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A set of 7 Benson group additive values (GAV) together with 15 correction terms for non-nearest neighbor interactions
(NNI) is developed to calculate the gas phase standard enthalpies of formation, entropies and heat capacities of mono-
cyclic aromatic compounds containing methyl, ethyl, vinyl, formyl, hydroxyl, and methoxy substituents. These GAVs are
obtained through least squares regression of a database of thermodynamic properties of 143 molecules, calculated at
the post-Hartree—Fock G4 composite method. Out of the 15 NNIs, which account for several well-known substituent
effects in aromatic molecules, 13 have been determined for the first time. All but two group additively calculated stand-
ard enthalpies of formation agree within 4 kJ mol™'. The entropies and the heat capacities generally deviate less than 4
Jmol ! K~ from the ab initio results. Natural bond orbital analysis is utilized to identify the underlying causes of the
observed NNIs. © 2015 American Institute of Chemical Engineers AIChE J, 61: 3858-3870, 2015
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Introduction

The thermodynamic properties of molecules such as their
standard enthalpy of formation (AsH®), entropy (S°), and heat
capacity (Cp) play a pivotal role in the construction of funda-
mental kinetic models, which become increasingly more
important in the optimization of industrial processes.'™ In
recent years, such reaction networks have been used in various
areas such as steam cracking of hydrocarbons,* combustion
processes,”® and the formation of polycyclic aromatic hydro-
carbons.””? Current interests in the thermochemical conversion
of biomass to liquid fuels or commodity chemicals leads to the
need for kinetic models that describe the pyrolysis of its com-
ponents cellulose, hemicellulose, and lignin. The decomposi-
tion of lignin yields mainly substituted monocyclic aromatic
compounds with substituent groups such as hydroxy (—OH),
methoxy (—OCHj;), formyl (—CHO), vinyl (—C=CH,), and
alkyl (—R).112 With few exceptions, reliable experimental
thermochemical data for these species are not available. Fur-
thermore, it is not feasible to use highly accurate first-
principle calculations for each molecule encountered in such
conversion processes because of the high demands in comput-
ing time and hardware resources. Therefore, to be able to con-
struct a reliable kinetic model for lignin pyrolysis or other
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conversion processes that involve substituted monocyclic aro-
matic hydrocarbons, alternative methods play an important
role.

A popular approach to describe thermodynamic properties
of gas phase species is the group additivity (GA) method
developed by Benson and coworkers.'*™'® Benson’s basic idea
is to divide molecules into smaller units, called groups, and
use an additive scheme to obtain thermochemical data based
on contributions from these groups, which are known as
“group additive values (GAVs).” According to Benson, a
group is defined as “a polyvalent atom in a molecule together
with all its ligands.”'® Although GAVs account for the major
part of a thermodynamic property, precise calculations require
that additional contributions from interactions that extend
beyond the range of a group have to be included as well. These
so-called non-nearest neighbor interactions (NNIs) are incor-
porated into the GA method as correction terms. The thermo-
dynamic property “y” thus is calculated as

i J
y=Y nixGAV;+» njNNI, (1)
1 1

The GAYV; refer to different groups which occur »; times in
the molecule, and NNI, is the jth correction term which occurs
n; times in the molecule. To use this method, all required
GAVs and NNI correction terms must be known, and ongoing
efforts aim to expand the GAV/NNI database and to improve
the accuracy of existing entries.

Group values for Benson’s GA method were initially
derived entirely from experimental data,'>'”~° but in the last
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decade several studies used computational means to define
these parameters.”' * It has been shown that GA methods are
able to calculate standard enthalpies of formation with
“chemical accuracy,” meaning with a standard deviation of
not more than 4 kJ mol~'.?>"* This accuracy is comparable to
that of high level ab initio methods, which require substan-
tially more time and effort. Benson’s method has been suc-
cessfully applied to standard enthalpies of formation of gas
phase molecules,*!317-222425 and also to entropies and heat
capacities.' 3-16.23-25

To ensure that the values obtained via GA are reliable, the
GAYV and NNI definitions have to be internally consistent.
This means that (1) the GAV parameters are assigned in a sys-
tematic way resolving all linear dependencies,14 (2) the set of
NNIs are comprehensive and well defined, and (3) all parame-
ters are determined from reference data of equal quality. Rey-
niers and coworkers®>>> have started to create such an
internally consistent GAV/NNI database based on ab initio
results at the CBS-QB3 level of theory. Currently this database
contains GAV and NNI definitions that allow calculation of
thermodynamic properties for aliphatic hydrocarbons like
alkanes, alkenes, alkynes, and few cyclic hydrocarbons and
their corresponding radicals,”*** oxygenates such as alcohols,
esters, ethers, ketones, carboxylic acids, ketenes and their cor-
responding radicals,® and organic sulfur compounds.24 The
purpose of this study is to extend the GAV and NNI database
to substituted monocyclic aromatic hydrocarbons (MAHs). As
this extension is motivated by the interest in modeling pyroly-
sis products of lignin, the following substituent groups are
considered: hydroxy (—OH), methoxy (—OCHj3;), formyl
(—CHO), vinyl (—C=CH,), and methyl (—CHj3) and ethyl
(—CH,CHs3). The following approach is adapted: (1) A data-
base of accurate gas phase standard enthalpies of formation
(ArH®), entropies (S°), and heat capacities (Cp(T)) for a set of
133 molecules is constructed using high level electronic struc-
ture calculations. (2) The necessary GAVs are identified and
preliminary values are assigned based on the data for mono-
substituted benzenes. (3) Deficiencies in the group additively
calculated data are used to identify those non-nearest-neighbor
interactions (NNIs) that contribute significantly to the thermo-
dynamic properties. (4) Natural Bond Orbital (NBO) analyses
are carried out to support the NNI selections. (5) All unknown
GAV and NNI parameters are finally simultaneously opti-
mized to best reproduce the thermodynamic data of the entire
reference data set.

Methodology
Electronic structure calculations

The Gaussian 09 software package® has been used to per-
form all electronic structure calculations. Thermodynamic
properties are calculated at the CBS-QB3>° and G4*' levels of
theory. The CBS-QB3 composite method is widely used and
has been shown to produce accurate enthalpies of forma-
tion”**%> and rate coefficients.®*>> It was the method of
choice for deriving GAV and NNI parameters in the previous
studies by Sabbe et al.,”? Vandeputte et al.,”* and Paraskevas
et al.>> and it would be the preferred method to extend the
GAYV database for aromatic species. However, CBS-QB3 cal-
culated bond dissociation energies for the C—H bond in ben-
zene (483.0 kJ mol™ '), the C—O bond in phenol (480.7 kJ
mol "), and the aryl—CHO bond in benzaldehyde (428.2 kJ
mol ') deviate more than 10 kJ mol~! from well-established
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experimental values (472.2+2.2 kJ mol ™ '*® 465.7 + 4.2 kJ
mol ™! and 415.5 + 3.8 kJ mol 1%’ respectively). This casts
doubts on the ability of the CBS-QB3 method to accurately
describe aromatic molecules. For this reason, calculations
were also performed at the G4 level of theory. G4 is also a
composite method but differs from CBS-QB3 calculations in
the details of the geometry optimization and the frequency
analysis step as well as in the way the final energy is approxi-
mated by a series of single point energy calculations. The
extrapolation methods to the basis set limit and the applied
corrections to the final energy are also different. Details can be
found in the original literature.>*" In the context of this study,
it is worth noting that the G4 method yields extrapolated final
electronic energies that are more accurate than the CBS-QB3
energies, however, at the cost of significantly higher CPU time
demands, which effectively limits the applicability of G4 cal-
culations to smaller molecules. With respect to the bond disso-
ciation energies mentioned above, G4 yields those values to
be 471.1 kJ mol ™', 465.1 kJ mol~', and 414.2 kJ mol ',
respectively, in excellent agreement with the experimental
data.

Hindered rotor treatment

To take thermochemical effects due to rotation of single
bonds into consideration, the one-dimensional hindered rotor
(1-D-HR) approach of Van Speybroeck and coworkers®® ™ is
applied. It is well known that such a treatment significantly
improves the calculated thermochemical properties, in par-
ticular the entropy results. To calculate the contributions of
internal rotations to the partition function and thermodynamic
properties, the hindrance potentials for rotation are determined
with relaxed potential energy surface scans at the B3LYP/6-
31G(d) level and expanded to a truncated Fourier series using
the first six sine and cosine terms. The internal rotations were
identified via visual inspection of the animated vibrations.
Only internal rotors with total barriers below 50 kJ mol ' are
evaluated separately, all other modes are treated as a harmonic
oscillators. Internal rotations with very low barriers (less than
1 kJ mol™ 1) are considered free rotors. The reduced moment
of inertia describing the rotation of the two molecule frag-
ments around the axis which decouples internal from external
rotation are calculated with the procedure described by Van
Speybroeck et al.*

All thermochemical data calculated in this study are based
on the lowest energy conformer of each molecule. The hin-
drance potentials of the internal rotors are used to identify
low-energy conformers, which are then evaluated at the CBS-
QB3 and G4 levels, respectively, to identify the lowest energy
conformers. Note that this approach does not necessarily guar-
antee that the global minimum is found if internal rotors are
coupled. The above described methodology is in line with the
previous studies of Reyniers and coworkers.?>+2

Standard enthalpy of formation

The calculation of standard enthalpies of formation, which
is the enthalpy relative to the composing elements in their
standard state, always requires experimental information, as,
for example, the enthalpy of carbon in its graphitic standard
state cannot be determined accurately using ab initio methods.
In the atomization energy method, the standard enthalpy of
formation is obtained from the ab initio (Al) calculated
enthalpy of atomization at 298 K and the experimental
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Table 1. BAC Values for CBS-QB3 and G4 Data

BAC (kJ mol™ 1)

C—H Cc—C C=C Cc—0 O—H C=0 C,—Cy C,—H C,—O
CBS-QB3* —0.19 —2.07 —3.45 1.58 —-1.77 3.11 0.73 —2.51 —0.98
G4 —0.02 —1.09 0.00 —0.61 —1.44 0.50 2.04 —2.64 —4.77

“The nonaromatic BAC values for CBS-QB3 are taken from Paraskevas et al.®

The boldfaced values are derived in this study.

standard enthalpies of formation of atoms in the gas phase
(gas,exp) at the same temperature, as given in Eq. 2

AH® (CH,0p;298 K) = mArH’ gy (C)
n nA_f'Hogas,eXP(H)+ p AfHOgas,exp(O)_ [mHOAI(C)
+nH° s1(H)+pH° o1(0) —H° a1(C,,H,0,)] @

where  ArH® g46.0xp(C) = 716.68 kJ mol ', ArH® go exp(H) =
218.0 kJ mol ™', and AfH®guexp(O) =249.18 kI mol ' at
298 K.

The last four terms of Eq. 2. yield the ab initio (Al) calcu-
lated atomization enthalpies for C,,H, O, at 298 K, that is, the
reaction enthalpy of Eq. 3 at 298 K

C,H,0, — mC+nH+pO 3)

Two different types of corrections have been applied to the
atomization energies. First, spin-orbit (SO) corrections of 0.35
kJ mol ™' per carbon atom and 0.93 kJ mol ' per oxygen
atom*! have been applied to the results from the CBS-QB3
calculations only since SO corrections are part of the G4 meth-
odology.31 Second, “Bond Additive Corrections” (BACs)*?
are applied to eliminate the remaining systematic errors of ab
initio calculations

A/H°(BAC)= A;H°(CBS-QB3 or G4)+ > N;BAC; (4)

ij

where i and j run over the two different atom types and N;; is
the number of bonds between atoms of type i and j. As the
CBS-QB3 and G4 methods suffer from different systematic
bond-related errors, BAC values were developed separately
for both methods.

In this study, BACs are used in accordance with the earlier
studies,zz’25 however, since this work focuses on aromatic
molecules, additional BAC values are defined to achieve opti-
mal agreement between calculated and experimental enthal-
pies of formation. For this purpose, a training set of 77
molecules for which reliable experimental data is available,
has been assembled. This training set, listed in Table S1 of the
Supporting Information, contains 32 aliphatic hydrocarbons,
29 linear oxygenated hydrocarbons and 16 MAHs. The data
for nonaromatic molecules were taken from the work of Para-
skevas et al.”> The rather small number of aromatic molecules
present in this set can be explained with the scarcity of reliable
experimental data for this class of molecules. The thermody-
namic data for the aromatic molecules were retrieved from the
“Thermochemical Database” of the NIST Webbook.** Several
criteria were used to select the data. First, entries reporting Ay
H° values that were directly reported in the original study are
preferred over those that have been deduced from published
solid or liquid phase data. If the NIST Database contains sev-
eral values for a given molecule, the entries with stated error
margins are given priority. If several data with reported error
bars exist, only those that overlapped with each other within
the stated error margins were considered. Eventually, the aver-
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age of the remaining data points was taken. Anisole (methoxy-
benzene) is the only molecule included in the training set that
does not match the reliability criteria as there was no alterna-
tive methoxy (—OCH;) substituted monoaromatic hydrocar-
bon available to be included in the BAC training set. For
anisole, the average of the two available data points was taken
even though they deviate by 8.8 kJ mol ™' despite the fact that
the reported error margins suggest accuracies of 1.2 kJ
mol ™ ** and 0.92 kJ mol ~",** respectively.

Also provided in Table S1 of the Supporting Information
are the deviations between CBS-QB3 (with SO corrections)
and G4 calculated enthalpies of formation from the experi-
mental data. It is evident, that in particular the CBS-QB3
results deviate substantially from the experimental values with
the trend that the CBS-QB3 enthalpies are consistently higher
than the measured ones. This is reflected in a mean deviation
(MD) of 7.5 kJ mol ! for the entire training set. The results
from G4 calculations are generally closer to the experimental
values (MD = 3.1 kJ molfl), but G4 also tends to overesti-
mate the enthalpies of formation.

To correct the theoretically calculated enthalpies of forma-
tion, a distinction between nine different bonds is made, which
are C—C, C—H, C=C, C—0, O—H, C=0, C,—H, C,—C,,
and C,—O. By differentiating between bonds of nonaromatic
carbon atoms and those formed by an aromatic carbon atom,
significant improvements of the corrected enthalpies of forma-
tion are achieved.

Out of the nine BACs for the bonds discussed above, six
correction parameters have already been determined at the
CBS-QB3 level of theory by Paraskevas et al.>> Those were
kept constant and only the remaining three parameters were
optimized via unweighted linear regression. Since no previ-
ously defined BACs for G4 calculations were available, all
nine parameters were subjected to the least squares fitting pro-
cedure. The BAC values for both levels of theory are reported
in Table 1. The differences between bond additivity corrected
enthalpies of formation and the experimental data are provided
in Table S1 of the Supporting Information together with the
statistics. The mean deviations (MD) between BAC-corrected
and experimental A;/H° data at 298 K are reduced to 0.0001
for both levels of theory and the mean absolute deviations
(MAD) are 1.4 kJ mol ™' (for both methods). These values are
significantly improved compared to those of the uncorrected
data (8.2 kJ mol " and 3.3 kJ mol ', respectively). The maxi-
mum absolute deviations (MAX) are also clearly improved
from 20.5 to 6.2 and 9.5 to 5.2 kJ mol ', respectively. The
performance of BAC corrected CBS-QB3 and G4 calculations
is further assessed using a test set of 14 MAHs. This test set
contains MAHs for which the available experimental data do
not fully meet the aforementioned criteria of reliability and
thus they were not included in the training set. Given the
higher uncertainty on the experimental values, the derived
BACs are not expected to be as successful in improving the
agreement between experimental and calculated enthalpies of
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formation as for the training set. Nevertheless, BACs should
lower the MAD for A;H° significantly at both levels of theory.
Table S1 of the Supporting Information lists the test set mole-
cules together with the experimental AsH® values. Also pro-
vided are the deviations of the theoretical enthalpies of
formation (either CBS-QB3 or G4) from the experimental val-
ues prior to and after BAC are applied. As expected, the use of
BAC clearly improves the agreement for this data set as well.
For CBS-QB3, the MAD is reduced from 13.6 to 3.0 kJ mol ™!
whereas at the G4 level a reduction of the MAD from 5.9 to
3.4 kJ mol ' is observed.

A closer look at some data of the test set reveals that the
experimental enthalpies of formation for m- and p-hydroxy
phenol are not obtained accurately even when BACs are
applied, while the AsH° value for o-hydroxy phenol (cate-
chol), which surprisingly is higher than those for the m- and p-
isomers despite the fact that a hydrogen bond can be formed,
is well reproduced. As it is not obvious, why the calculations
at both levels of theory would fail just for these two mole-
cules, one might question the reliability of the experimental
data. Certainly, a validation of these measurements would be
helpful.

Another observation to be noted is that the bond additive
correction values for G4 are very high for all three bonds that
involve an aromatic carbon and that the C,—C,, and C,—H
BACsSs have similar magnitudes but opposite signs. Such large
corrections appear to be in contrast to the good performance
of G4 prior to the use of BAC. The C,—H and C,—C,, values
are strongly correlated because for the current data set, every
Cp—H bond requires the presence of a C,—Cy, and at the same
time, a large fraction of C, atoms exist as C,—(H) groups. The
large BAC value found for G4 to correct errors in C,—O
bonds is expected to have a high uncertainty, because only a
very limited number of enthalpies of formation were available
to obtain this parameter and some stated inaccuracies are
rather high (e.g. anisole, as discussed before).

As discussed in earlier sections, some CBS-QB3 calculated
bond dissociation energies deviate from established experi-
mental values, while the corresponding G4 results agree well
with the measurements. Given that rather high BAC values for
the G4 method were found, it is important to verify that the
bond dissociation energies still agree with experiment. For the
C—H bond in benzene, the C—O bond in phenol and the
Aryl—CHO bond in benzaldehyde, the G4PA€ bond dissocia-
tion enthalpies are 474.7 kJ mol ™! (vs. 472.2 kJ mol ™ 1), 469.9
kJ mol ™" (vs. 465.7 kJ mol "), and 415.3 kJ mol ' (vs. 415.5
kJ mol 1), respectively. BAC-corrected CBS-QB3 values
(485.4, 481.7, and 428.1 kJ molfl) still differ considerably
more from the experimental values.

The similarly good performances of the CBS-QB3/BAC
and G4/BAC calculation methods with respect to the enthal-
pies of formation of closed-shell aromatic molecules in the
training and test sets (see Supporting Information Table S1)
indicate that the poor bond dissociation enthalpy data obtained
with CBS-QB3 are related to a problem with the enthalpy of
formation for the phenyl radical.

Standard intrinsic entropies

The entropy for a molecule calculated via statistical meth-
ods does not take symmetry or contributions from steric cen-
ters into account. Therefore, the initial entropies need to be
corrected for such contributions if the total entropy of a mole-
cule is needed. Conversely, GAV and NNI parameters in Ben-
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son’s GA method'* are “symmetry-free,” because they relate
to moieties of a molecule and not to the entire molecule. Since
the goal of the current study is to determine such GAVs and
NNIs, the symmetry-independent “intrinsic” entropies S, are
used

S °=S°+R In ( i ) (5)
Nopt

where ¢ is the global symmetry number and 7,y is the number
of optical isomers. The global symmetry number ¢ is the prod-
uct of external symmetry number o.,, and the internal symme-
try numbers g,

0= 0cxt H Oint,k (6)
k

Derivation of GAV and NNI values

The GAV and the NNI values are determined by optimizing
the agreement between group additively calculated data and a
large set of thermodynamic values for molecules that contain
these groups. The latter data is obtained via electronic struc-
ture calculations according to the methodology discussed in
the previous paragraphs. The following overall strategy has
been followed:

1. BAC corrected CBS-QB3 and G4 results are shown to
compare equally well to experimental data. In anticipation of
follow-up studies on radicals, the G4 method was chosen as
reference for GAV development.

2. Preliminary GAVs are assigned using results for ben-
zene and the six monosubstituted benzenes. The initial
assignment of GAVs is needed to aid the identification of
NNIs in the following step.

3. Application of the preliminary GAVs to all 63 double
substituted benzenes reveals the need of NNIs and allows
identification of those.

4. The GAVs and NNIs are simultaneously optimized
using the full set of training molecules (133).

5. A test set consisting of 10 smaller MAH and 15 large
MAHs is assembled to validate the transferability of the
GAV/NNI data.

6. Finally, the 10 G4 calculated entries of the test set are
added to the training set and a final optimization yields the
best set of GAV/NNISs.

Only the final GAV and NNI parameters are reported in the
manuscript whereas preliminary and intermediate values of
GAVs and NNIs are documented in the Supporting
Information.

Parameter optimization relied on the unweighted least-
squares procedure. In this linear regression analysis, the fol-
lowing objective function is minimized

$SQ= ) (=)’ ™

In Eq. 7, y; is the ab initio calculated enthalpy of formation
(ArH®), entropy (S°) or heat capacity (C,(T)) of the molecule
i, and y; is the calculated thermochemical value via GA. This
results in the equation

GAV/NNI=(X"X) X"y ®)

In Eq. 8, GAV/NNI is the calculated vector of the GAVs
and NNIs parameters and X is the occurrence matrix where in
each row, there is a molecule and in each column, there is
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Table 2. GAVs Taken from Earlier Studies by Reyniers and Coworkers

22,2325

Cp(Jmol 'K

AsH® s°
Fixed GAVs  GAV taken from  (kJ rﬁol*‘) Omol 'K 300K 400K 500K 600K 800K  1000K 1500 K
O—(Cy)(H) 0—(Cy(H)» —188.1 106.3 24.6 30.3 325 33.2 333 33.6 35.0
CO—(C,)(H)  CO—(Cy)(H)* —1283 129.3 273 34.0 39.4 43.7 50.2 542 60.8
Cq—(Cp)(H) C,—(Cy)(H)*>23 304 25.7 18.1 24.1 29.1 32.7 37.1 40.0 43.1
C—(Cy)(H)3 C—(Cg)(H);?>?3 —42.9 127.2 25.0 31.8 38.2 43.9 532 60.5 723
C—(O)(H), From Ref. 25 —42.9 127.1 253 32.1 38.4 44.1 53.4 60.6 725
Cy—(H), From Refs. 22,23 25.1 115.8 20.6 25.8 30.8 349 414 46.4 54.6
C—(C)(H)3 From Refs. 22,23 —42.9 127.1 253 32.1 38.4 44.1 53.4 60.6 725

either a GAV or NNI. The elements of this matrix X;; specify
the number of occurrences of group j in molecule i. Here, y is
the vector which contains the ab initio thermodynamic prop-
erty of interest. If a group always appears in connection with
another group, they are linearly dependent and the values of
both groups cannot be determined independently. To eliminate
such linear dependencies, several GAV values have to be
assigned arbitrarily. In this study, this assignment is based on
structurally similar groups, as will be discussed later in more
detail.

Seven GAVs found in the molecules of the database have
already been defined in an earlier study by Reyniers and
coworkers.”>**> These values were adopted and not sub-
jected to the optimization procedure.

A statistical analysis is performed to assess the reliability of
the linear regression step and the quality of the optimization
procedure. The quality of the fits is expressed in terms of the
significance (F) of the regression, the MAD, root mean square
(RMS) deviation, and maximum deviation (MAX) between ab
initio data and data obtained via GA. The reported significance
F of the regression is calculated with the following equation

>ih
= ©
i=1 n=p
n is the number of molecules and p is the total number of
GAYV and NNIs.

The NBO method of Weinhold and coworkers has been
employed to interpret the underlying physical origin of the
NNIs.*® The NBO analysis 6.0 program®’ transforms the many
electron molecular wavefunction obtained from the Gaussian
calculation into localized orbitals that are termed as “Natural
Atomic Orbitals (NAOs).” The program delivers populations of
core, valence and higher energy Rydberg orbitals of every sin-
gle atom as a part of Natural Population Analysis. Optimized
linear combinations of NAOs form natural hybrid orbitals
(NHOs). Combination of NHOs leads to bonding and antibond-
ing NBOs, which are localized orbitals that describe the Lewis-
like molecular bonding pattern of electron pairs. From the ideal-
ized Lewis picture point of view, all filled NBOs are expected
to have an occupancy of 2 and any departure from this idealized
localized picture is interpreted as the presence of delocalization.
The NBO calculations are carried out with results from single
point energy calculation at the CCSD(T)/6-31G(d’) level at the
B3LYP//CBSB7 optimized geometry.

Results and Discussion

CBS-QB3/BAC and G4/BAC calculations have been per-
formed to construct databases of accurate gas phase standard
enthalpies of formation (AyH®), entropies (S°), and heat
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capacities (Cp(T), with T=300 K, 400 K, 500 K, 600 K,
800 K, 1000 K, and 1500 K) for 133 MAHs. The sets include
benzene, six single substituted benzenes, all possible 63 dou-
ble substituted benzenes, and 63 triple substituted benzenes.

A comparison of the BAC-corrected standard enthalpies of
formation obtained at both levels of theory reveals that both
datasets agree well with each other. The MAD is 1.19 kJ
mol ™' and only a few molecules out of 133 ArH® values devi-
ate more than 4 kJ mol~'. MAD for intrinsic entropies (S, ) is
0.63 J mol ' K™! and that for the heat capacities (C},) at
300 K is 0.4 J mol ' K~ '. Histograms showing the distribu-
tion of these deviations are presented in Figures S2 and S3 of
Supporting Information for standard enthalpies of formation
and entropies, respectively. Based on the good agreement,
either database is suitable to determine the GA parameters
(GAYV, NNI) for the MAHs of interest. Since the G4 method is
more reliable for radicals from MAHs than CBS-QB3, the G4
database will be utilized as reference thermochemical database
in this study.

Assignment of initial GAVs

In total 14 GAVs are required for the GA calculation of the
thermodynamic properties of the 133 MAHs of the reference
dataset. Among these, there are 3, namely C—(O)(H)s,
C—(C)(H)3, and Cd—(H),, that describe nonaromatic moi-
eties. These are taken from earlier studies****?> to ensure
internal consistency with previous work. Due to linear
dependencies, four additional GAVs cannot be determined
independently from the remaining GAVs: O—(Cy)(H),
CO—(Cyp)(H), Ca—(Cp)(H), and C—(Cy)(H);. The O—(Cy,)(H)
always appears together with a C,—(O) group, a CO—(C,)(H)
group can only exist if also a C,—(CO) group is present, the
Cyq—(Cp)(H) is always accompanied by a C,—(Cq4) group and
the C—(Cy)(H); requires the presence of the C,—(C) group.
The values for these four GAVs are set equal to the structur-
ally similar GAVs O—(Cy4)(H), CO—(Cy)(H), C4—(C4)(H) and
C—(Cy4)(H);, respectively, as determined in the earlier studies
by Sabbe et al.”* and Paraskevas et al.>> All predefined GAVs
are listed in Table 2. Once the linear dependencies in the
occurrence matrix X are eliminated, the thermodynamic data
of benzene and the six monosubstituted benzenes are used to
provide initial assignments of the remaining independent
GAVs. Table S4 in Supporting Information lists these initial
GAVs for standard enthalpies of formation (ArH®), entropies
(5°), and heat capacities (Cp).

The preliminary GAVs have been used to obtain the stand-
ard enthalpies of formation (AfH°) and entropies (S°) of all
63 double substituted benzenes in the reference database.
Table S5 in Supporting Information lists those double substi-
tuted MAHs for which significant deviations between the
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Table 3. NNIs That Are Identified from the Differences Given in Table S5 in the Supporting Information

Molecules used in

NNI Interacting substituents identifying NNIs Contributions to NNI
NNI1 0-OH+CHO 29 HB?, Mesomeric, Inductive
NNI2 0-CHO+CHO 14 HB, Mesomeric, Inductive
NNI3 0-MeO+MeO 11 Anomeric, Mesomeric, Inductive
NNI4 0-CH=CH,+CHO 53 Steric, Inductive

NNI5 0-CH=CH,+CH=CH, 17 Steric, Inductive

NNIe6 p-OH/MeO+OH/MeO 10,13,28 Mesomeric, Inductive

NNI7 p-CHO+CHO 16 Mesomeric, Inductive

NNIS8 0-Me/Et+CHO 56,59 Steric, Mesomeric, Inductive
NNI9 0-CH=CH,+Me/Et 62,65 Steric

NNI10 m-CHO+CHO 15 Inductive

NNI11 p-CHO+OH/MeO 31,43 Mesomeric, Inductive
NNI12 0-MeO+CHO 41 HB, Mesomeric, Inductive
NNI13 0-Me/Et+Me/Et 20,23,68 Steric

NNI14 0-OH+OH/MeO 8,26 HB, Mesomeric, Inductive
NNI15 0-CH=CH,+OH/MeO 32,44 Steric, Inductive

The full list of molecules and their molecule numbers are given in Figure S1 of the Supporting Information.

“HB: Hydrogen Bond.

reference data and the GAV-estimates can be found. Some
deviations exceed 20 kJ mol ' for the standard enthalpy of
formation (AyH°) and a large entropy difference of 23.1 J
mol™" K™ is seen in one case. This clearly shows that NNI
need to be accounted for to obtain reliable data from GA cal-
culations. It is noticed that the largest deviations are found for
substituents in ortho position, but several para substituted
MAHEs also display large deviations between the reference and
group additively obtained data using the preliminary GAVs
only. The observed differences in Supporting Information
Table S5 are used in the next section to identify suitable NNIs
and to explain the physical origin of these interactions.

Identification of NNIs. Since the database of molecules
includes all possible 63 double substituted MAHs that can be
obtained with hydroxy (—OH), methoxy (—OCHj3;), formyl
(—CHO), vinyl (—CH=CH,), methyl (—CHs3), and ethyl
(—CH,CHj3;) groups, all the possible binary interactions
between these substituents are captured. The differences
between ab initio and group additively obtained data for dou-
ble substituted MAHs (see Supporting Information Table S5)
have been used to identify the most important non-nearest
neighboring interactions (NNIs). In Table 3, these NNIs are
listed together with (a) the molecules in which they occur, and
(b) the possible origin of these interactions. Initial NNI values
for AgH®, S°, and Cp (300 K) are given in Table S6 of the Sup-
porting Information.

The general types of interactions between substituents of
benzene are well established. The interactions given in Table
S6 of the Supporting Information include hydrogen bonds
(HBs), mesomeric, inductive, steric, and anomeric effects.
Some of these interactions may occur alone, others occur
always in combinations. The use of NBO analysis, which
reveals information about charge transfers between different
NBOs, is useful to develop an understanding of the intramo-
lecular interactions.

Among the 15 NNIs identified, 4 NNIs contain significant
contributions from HB to the overall intramolecular interac-
tion. They are listed in Table S7 of the Supporting Information
together with the stabilization energies (E(2)yg) due to charge
transfer between the donor lone pair NBO of an oxygen atom
and the acceptor O—H or C—H Bond NBOs calculated by
Second-Order Perturbation Theory Analysis as described in
Ref. 46. Table S7 of the Supporting Information demonstrates
that stronger HBs correlate with shorter HB distances and also
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shows that hydrogen bond formation appears to be the major
contributor to NNI1, while it plays a minor role in the overall
destabilizing NNI2 and NNI12.

Mesomeric effects are investigated via the charge distribu-
tions obtained from the NBO analysis. The natural charges on
five arene carbons of benzene and the ortho, meta, and para
positions in single substituted MAHs are given in Table S8 of
the Supporting Information. Also provided is the sum of these
charges, which can be considered as a qualitative measure of
the amount of charge transfer via resonance. Note, that the
ring carbon which is substituted, is not included, because its
charge results not only from resonance but also from inductive
charge transfer. In benzene, the natural charge is equally dis-
tributed among all six carbons and the negative value of
—0.235, which is counterbalanced by the positive charges on
the hydrogens, indicates that aryl carbon atoms are more elec-
tronegative than hydrogen. An alkyl substituent (—CHs/
—CH,CH3;) does not significantly alter the natural charge dis-
tribution or the total charge. The slight increase of the natural
charges on the ortho and para carbon atoms indicates a very
weak electron donating effect. In styrene (C¢Hs—CH=CH,),
the total charge of the five nonsubstituted carbon atoms is only
slightly lower than in benzene indicating a small electron
withdrawing effect of the —CH=CH, group. Hydroxy
(—OH), and methoxy (—OCH3;) substituents increase the elec-
tron density on the ring carbons in ortho and para position. At
the same time, the electron density on the ring carbons in meta
position is reduced. The total charge is increased, which is
consistent with the +M effect assigned to these substituents.
In benzaldehyde (C¢Hs—CHO), a reverse trend is noticeable:
the presence of the formyl (—CHO) group withdraws electrons
from the ring carbons in ortho and para position, while a small
charge increase is observed in the meta position. The total
charge of the five nonsubstituted carbon atoms is lower than in
benzene due to the dominant —M effect.

The above discussion is qualitatively supported by results
from second-order perturbation theory analysis. A strong mes-
omeric charge transfer (+M effect) from the lone pair NBO
on oxygen atom (donor) to the closest m-bond NBO on the
arene ring (acceptor) is found in anisole and phenol. The mes-
omeric effect in benzaldehyde is in the opposite direction
(—M): charge is transferred from one of the n-bond NBOs on
the arene ring to the n-bond NBO of the double bond of the
—CHO group. In styrene, charge transfer is observed in two
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directions: from arene ring to the vinyl (—CH=CH,) group
and from the vinyl group to the arene ring. Both transfers
effectively cancel out.

In double substituted MAHS, the total mesomeric effect is
not simply the sum of the contributions of the individual sub-
stituents, but the mesomeric effect of one substituent impacts
that of the second and vice versa. For example, the mesomeric
interaction is stabilizing if a substituent with a +M effect is in
o- or p- position relative to a substituent that has a —M effect.
In this case, the —M substituent withdraws electrons from the
same carbon atoms that gain electron density from the +M
substituent. Double substituted MAHs with substituents that
produce the same type of mesomeric effect (+M or —M) are
destabilized if these substituents are in o- or p- position to
each other. Table S9 of the Supporting Information presents
all NNIs, which contain significant contributions from meso-
meric effects.

Eleven out of 15 NNIs are needed to correct for substituent
interactions in ortho position. This indicates the important role
of steric or short distance interactions on the thermodynamic
properties. Three NNIs describe interactions of substituents in
p- position and one in meta position. In all four cases, meso-
meric effects dominate.

NNI1 accounts for the interaction of a OH group with a
CHO group located in o- position. The main contribution
arises from a very strong hydrogen bond between these
groups. The stabilization energy is obtained by second-order
perturbation theory analysis to be —23.5 kJ mol ! (see Table
S7 of the Supporting Information) and the short distance of
175 pm (1.75 A) supports this high value. The +M character
of CHO and the —M effect of the OH lead to additional stabi-
lization. The presence of these two stabilizing interactions
explains the high preliminary value of —28.7 kJ mol " (see
Table S6 of the Supporting Information). The strong hydrogen
bond between the OH and the CHO groups restricts the move-
ment of both groups, which is reflected in a reduction of the
entropy.

The strong electron withdrawing —M and —I effect of
formyl groups are the reason why two formyl groups in
ortho position destabilize the molecule. A weak hydrogen
bond (calculated stabilization of —6.4 kJ mol ') only par-
tially compensates the destabilizing resonance interaction.
Therefore, NNI2 leads to a large positive enthalpy
correction.

NNI3 describes the repulsion between the lone pairs on the
oxygen atoms of two OCHj; groups in o- position relative to
each other, for example, anomeric effect. The generalized
anomeric effect refers to the conformational preference of a
gauche structure over an antistructure for molecules with a
C—X—C—Y moiety where X and Y are heteroatoms having
nonbonding electron pairs (oxygen in this case).*® Further
destabilization results from the combination of +M and —I
effects of both groups, hence NNI3 significantly increases the
enthalpy of formation. In triple substituted benzenes, NNI3
should be used to account for the anomeric effect in the cases
where a OH group and a OCHj; are relative to each other in o-
position and they do not form a hydrogen bond, i.e. lone pairs
of the oxygen atoms on OH and OCHj; groups repel each
other.

A —CH=CH, group in ortho position to any other group
leads to destabilization. Steric repulsion moves the
—CH=CH, group out of plane and hence reduces the reso-
nance between the aromatic ring and the vinyl group. In NNI4
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and NNIS, the neighboring groups are —CHO and
—CH=CH,, which both withdraw electrons from the ring via
induction and resonance. This leads to additional
destabilization.

NNI6 describes the interaction between an OH group
with an OCHj3 group in para position. Both groups supply
via resonance electron density the arene ring, which leads
to destabilization as discussed earlier. The electron with-
drawing —I effect reduces this destabilization but the meso-
meric effects dominates and the overall result is
destabilization.

NNI7 is the interaction of two CHO groups in para position.
The combination of strong mesomeric and inductive effects
leads to a notable destabilization.

Steric repulsion is the most crucial interaction in NNI8
which describes the interaction of an alkyl group in ortho posi-
tion to a formyl group. This leads to a positive AcH® correc-
tion term. As the internal rotation of the alkyl group is
hindered, the entropy is reduced.

NNI9 corrects for the interaction between —CH=CH, and
alkyl groups (—CHj; or —CH,CH3;) in o- position. Steric inter-
action is the only significant factor. The AfH® correction given
for this term is smaller than those for other NNIs (NNI4 and
NNIS) that describe ortho vinyl interactions, because no other
destabilizing factors are present.

NNI10 brings a correction term for the case where two
CHO substituents are in meta position relative to each other. A
CHO substituent withdraws electrons from the phenyl ring via
g-system regardless of the second substituent group or the
position of this second group. As both CHO groups withdraws
electrons from the system, electron density is decreased in the
ring, which leads to a destabilization. If two CHO groups
reside at o- or p- position relative to each other as in NNI2 and
NNI7 respectively, —M effect exists and combination of two
electron withdrawing effects lead to a stronger destabilization.
This is the reason why the enthalpy correction value in NNI7
is larger than in NNI10.

In NNI11, a CHO group is in p- position to either a OH or a
OCHj3; group. The combination of +M effect (CHO) with —M
effect (OH or OCH3) in p- position strongly stabilizes the
molecule.

NNI12 describes the interaction between a CHO and OCH;
group as in o-formylanisole. The combination of the weak
hydrogen bond (—3.6 kJ mol ") and the stabilizing mesomeric
effect should lead to an overall stabilization. However, the
opposite is found, caused by a steric repulsion of both groups.
In the most stable conformation, the OCHj3 group is directed
away from the CHO group. The lone pair electrons of the
methoxy group interfere with the 7 electrons of the carbonyl
group.

NNI13 corrects for the steric repulsion between two alkyl
groups in o- position. Restrictions of the internal rotations
cause a reduction of the entropy.

NNI14 applies to OH groups that are in ortho position to an
OH or OR substituent. According to the NBO analysis, the
hydrogen bond provides stabilization of —8.9 kJ mol ™" (see
Table S7 in Supporting Information). The required correction
value for the standard enthalpy of formation of NNI14 is
lower, though (see Table S6 of the Supporting Information).
This is reasonable because apart from the hydrogen bond,
destabilizing +M and —I interactions also play a role. NNI14
reduces the entropy (S°), because the hydrogen bond decreases
the flexibility.
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Table 4. Molecules in the Test Set, the Differences Between Ab Initio Calculated Data® and Data Obtained Using the GAV and
NNIs for Standard Enthalpy of Formation (A:H°), Entropies (5°) at 298 K, and Enthalpy Capacities (C},) at 300 K Given in
Tables S10 and S11 of the Supporting Information and the Statistics for the Test Set

AsH® (kJ mol ™)

$°(Fmol ' K™Y Cp 300 K) (F mol ' K1)

Test Set"

1,3-divinyl-4-formylbenzene —0.1
1,4-divinyl-2-formylbenzene -0.3
1,3-dimethyl-2-hydroxybenzene —-1.9
1,3-dimethyl-5-hydroxybenzene —-0.4
1,4-dimethyl-2-hydroxybenzene —0.2
1,2-diethyl-3-hydroxybenzene —0.6

1,3-diethyl-6-hydroxybenzene 0.5

1,4-diethyl-2-hydroxybenzene -0.9
1-ethyl-2-hydroxy-3-formylbenzene —24
1,3,5-trimethyl-2-hydroxybenzene 0.7
1,2,3,4-Tetramethylbenzene 1.0
1,2,3,4-Tetrahydroxybenzene —6.5
1,2-dihydroxy-4,5-diformylbenzene 0.7
1-methyl-2-hydroxy-3-methoxy-5-vinylbenzene —1.2
1-methyl-3,4,5-trivinylbenzene —-3.2
1-hydroxy-2-vinyl-4,5-diformylbenzene -1.9
1-vinyl-2,4-dimethyl-3-ethylbenzene 4.0
1,3-dimethoxy-2-hydroxy-5-methylbenzene 1.8
1,3,4-trihydroxy-2-methoxybenzene 2.0
1,3-vinyl-2-hydroxy-4-methylbenzene —1.8
1-hydroxy-2-formyl-4-methyl-5-vinylbenzene 1.5
1,2-dihydroxy-3-methoxy-5-ethylbenzene —1.1
1,2-dihydroxy-3-methoxy-5,6-dimethylbenzene -0.5
1-hydroxy-2,3-diformyl-4-methyl-6-vinylbenzene -2.0
1,2,3,4,5-Pentahydroxybenzene —8.7
Statistics for the Test Set

SD 25
MAD 1.8
MAX 8.7

0.9 0.4
3.1 3.0
—35 —-1.7
0.4 1.4
—-1.4 1.8
—6.2 1.8
—2.6 1.5
—1.4 1.1
-1.2 3.0
—4.1 0.4
0.7 —4.9
3.6 —0.3
1.6 54
—1.3 —0.7
-7.3 —2.1
—2.1 —4.8
1.4 —6.8
3.1 —1.4
—1.7 -1.9
—5.0 —-34
0.7 0.5
7.2 —4.0
—-32 =5.7
—17.1 —24
4.4 0.1
3.6 29
3.0 2.4
7.3 6.8

“Ten Molecules for which data is collected at G4 are given in boldface.

If styrene is substituted in o- position by —OH or —OCH3;,
which are +M groups, several effects occur simultaneously.
Steric repulsion increases the enthalpy but the +M/—1I combi-
nation provides stabilization. In total, a small destabilization
results.

Simultaneous determination and validation of GAVs and
NNIs

In earlier sections, preliminary values were assigned to the
GAVs and these GAVs were used to reproduce the thermo-
chemical data of double substituted benzenes. The deviations
between the calculations with these preliminary GAVs and the
reference data were used to identify 15 NNIs. Then, physical
interpretations of these interactions were provided with the
help of NBO calculations. In this section, these GAV and NNI
parameters are optimized simultaneously via least squares fit-
ting using the information of the entire training set. These
GAVs and NNIs are given in Supporting Information Tables
S10 and S11, respectively. Performance of the GAV/NNI
parameter set is assessed through a statistical analysis. The
results of this analysis are reported in Supporting Information
Table S12. The MAD for the GA calculation of the standard
enthalpies of formation of the entire reference data set of 133
molecules is 0.95 kJ mol ', and those for group additively cal-
culated entropy and heat capacity data at all temperatures are
1.60 J mol ™' K™ and < 1.56 J mol ' K™, respectively. The
improvement on the inclusion of non-nearest neighbor NNIs is
significant for all three thermodynamic properties. Introduc-
tion of NNIs lower the MAD for A;H® from 5.70 to 0.95 kJ
mol~!, and similar improvement can also be noted in the
group additively calculated data for entropies (from 3.9 to 1.6
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J mlor1 K1) and heat capacities (from 4.0 to 1.6 J mol !
K™).

To test the transferability of the GAVs and NNIs, thermody-
namic properties of a test set consisting of 9 triple substituted,
13 quadruple-substituted and 3 quintuple substituted MAHs
are obtained using the GAVs and NNIs reported in Tables S10
and S11 of the Supporting Information. Due to the higher
computational cost for the G4 method, ab initio data for 12
quadruple-substituted and 3 quintuple substituted MAHs could
only be obtained with the CBS-QB3/BAC method whereas for
the other 10 molecules, ab initio data is obtained with the G4/
BAC method. As it has been shown that CBS-QB3 and G4
perform with similar accuracy for closed shell MAHs, repro-
ducing CBS-QB3 ab initio data with GAVs obtained from G4
database is considered as an appropriate practice.

Differences between the ab initio and the GA based data are
provided in Table 4 and the actual ab initio values for AfH",
S°, and C,, are collected in Table S13 of the Supporting Infor-
mation. The statistics of the test set in Table 4 demonstrates
the good performance of the GAV/NNI set developed in this
study. The MAD values of 1.8 kJ mol ! (ArH®) and 3.0 J
mol ' K™ and 2.4 T mol ' K™ for §° and C,(300 K), respec-
tively, prove that the group values are transferable and that
even highly substituted benzenes with strongly interacting
substituents are obtained by GA with high accuracy. Since
only 2 of the 15 NNIs have been reported in the literature
before, data obtained with the GAVs and available NNIs in
the literature is insufficient in reproducing thermochemical
data for the multiple substituted benzenes. In this manner, the
reported set of GAVs/NNIs enables the application of the
method of Benson’s GA to obtain thermochemical data for
multiple substituted benzenes even for the quadruple and
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Table 5. GAVs for Standard Enthalpy of Formation (A;/7°) and Entropy (S°) at 298 K, and Heat Capacity (C,) at Various
Temperatures for MAHs Derived from Reference Database, Given with 97.5% Confidence Intervals

Cp Qmol 'K

GAVs ArH® (K] mol ') S I mol 'K 300 K 400 K 500 K 600 K 800 K 1000 K 1500 K
C,—(H) 13.7%0.16 48.6 +0.28 13.3+0.26 18.4 22.7 26.2 31.3 34.8 40.1
C,—(0) 24.0*=0.41 —30.0£0.70 12.1 =0.66 12.6 15.0 17.4 21.3 23.5 26.0
0—(C,)C —124.1 =0.51 21.6 =0.88 20.3+0.82 24.2 25.1 24.8 23.7 23.1 22.0
C,—(CO) 21.5*+0.73 —335*1.25 164+ 1.16 17.8 19.7 21.6 245 26.6 27.4
C,—(Cy) 243 *+0.54 —35.0x0.92 12.4+0.86 14.8 16.4 18.0 20.9 22.6 25.6
C,—(O) 23.5+0.40 —33.6£0.68 10.8 =0.63 13.8 16.5 18.7 219 23.8 26.2
C—(Cp)(C)(H)2 —20.6 £0.45 38.6 =0.76 249*0.71 30.7 36.0 40.4 47.3 52.3 60.0

quintuple substituted benzenes that possess substituent groups
of interest.

As a final step, the aforementioned 10 molecules in the test
set for which ab initio data are collected at the G4 level is
added into the training set of 133 molecules. Then, GAV and
NNI parameters are optimized through a final linear regression
analysis based on this reference dataset of 143 molecules.
The final GAV and NNI parameters together with their 97.5%
confidence intervals are reported in Table 5 (GAVs) and
Table 6 (NNIs). Only the confidence intervals for heat capaci-
ties (C},) at 300 K are provided—those for the other C, data
have similar or lower values.

GAVs for singly substituted MAHs have been derived
before by Benson et al.,15 Cohen,17 Holmes and Aubry,19 and
Sabbe et al.** The present GAVs for enthalpy of formation are
compared in Table 7 to those previously derived values. At a
first glance, it seems that there are large deviations between
the current data and those reported by Benson, Cohen, and
Holmes, for example, for the O—(Cy)(C) group. However, this
can be explained by the fact that Benson and Cohen use a dif-
ferent way to eliminate linear dependencies than Holmes,
Sabbe, and this study. This illustrates the importance to use
only internally consistent GAVs to obtain thermodynamic
properties. This also shows that direct comparison of GAVs is
not feasible. To allow a fair comparison, Table 7 also list the
sum of GAV values for pairs of linear dependent groups. From
Table 7, it can be seen that the sum of linear dependent GAVs
Cpy—(0) and O—(C,,)(H) obtained by Cohen, Holmes, and the
GAVs reported in this study agree well. In earlier sections, it
has been mentioned that the experimental heat of formation

for anisole (methoxybenzene) is not well established. This
uncertainty is reflected in the sum of the linear GAVs C,—(O)
and O—(Cy,)(C). The value reported by Cohen for this pair is
significantly higher than the other data, because his GAV was
derived from the highest experimental enthalpy of formation
for anisole (Fenwick et al.).** The assignments by Benson and
Cohen and this study for GAV of the linear dependent pair
Cpy—(CO)+CO—(Cp)(H) match very well, whereas the value
reported by Holmes is slightly lower. Good agreement is also
noted for the pairs of linear dependent GAVs that include the
Cp—(C) group. Overall, the final GAV assignments derived in
this work are very consistent with previous studies despite the
fact that a significantly larger data set was used and that the
GAVs were derived via full optimization together with the
NNIs. This means that the selection of NNIs did not cause any
notable interference with the GAVs.

Holmes and Aubry'® investigated cis and trans 1-
hydroxypropenal at the CBS-QB3 level of theory and
explained the observed stability difference with intramolecular
interactions that are very similar to NNI1. The authors report a
CBS-QB3 A/H® value of —241 kJ mol ! for the trans isomer
and a value of —276 kJ mol~' for the cis isomer of 1-
hydroxypropenal. They mention the fact that GA data for Ay
H° of the trans isomer agrees well (—246 =4 kJ molfl) with
the reported CBS-QB3 data, but to obtain the enthalpy of for-
mation of the more stable cis isomer accurately, an additional
correction of —30 kJ mol ' is needed. This value is in good
agreement with the NNI1 derived in this work. To correct for
the interaction between two —OCH; groups, Cohen has sug-
gested a AfH° correction of 12.6 kJ mol™' which is

Table 6. Corrections for NNIs Derived Based on Full G4 Molecule Set for the Standard Enthalpies of Formation (A;H°) and
Entropies (S°) at 298 K and Heat Capacities (C},) at Various Temperatures for MAHs"

Cp G mol ' K™

NNI Interaction” ArHe(KI mol ™) 8° Tmol ' K™ 300 K 400K 500K 600K 800K 1000K 1500 K
NNI1  0-OH+CHO —274+1.52 —213%260 —104*243 —90 —74 —60 —34 —14 1.8
NNI2  0-CHO+CHO 21.1%1.37 6.4*2.35 1L7£219 17 1.6 1.4 04 -08  -25
NNI3  Anomeric Effect 147125 7.8 +2.14 00%200 -34 —47 50 —44 37 22
NNI4  o-CH=CH,+CHO 11.9 = 1.77 —2.6=3.03 13228 16 2.1 2.5 24 1.8 0.3
NNI5  0-CH=CH,+CH=CH, 8.1+1.13 —2.3*1.93 46180 32 2.1 13 02 —02  —05
NNI6  p-OH/MeO+OH/MeO 7.3%1.24 4.0x2.12 17198 04 —08 —-17 -23 -23  —17
NNI7  p-CHO+CHO 9.9+1.99 —0.8%3.40 1.8+3.17 14 1.0 0.7 01 -03  -09
NNI8  o-Me/Et+CHO 8.1+1.48 —24*253 4.0 +2.36 3.0 2.0 1.1 00 06  —09
NNI9  o-CH=CH,+Me/Et 4.6+ 1.29 —57+221 57%206 5.6 4.9 4.2 2.9 2.1 1.0
NNI10 m-CHO+CHO 48*1.13 0.1 % 1.94 17180 10 0.5 01 —-04 —07  —08
NNI1l  p-CHO+OH/MeO —4.6*1.30 -0.8+2.23 -1.6*208 —-10 —03 0.2 0.9 1.2 L5
NNII2  0-MeO+CHO 7.9=1.73 -1.7%295 -26*275 03 2.6 39 4.1 3.3 1.3
NNI13  o-Me/Et+Me/Et 4.2+0.86 —6.6 = 1.47 33137 29 2.6 2.5 23 2.0 15
NNII4  0-OH+OH/MeO —-3.0£0.78 5.6+ 1.34 -27%125 —15 0.2 2.0 4.2 4.8 3.7
NNI15  o-CH=CH,+OH/MeO 2.6+1.20 —3.3%2.04 25+191 27 2.6 2.5 2.1 1.8 1.2

“97.5% confidence intervals for ArH° (298 K), S° (298 K), and Cp (300 K) are provided.
Substituent groups are given as OH: hydroxy (—OH), MeO: methoxy (—OCHj), Formyl: —CHO, Vinyl: —CH=CH,, Me: methyl (—CHs), Et: ethyl

(—CH,CH3).
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Table 7. GAVs and Pairs of Linearly Dependent GAVs for the Standard Enthalpies of Formation (A¢/°) Reported

in the Literature and Obtained in this Work

Literature
Holmes Sabbe et al./

GAVs Benson et al.'” Cohen'® and Aubrylg Paraskevas®>%> This Work
AH° (kJ mol™")
C,—(H) 13.8 13.8 13.8 13.8 13.7
C,—(0) —3.8 —3.8 25.0 - 24.0
O—(Cy)(C) —96.2 -90.4 —124.0 - —124.1
C,—(CO) 15.5 15.5 18.0 - 21.5
C,—(Cy) 23.8 24.3 27.0 24.0 24.3
C,—(O) 23.1 23.0 23.0 24.4 23.5
C—(Cp)(O)(H), —20.3 —-19.2 —20.0 —-21.2 —20.6
O0—(Cp)(H) —158.6 —161.1 —190.0 - —188.1%
C—(O)(H)3 —42.2 —42.9 —42.0 —42.9 —42.9°
CO—(Cp)(H) —121.8 —122 —122.0 - —128.3%
Cq—(Cy)(H) 28.4 26.5 28.0 30.4 30.4°
Cq—(H), 26.2 26.4 26.2 25.1 25.1°
C—(Cy)(H)3 —42.7 —42.0 —42.0 —42.9 —42.9°
C—(C)(H)3 —42.7 —42.0 —42.0 —42.9 —42.9°
Pairs of Linear Dependent GAVs
C,—(0) + O—(C,)(H) —162.4 —164.9 —165.0 - —164.1
Cp—(0) + O—(C)(C) —100.0 —94.2 —-99.0 - —100.1
C,—(CO) + CO—(Cy,)(H) —106.3 —106.5 —104 - —106.8
Cy—(Cy) + Cq—(Cp)(H) 52.1 50.8 55.0 54.4 54.7
C,—(C) + C—(Cp)(H)3 —19.6 —19.0 —19.0 —19.9 —19.4
Cp—(C) + C—(Cp)(C)(H), 2.8 3.8 3 1.8 2.9

“Values of these GAVs are set equal to the values of structurally GAVs reported in the previous studies of Sabbe and coworkers

dependencies.

“Values of these GAVs are taken from the previous studies of Sabbe and coworkers

5 . .
2225 {0 eliminate linear

2225 1o eliminate linear dependencies.

Table 8. Statistics for the Linear Regression Analysis of the GAVs and NNIs for the Standard Enthalpies of Formation (A;H°)
and Entropies (S°) at 298 K and Heat Capacities (C;) at Various Temperatures for MAHs"

Cp(mol 'K

ArH® (kJ mol ™) s mol 'K 300 K 400 K 500 K 600 K 800 K 1000 K 1500 K
F 33,916 19,264 13,165 29,262 53,571 79,914 122,625 160,869 345,956
MAD 0.93 1.66 1.56 1.32 1.15 1.06 0.97 0.93 0.72
RMS 1.24 2.12 1.97 1.68 1.48 1.37 1.30 1.25 0.96
MAX 4.42 7.03 5.65 4.54 4.65 4.48 4.00 4.05 3.73

“F, Significance; MAD, mean average deviation; RMS, root mean square; MAX, maximum deviation.

comparable to NNI3 (14.7 kJ mol ') reported in the present
study. The derived A¢H° correction for NNI6 is found to be
4.1 kJ mol " for the interaction of two alkyl groups in o- posi-
tion to each other which is expected to be a similar interaction
to the steric repulsion between two alkyl groups in cis alkenes.
In the work of Sabbe et al.,22 a NNI of 5.9 kJ mol ! is
assigned for the latter interaction, while a value of 4.6 kJ
mol ' was obtained by Cohen'® and Benson'® reports 4.2 kJ
mol ™ LIn this study, the NNI6 correction term for S° is derived
as —6.2 Tmol ' K~ which is close to the “ortho” corrections
derived earlier: —5.7 J mol ' K™ by Sabbe et al.** —6.7 J
mol~' K~ by Benson et al.'® and Cohen.'® All these compari-
sons demonstrate that the derived NNIs are plausible.

A statistical analysis is performed to assess the performance
of the final GA parameters. The results are reported in Table
8. The MAD between the GA and ab initio calculated data of
the standard enthalpies of formation of the entire reference
data set of 143 molecules is 0.93 kJ mol ™!, and those for the
entropy and heat capacity data at all temperatures are 1.66 J
mol ' K™! and<1.56 J mol ' K, respectively. Next-
nearest neighbor interactions (NNIs) are found to be crucial as
the drastic decrease of the MAD values shows. For example,
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Figure 1. Structure of 1,2-dihydroxy-3-methoxy-5,6-
dimethylbenzene given with numbers of the
atom centers of the groups.
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Table 9. Application of GAVs/NNIs for the Calculation of Standard Enthalpy of Formation (A¢H°) and Entropy (S°) of 1,2-
Dihydroxy-3-Methoxy-5,6-Dimethylbenzene (see Figure 1)

Application of Group Additive Method

GAVs NNIs

ArH® S° ArH® S°
Center # GAVs (kJ mol ™ 1) @ mol 'K NNI Interaction (kJ mol™ ) I mol 'K
1 C,—(0) 24.0 —30.0 Interactions of Substituent OH (Atom 7)
2 C,—(0) 24.0 —30.0 NNI14 0-OH+OH -3.0 -5.6
3 C,—(0) 24.0 —30.0 - m-OH+ OCHj; 0 0
4 C,—(H) 13.7 48.6 - 0-OH+Me 0 0
5 C,—(O) 23.5 —33.6 - m-OH+Me 0 0
6 C,—(C) 23.5 —33.6 Interactions of Substituent OH (Atom 8)
7 O—(Cy)(H) —188.1 106.3 NNI14 0-OH+ OCH; -3.0 —-5.6
8 O—(Cyp)(H) —188.1 106.3 Interactions of Substituent OCH; (Atoms 9 and 10)
9 O—(Cp)(O) —124.1 21.6 - m- OCH3+Me 0 0
10 C—(O)(H)3 —42.9 127.1 - p- OCH;+Me 0 0
11 C—(Cp)(H)3 —42.9 127.2 Interactions of Substituent Me (Atom 11)
12 C—(C)(H)3 —42.9 127.2 NNI13 0-Me+Me +4.2 —6.6
>~ GAVs —496.3 507.2 >~ NNIs —1.8 —17.8
>~ GAVs+NNIs —506.5 489.4
Standard Intrinsic Entropy Calculation Comparison of CBS-QB3 vs. GAVs/NNIs
int 3#3%3=27 (Atoms 10, 11, 12) G/ Nopt 27 A/H® (kT mol™ ") §° (J mol ' K1)
Gext 1 S°(CBS-QB3) 478.9 CBS-QB3 —498.5 486.7

Jmol 'K
a 27 S5 (CBS-QB3) 486.7 >~ GAVs+NNIs —498.1 489.4
Jmol "K'

Topt 1 (CBS-QB3) — >~ GAVs+NNIs —-04 —2.7

the MAD for AH® decreases from 5.70 to 0.95 kJ mol ! after
NNI corrections are introduced.

All individual deviations between ab initio and group addi-
tively calculated thermodynamic data are provided in Table
S14 of the Supporting Information. The distribution of the dif-
ference between the reference and the GA calculated enthal-
pies of formation is shown in Figure S4 of Supporting
Information. Almost all of the 143 enthalpies of formation
obtained by GA are within 4 kJ mol~'. Marginally higher
deviations are seen for just two molecules: 4.1 kJ mol ! for 1-
hydroxy-2-methoxy-4-formylbenzene (molecule 99) and 4.4
kJ mol~' for I-formyl-3-methoxy-4-ethylbenzene (molecule
124). In Figures S5 and S6 of Supporting Information, similar
histograms are presented for the difference distributions of the
entropies (S°) and heat capacities (C},) at 300 K. Again, the
agreement is very good and most data differ by less than 4 J

mol 'K™!
Application of GAVs and NNIs

To demonstrate the use of the GAVs (see Table 4) and the
NNIs (see Table 5) reported are in this study, an example cal-
culation is done to obtain AtH° and S° of 1,2-dihydroxy-3-
methoxy-5,6-dimethylbenzene. The structure of this molecule
is given in Figure 1.

The 12 GAVs and 3 NNIs required for the GA calculation
of standard enthalpy of formation (ArH°) and entropy (S°) of
this quintuple substituted MAH are shown in Table 9. NNI 13
is used to correct for the interaction between two methyl
groups in o- position to each other; NNI14 is used twice to
take two other o- interactions into account: the interaction
between two OH groups and the interaction a OH and a
OCHj; group. No NNIs have been defined for other less signif-
icant interactions in this molecule which are also indicated in
Table 9. The difference between CBS-QB3 values and GA
calculated data for A/H°® and S° are —0.4 and —2.7 J mol ™!
K~ which shows that the neglected interactions do not lead
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to a significant loss of accuracy in the group additively calcu-
lated data and the present GAVs/NNIs are successful in
describing thermochemical data for this quintuple substituted
benzene.

Conclusions

A set of seven GAV and 15 NNI has been derived to obtain
the thermodynamic properties of MAHs with six substituents:
hydroxy (—OH), methoxy (—OCHj3), formyl (—CHO), vinyl
(—CH=CH,) and the alkyl groups methyl (—CH3) and ethyl
(—CH,CH3;). The GAYV and NNI parameters were determined
from a set of 143 molecules (reference data), whose thermo-
dynamic values were calculated with bond additivity cor-
rected (BAC) G4 theory. The BAC values were obtained as
part of this study from a set of 77 molecules, for which accu-
rate experimental data exist. Parallel computations with the
CBS-QB3 method yielded similar results, which indicates
that the CBS-QB3 method is reliable for closed-shell mole-
cules and observed problems with bond dissociation energies
are caused by problems to describe the phenyl radical
accurately.

NNI were found to be crucial to achieve accurate GA calcu-
lations. NBO calculations were employed to ensure that the
defined NNIs are meaningful and to provide insight into the
type of interactions that cause either stabilization or destabili-
zation. Values obtained with the optimized GAV and NNI
parameters agree very well with the reference data set. The
MAD are 0.93 kJ mol ™' for A;H°, 1.66 J mol ™' K™' for $°,
and less than 1.56 J mol ' K™ ! for Cp values at all studied
temperatures. All GA based enthalpies are within 5 kJ mol ™'
for the ab initio values and only for two molecules, the devia-
tion exceeds 4 kJ mol . Similarly, the entropies are for
almost all molecules reproduced to within 4 J mol ™! K1
which demonstrated the high accuracy obtained with the
GAV/NNI set calculated in this study. Further validation using
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nine triple-substituted, thirteen quadruple-substituted, and one
quintuple-substituted benzene underscores the predictive capa-
bility. Combined with previously published GAV for hydro-
carbon and oxygenated hydrocarbon species, an internally
consistent set of GA parameters is now available for closed-
shell monocyclic aromatic molecules. Future work will extend
this toward radicals.
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