-vinyl-1-penten-3-yl radical can here.°MAD = mean absolute deviation, RMS root mean square
be treated well within the group additivity approximation. Larger d€viation, MAX = maximum deviation.

scale resonance effects cannot be treated within the groupagical. Because the HBI method is not restricted by the group
additivity approximation, and it advisable to use the hydrogen concept, it can account for the larger molecular structures to
bond increment method of Lay et lfor these radicals. account for large scale resonance effects.

In general, the group additivity method as presented in this  |ay et al. have introduced 25 HB¥ While the HBIs were
section is found to be accurate and reliable for hydrocarbon being determined, it became clear that this number is insufficient
radicals and enthalpies of formation are predicted with a MAD to describe the variation in the standard enthalpies of formation
of 1.7 kJ mot™. Deviations larger than 5 kJ mdiare found  for the radicals in our database: for some radicals corresponding
for some extended resonance stabilized radicals and for someo the same type of HBI the bond dissociation energies differed
homopropargylic radicals. For these radicals an alternative by more than 10 kJ mot. For example, for mossecvinylic
approach might be required to achieve chemical accuracy. radicals the HBI mounts to about 240 kJ mlbut the value

3.7.2. Hydrogen Bond Increment Methddhe hydrogen bond  for the but-1-en-3-yn-2-yl radical is only 207.0 kJ mabl
increment method of Lay et &!. provides an alternative  This value is also different from the HBI f@eepropargylic
procedure to predict the thermodynamic properties of hydro- radicals, 158.2 kJ mol. Hence, 13 additional HBIs
carbon radicals. The HBI method calculates the enthalpy of were introduced. These new HBIs involve=CC=CJ,
formation by adding a HBI to the enthalpy of formation of the C=CC=CJC, G=CCJG=C, phenyl, GGCCJ}C, C=CCJ-
parent molecule; see eq 8. Here we will use the notation (C=C)C=C, C=CCJ(G=C)C=C, C=CCJ(CG=C)C=C,
introduced by Lay et al., whera J indicates the position of the (CgHs)CI=C, C=CCJ(GH5s), C=CCJ(GHs), C=CCJ(GH5)C
radical carbon atom; e.g., the CCJ HBI corresponds to the ethyland G=CCJ(GHs)C.
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For all radicals in the database, HBIs were determined using improved to better than 2 kJ ndl by implementing a bond
eq 8. The standard enthalpy of formation of the parent molecule additive correction with newly derived parameters. From the
was calculated using the previously determined GAVs. Next, CBS-QB3-BAC database, 95 GAVs and 38 HBIs were deter-
the radicals were grouped according to the similarity of their mined and the reliability of the group additivity approximation
HBI and radical character. When multiple radicals in the was assessed. There have been 16 non-radical and 25 radical
database correspond to the same type of HBI, the mean valuegroup additive values (GAVs) determined for the first time. For
is reported. HBIs for cyclic radicals were not included. The 38 the well-established alkane GAVs the agreement with experi-
HBI types that are required to account for the variation in our mental values is better than 2 kJ mbl To extend the
database are presented in Table 11. Our ab initio HBIs are inapplicability of the HBI method, 13 new parameters were
general slightly higher than the values reported by Lay et al., introduced.
in agreement with the rather low experimental values for the  To account for non-next-nearest neighbor interactions, the
standard enthalpies of formation for radical species discussedrevised gauche counting scheme was found to provide an
in the previous section. improvement over the classical gauche counting scheme and

Radical gauche corrections are not defined within the HBI was applied throughout this work. A novel, rigorous counting
framework. Because the radical enthalpy of formation is scheme for radical gauche interactions was introduced as a
calculated from the parent molecule, NNIs are accounted for consistent extension of the revised gauche counting scheme.
through the parent molecule. However, as was clearly shown It was found that the GAVs of the radical-adjacent groups
in the previous section, radical gauche corrections are signifi- are approximately equal to the GAVs of the corresponding non-
cantly smaller than alkane gauche corrections. A possible radical groups, allowing a 3-fold reduction in the number of
improvement to the HBI method might therefore be to dif- GAVs for hydrocarbon radicals.
ferentiate between AG and radical gauche interactions. However, The hydrogen bond increment method is not restricted by
preliminary tests indicate the improvement is very small. the group concept and allows us to account for electron

As discussed, different HBIs can correspond to the same delocalization in resonance stabilized radicals, providing im-
radical. Indeed, for diallylic radicals, both the<CCJCG=C and proved accuracy over the group additivity method for delocal-
the C=CC=CCJ HBI can be used. Because both take the ized radicals. A structured list of HBIs is presented, which
extended resonance effect into account, both HBIs are valid. allows us to assign the best possible HBI to a given radical.
However, the ALLYL S HBI does not account for the extended However, the HBI method does not include radical-specific non-
resonance effect and this HBI should not be used for diallylic next-nearest neighbor interactions, slightly affecting its accuracy.
radicals. To remove any ambiguity in assigning HBIs, the Therefore the HBI method is recommended for radicals with
following procedure is proposed. Table 11 is organized so that electron delocalization, whereas the group additivity method is
the most specific HBIs are found at the bottom and the most more accurate for all other radicals.
general HBIs are found at the top of the table. When a HBI is
assigned to a given radical, the most specific HBI should be
selected, i.e., the lowest in the table.
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The kinetic modeling of complex radical chemistry requires §
accurate thermodynamic data for the thousands of moleculesy
involved in the reaction mechanism. Benson'’s group additivity p
method and the hydrogen bond increment (HBI) method of Lay p
et al. provide elegant schemes to accurately determine thesg,
thermodynamic parameters, but their applicability is hampered
by the lack of parameters, in particular for radical species. In
this work, an accurate, internally consistent and complete set”!
of parameters is derived for both methods from state-of-the-art Ca
ab initio calculations, extending the applicability of Benson’s Co
group additivity method to all hydrocarbon molecules and Cq
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calculated at the CBS-QB3 level of theory. The accuracy was
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vector of dependent variables (Al enthalpies) (J THol
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cycH-jtrig ring strain contribution,i ring atoms and trigonal
atoms (J mot?)

exp experimental

GAV group additive value (J mot)

HBI hydrogen bond increment (J md)

MAD mean absolute deviation (J md)

NNI non-next-nearest neighbor interaction

P primary carbon atom

Q quaternary carbon atom

ref reference

RMS root mean square deviation (J m9l

RSC ring strain correction (J nd)

S secondary carbon atom

T tertiary carbon atom

trig trigonal carbon atom
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