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Abstract The molecular orbital OH (MOOH) approach is
a perturbational quantum chemical method to predict rate
constants of OH radical reactions with organic compounds.
Going beyond previous AMI1 parameterizations, a first
ab initio implementation employing the HF/6-31G** level
of calculation has been developed. For a set of 799 organic
compounds with experimental rate constants, koy, varying
over more than six orders of magnitude, the new MOOH-
HF method is superior to both MOOH-AMI and Atkin-
son’s increment scheme, yielding a predictive squared
correlation coefficient (¢°) of 0.95 and a root-mean-square
error of 0.29 log units. For oxygenated compounds,
MOOH-HF shows significant improvements over MOOH-
AM1, which holds in particular for aldehydes and ketones.
The discussion includes detailed comparative analyses of
the model performances for individual compound classes.
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1 Introduction

The reaction with OH radicals is the major tropospheric
sink for most volatile organic compounds. Accordingly,
their residence time in the air is often largely determined
by the respective rate constant, koy, and thus can be
approximately quantified through pseudo first-order kinet-
ics, making use of an average 24-h tropospheric OH radical
concentration of 9 x 10° molecule/cm? [1, 2]. For organic
compounds, koy varies by more than six orders of mag-
nitude [3], corresponding to atmospheric lifetimes from
minutes to hundreds of years.

As the experimental determination of OH radical rate
constants is expensive and time-consuming, prediction
methods to provide at least approximate koy values are
welcome. The latter are of particular interest for screening
compounds with respect to persistent organic pollutant
(POP) criteria as laid down in the Stockholm Convention
[4] and to persistent, bioaccumulative and toxic (PBT)
properties according to the new European chemical legis-
lation REACH [5]. Moreover, respective calculation
schemes allow one to predictively assess molecular struc-
tures of compounds that are not yet synthesized, thus
providing guidance in the design of industrial chemicals
with respect to environmental persistence criteria.

Currently, an increment scheme developed by Atkinson
[6-8] is the most widely applied approach for predicting
kou. The Atkinson method requires two-dimensional (2D)
molecular structures as the only input information. Basic
rate constants are used to describe the reactivity of specific
molecular sites. Assuming additivity of intramolecular
effects, the influence of neighbouring groups is quantified
through fixed group factors.

An independent approach based on local electronic
properties of 3D molecular structures was introduced by
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Klamt [9, 10]. This approach, named molecular orbital OH
(MOOH) method, employs local molecular parameters that
are derived from quantum chemical calculations. Thus,
also nonlinear intramolecular interactions are taken into
account as far as these are captured in the chosen level of
quantum chemical calculation.

Modified and recalibrated in a recent study, the MOOH
approach has been shown to surpass the Atkinson method for
a set of 805 experimental rate constants [3]. Furthermore, it
became apparent that the performance of both methods
strongly depends on the compound class, with both methods
showing different strengths and shortcomings [3]. For
example, MOOH-AMI yields significantly better results
for alkenes, whereas the Atkinson method was still superior
for predicting most classes of oxygenated compounds.

Establishing a new, HF/6-31G** based MOOH model, the
aim of this study is to examine whether the performance of the
MOOH approach can be improved by the application of a
higher level quantum chemical model. HF/6-31G** was
chosen as standard model chemistry, keeping in mind that the
MOOH approach as outlined below focuses on the LCAO-
MO (linear combination of atomic orbitals—molecular orbital)
coefficients and MO energies of organic molecules in their
ground state (and that HF yields the best one-determinant
wavefunction for the basis set selected). Statistical perfor-
mances of the different MOOH models and the Atkinson
method are evaluated in detail, using a large set of organic
compounds with up-to-date experimental koy values.

2 Materials and methods
2.1 Data set

Starting point for the model calibration and validation (see
below) was a set of 805 compounds with experimental,
room-temperature second-order rate constants koy as col-
lected previously [3]. All koy values used in this study refer
to gas-phase reactions. As the 6-31G** basis set used in this
work is not parameterized for iodine, the following six
compounds were excluded from the data set: methyl iodide,
iodoethane, 1-iodopropane, 2-iodopropane, 3-iodo-1-pro-
pene and iodobenzene. For the resultant data set with 799
organic compounds, the experimental rate constant covers
more than six orders of magnitude, ranging from 1.91 x
107'¢ (pentafluoromethyl ether) to 5.5 x 107" (1-naph-
thol) cm® molecule™! s™!. Therefore, log koy is the target
property for regression model calibration and prediction.

2.2 Mechanistic domain and calibration

The MOOH approach covers the following reaction
mechanisms of organic compounds with the OH radical:
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Abstraction of hydrogen (H) atoms from sp> carbon atoms
(k_.ns)» H abstraction from aliphatic carbon enhanced
through lone pairs of neighbour oxygen (kg(gls), abstrac-
tion of aldehydic H (kgggbs), OH addition to aromatic
atoms (k5), OH addition to double and triple bonds (k$;©
and kSSC, respectively) and H abstraction from the
hydroxyl groups of alcohols and carboxylic acids (kQ7,,.)-

Consequently, the mechanistic domain of the MOOH
models is defined through compounds where the overall

kou may cover the following individual contributions:

[kOH = Zkg—abs + Zkfl(f?bs + Zklgljgbs + Zkgfi(()i

+ Zkfdjc + Zkfdic + Zklc-)llilubs (1)
For a given molecule, the second-order rate constant kog is
calculated as the sum of individual rate constants, taking
into account each intramolecular reaction site with its site-
specific reaction mechanism.

The model equation for H abstraction was calibrated
first using a subset of 230 saturated hydrocarbons and
ethers. For these compounds, OH radical reaction occurs
solely via H abstraction from saturated carbon (sp’
hybridization). This reaction path is usually much slower
than other reaction mechanisms involving OH radicals.

Subsequently, the other reaction mechanisms were
calibrated separately, using subsets of compounds that
offered only H abstraction from sp> carbon (without
activating oxygen at o carbon) and the respective addi-
tional mechanism. In this way, monofunctional subsets
were generated for OH addition to aromatic atoms (ki)
and OH addition to double and triple bonds (k$;© and
kS5C, respectively).

As different functional groups are reaction sites for the
enhancement of H abstraction through lone pairs of
neighbour oxygen (kflgls), the subset to calibrate the
respective subset also contains bi- and multifunctional
oxygenated compounds possessing the following func-
tional groups: ketone group, hydroxyl group, carboxylic
acid group and carboxylic acid ester group. Although
aldehydes also show enhanced H abstraction from sp
carbon, they were assembled in a separate, monofunctional
subset, as they dominantly react via abstraction of alde-
hydic H (k§HS.,).

Multifunctional compounds offering more than one
degradation pathway with similar degradation Kkinetics
were excluded from calibration. This strategy was applied
in order to avoid the possibility of contaminating the model
equation for one fast reaction mechanism through the
presence of a second fast reaction pathway. Consequently,
calibration was carried out using only 670 compounds of
the total set of 799 compounds, leaving the remainder of
129 compounds with at least two different fast reaction
pathways for the model validation.
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2.3 Computational details

The program AOPWIN [11, 12] was used to calculate koy
according to the Atkinson method. Gaussian 03 program
package [13] was used to carry out geometry optimizations
at the HF/6-31G** level for the total set of 799 compounds.
The same program was applied to conduct UB3LYP/6-
31G** calculations on pre-reactive complexes between the
OH radical and the selected organic compounds. All min-
ima were confirmed by frequency calculations. The resul-
tant Gaussian 03 output files and files containing structural
information from our in-house software ChemProp [14]
were used as molecule-specific input files, providing
information on eigenvalues, eigenvectors and geometry for
subsequent MOOH calculations.

The molecular parameters feeding the MOOH model
equations as well as the resultant koy values were calcu-
lated using a FORTRAN program that included a modified
version of the original MOOH FORTRAN subroutine. For
calibrating the nonlinear MOOH model equations, the
Marquardt method [15] was implemented based on a
FORTRAN algorithm from literature [16].

2.4 Statistical performance

The calibration quality was quantified through the squared
correlation coefficient,

ERED D1 ¢ it ) @
3, (ygbs — ymean)?

In Eq. 2, ylﬁ‘ and y?bs denote the fitted (calibrated) and
observed target value (in our case log koy) of compound i,
and y™*" the experimental mean Value of the data set. The
squared correlation coefficient, 7%, has a value ranging
between 0 (no correlation) and 1 (perfect correlation), and
focuses on the trend rather than on absolute values. It
automatically corrects for systematic errors also if applied
to existing regression models [17].

Additionally, the predictive squared correlation
coefficient,
pred obs 2
yl y[

> (y?b“ — ymean)

was used to evaluate the prediction performance [17].
Here, y™ has been replaced by y?™, the value predicted by
(not fitted through) the regression model under investiga-
tion. In contrast to 1%, ¢* ranges from 1 (perfect agreement)
to —co, with ¢ = 0 representing the case where the model
prediction is as good as taking the experimental mean as
predictor for all values. When deriving a regression model,
g> = r* for the training set in case of parallel calibration of
all multilinear parameters (because in this case y7"*¢ = yfit),

In this study, however, q2 < #* for the total compound
set because of two reasons: first, only 670 of the 799
compounds were used for model calibration, and second, a
step-wise parameter calibration has been employed as
outlined above (and specified below when presenting the
results). In addition to 7> and ¢?, the following parameters
were used to obtain further information on the statistical
performance: root-mean-square error (rms), systematic
error (bias), mean error (me), maximum negative error
(mne, largest underestimation) and maximum positive error
(mpe, largest overestimation).

2.5 Molecular parameters

The MOOH approach is based on local molecular para-
meters that are derived from quantum chemical calculations.
These descriptors were introduced by Klamt [9] and con-
tain energy and charge information that reflects the local
characteristics of the respective reaction site.

The charge-limited donor energy at atomic site 7,
EQocc(q, 1), is calculated as mean of the topmost doubly
occupied molecular orbital energies E;, weighted by the
charge-factor 2¢~' 37 ) ¢

tl

EQOCC q,r Z E;- Wq i r
i=HOMO
21 G 3 S
u(r) j=HOMO u(r)
i+l
1=2g7" > >
) m=HOMO p(r)
wqldr) = i+1
ERWDITIEES o) o'
m=HOMO u(r) j=HOMO u(r)
i+l
iz 80 ¥
m=HOMO ()

(4)

EQ...(g, r) quantifies the energy required to donate charge
g from atomic site r of the compound under investigation,
evaluating for each molecular orbital (MO) the associated
site-specific weights provided by the linear combination of
atomic orbitals (LCAO). In Eq. 4, the LCAO-MO coeffi-
cient c,; refers to the contribution of the uth AO to the ith
MO, and the sum index w(r) indicates that only AOs u
located at atomic site r are taken into account. Moreover,
the term 2 ) u(r) ci’i provides an approximate quantification
of the electron population of the ith occupied MO at site r,
ignoring off-diagonal contributions to the electron density
(that would be zero in case of semiempirical schemes
neglecting diatomic differential overlap). Note that the
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same approximation has already been successfully applied
when employing this kind of local parameters for predict-
ing the H-bond donor and acceptor strengths of organic
compounds [18-20]. The pre-defined charge limit ¢ is a
cut-off value determining the number of occupied orbitals
(starting from the highest occupied molecular orbital,
HOMO) that are actually taken into account. Note that the
formula symbol g denotes a net atomic charge and should
not be confused with the symbol often used for the pre-
dictive squared correlation coefficient, ¢> (Eq. 3 and [17]).
As both ¢ and ¢* are widely used as symbols for the
respective properties we adhere to this nomenclature. At
the same time, the sufficiently different contexts when
referring to one or other property should avoid respective
misunderstanding.

The effective donor energy at atomic site 7, EEc.(Erer,
r), is defined as weighted mean of the energies E; of all
occupied MOs, and can be understood as a generalized site-
specific HOMO energy:

1
EE o (Erefu r) = Z E;- Wref(i7 r)
i=HOMO

I. (5)
S i el
1 ]
>_j—HOMO (Zv(r) cy eXp{E,if})

The weighting factor of the ith MO with respect to site r,
Weer (I, 7), 1s defined as a Boltzmann-type term, taking into
account both the local electron density in terms of the
respective squared LCAO-MO coefficients, C/2u' (consider-
ing all AOs p located at site r), and the MO energy E;
relative to a pre-defined reference energy E..¢. In this way,
the actual contribution of a given MO energy E; to EE,..
(Eret, 1) 1s triggered by both its electron density at site r
and the (exponentially weighted) ratio of E; to E .

The energy-limited acceptor charge QF,..(¢, r) quanti-
fies the local charge acceptor capacity at atomic site r:

Wref(iv r) =

QEsc(e,r) =2 Z Zcik -wi(e)

k=LUMO pu(r)
lif Ex<e—0.5 (6)

Wk(S): (Ek—8)+0.5 ifS—O.SSEkSS‘FO.S

0 if Ex >¢+0.5

The pre-defined penetration energy ¢ is a cut-off value
limiting the summation over the charge contributions cik
of the lowest unoccupied MOs k of AOs p located at site r.
Thus, QFE,..(¢, r) characterizes the readiness of the mole-
cule to populate unoccupied MOs k by additional electron
charge, constrained by an upper limit of the accordingly
active unoccupied MOs through ¢ via the weighting factor
wi(¢). Note further that as with EQ...(q, r) (Eq. 4), overlap
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contributions to the electron density at site r are not taken
into account for EE,..(E.s 1) (Eq.5) and QE,..(¢, 1)
(Eq. 6). The term ZZW) ci’i therefore provides only an
approximation of the electron population of the ith occu-
pied MO at atomic site » when employing the HF/6-31G**
level of theory.

For = systems such as alkenes, atomic 7 orbitals are of
major interest for characterizing reactivity. This aspect is
taken into account by n-specific local molecular parameters
that are calculated for the respective 7 orbitals alone
instead of summing over all atomic orbitals. In the fol-
lowing, these m-specific parameters are denoted by the
index 7 in the respective formula.

Addition to aromatic rings is expected to occur prefer-
ably at unsubstituted carbon atoms. The deformation
energy Ay} is a parameter introduced by Klamt [9] to
account for this effect, quantifying the additional energy
demand in case of substituted aromatic carbon. The Aj}
values were derived from AMI1 calculations on the energy
required to bend the substituent of the respective aromatic
carbon by 45° from planarity. As A has been found to be
principally determined by the atom type of the first sub-
stituent atom, Klamt [9] generated a list of AJ} values for
the most common substituent atom types (see Table 1) for
both calibration and prediction purposes. Reflecting the
fact that addition to the inner atoms of condensed aromatics
is very unlikely, A3} has been set to 100 kcal/mol for these
atoms [9].

As outlined above, the local parameters charge-limited
donor energy EQ,...(q, r), effective donor energy at atomic
site 7, EE...(Ep, 1), and energy-limited acceptor charge
QF.,..(¢, r) depend on the values selected for g, E,.r and e.
Adequate values for these parameters were determined
through successive variation.

We examined the differences between AMI1 based and
HF/6-31G** molecular descriptors. AM1 and HF/6-31G**
calculations yield similar, but not completely correspond-
ing values for EQocc(q, ru), EQ%..(q,rc) and EEqc(Eet,
rc). Significant differences were observed for the AM1 and
HF/6-31G** values for QF,,.(¢, rc) values. This parameter
is used together with the charge-limited m-electron donor
charge EQT (q,rc) to describe the reactivity of alkenes.
Notwithstanding a poor correlation between the corre-
sponding AM1 and HF/6-31G** results for most carbon
atoms, the largest QF,..(¢, rc) values with both AM1 and
HF/6-31G** are observed for sp” carbons neighboured by

Table 1 Deformation energies Ajy; relative to hydrogen (in kcal/
mol) [4]

Atom type -S- -H -I -Br -C,,, -CI -O- -NO, -F -N<

Aget -3 0 0 3 5 6 8 8 119
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chlorine atoms. This finding probably reflects the overlap
of chlorine and sp® carbon 7-orbitals and the resulting
mesomeric effect. QF,,.(¢, rc) is rather small for most
other carbon atoms and appears to function as a trigger for
resonance.

3 Results and discussion

In the following discussion, the units are 107" ¢cm® mol-
ecule™! s™' for rate constants, eV for MO energies and
electron charges e for charges.

3.1 Hydrogen abstraction from aliphatic carbon

Hydrogen abstraction from aliphatic carbon atoms is slow
compared with most other OH radical reaction mecha-
nisms, such as addition to unsaturated bonds [21, 22].
Consistently, calibration of the model equation for hydro-
gen abstraction requires a fitting set of compounds with this
mechanism being the only OH degradation pathway. As the
hydrogen abstraction reactions of ketones, esters, alcohols
and carboxylic acids are accelerated by the formation of
hydrogen-bonded pre-reactive complexes [10, 23-30], this
additional lone pair-enhanced reactivity is accounted for
separately (see below).

Taking the 230 aliphatic compounds from the present
data set, nonlinear calibration resulted in the following
MOOH-HF model equation for the H abstraction from
aliphatic carbon:

kflfabs(rﬂ)
12.13
= exp 986 — 533
(1+ exp{ —0.87 - (EQoec(0.12,ry) +12.73) })
™)

As can be seen from Eq. 7, the parameter triggering the
susceptibility of reaction site H for OH attack is the local
charge-limited donor energy at that site, EQ,..(q, ry) (Eq. 4),
donating charge ¢ = 0.12 in the initial course of the (indi-
rectly modelled) reaction in response to the oxidizing power
of OH. Summation over all respective sites with H attached
to aliphatic carbon yields the first term of Eq. 1. The agree-
ment between calculated and experimental values is very
good (¢° = 0.97, rms = 0.26), slightly better than for
MOOH-AM1 (q2 = 0.96, rms = 0.28) [3], and outperforms
the Atkinson method (q2 = 0.93, rms = 0.39).

3.2 Enhanced reactivity for H abstraction
from aliphatic carbon

Hydrogen abstraction reactions of ketones, esters, alcohols
and carboxylic acids proceed via the formation of H-bonded
pre-reactive complexes between the OH radical and the

oxygen lone pairs of the respective functional group [10,
23-25, 27-30]. Taking acetone as an example, the follow-
ing two-step mechanism is assumed.

o
—
O /,H
)L + HO® =——= o
HaC~ CH, //U\
L 1 ®
o
H o
o~ —_— )J\ + H0
)I\ HC~ CHj
HaC”~ CHg
)

In this way, initial stabilization of the OH radical through
the oxygen lone pair has an effect on the overall H
abstraction rate from aliphatic carbon:

2 ] K + i, 2
J v el ke
H,C” CH, HaC” CH,

(10)

The MOOH approach applies the following equations to
describe the lone pair effect on H abstraction from aliphatic
carbon for a given reaction site ry:

Ak s (r10) = K (1) = D w7 ()

i

(11)

C(O C(O
kH< a)bs(rH) = kﬁ—abs(rH) + AkH(ﬂ)bs(rH)

kH abs rH (1 + Z 1P fSlenC > (12)

Following the original approach of Klamt, the reactivity
enhancement at a given reaction site ry is taken into
account through a lone pair factor w}p and a steric factor
ff‘eric(rH). For each ry, the summation is carried out over
all relevant oxygen lone alrs The sum of the terms
kG s (i) (Eq. 7) and AkH s (') (Eq. 11) describes the
local reactivity at reaction site ry; the overall reaction rate
for hydrogen abstraction from aliphatic carbons is obtained
by summation over all reaction sites ry. In Eq. 11,
fere(ry) describes the spatial availability of the H atom
for the attacking OH as a function of the distance between
oxygen and the reaction site H of interest, ry.
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2
d:'p(rl-l) - d!)pt
( 212 P) (13)

fisteriC(rH) = exp

In Eq. 13, d(ry;) denotes the distance between H (attached
at aliphatic carbon) and oxygen i carrying the lone pair, d(l)l;t
is the respective optimal distance and ¢ indicates a toler-
ance in the distance that was set to 0.7 A. The original
method derived d:f;,l from AMI1 calculations, using a stan-
dard hydrogen bond length of 2.16 A [9]. For the updated
AMI1-MOOH [3] and the present MOOH-HF calibration,
the dif;,[ values were derived from UB3LYP/6-31G**
geometry optimizations of the H-bonded complexes
between the OH radical and the organic compound (see
Eq. 8) and employed in Eq. 13 to calculate £ (ry).

Acetone, acetic acid, acetic acid methyl ester and alco-
hol were used as reference substances representing their
respective compound class. Geometry optimizations and
frequency calculations were carried out for the respective
H-bonded complexes with OH. The resulting hydrogen
bond distances are shown in Table 2, and range from
1.83 A for the alcohol pre-reactive complex to 1.89 A for
the acetone complex. These hydrogen bond distances and
the corresponding O-H---O angles were used to determine
the dg;t values. The impact of di}; on the overall perfor-
mance of the model turned out to be rather small. There-
fore, no additional further efforts were undertaken to derive
further optimized dlfl’)[ values. A more detailed computa-
tional analysis of this H abstraction mechanism via a pre-
activated complex is a subject of an ongoing study.

The lone pair factor wip is a constant parameter specific
for the respective functional group, and describes the sus-
ceptibility of the oxygen lone pair to interact with OH. As
in our previous study [3], three factors were used to
describe the different oxygen lone pairs in oxygenated
organic compounds. The first value, wg’zo, is used to

Table 2 Hydrogen bond distances between the OH radical hydrogen
and the oxygens of acetone, acetic acid, acetic acid methyl ester and
alcohol (see H-bonded complex formation according to Eq. 8)

Compound 0--H[A]
[CH3;COCH3;---HO'] 1.87
(E)-[CH;COOH.--HO'] 1.89
(E)-[CH;COOCH;---HO | 1.86
(Z)-[CH;COOCH;-+-HO-] 1.88
[CH;COH---HO'] 1.83

Geometry optimizations were carried out at the UB3LYP/6-31G**
level of theory using the Gaussian 03 program package [13]. Fre-
quency calculations were conducted to confirm the minima. Note that
for (Z)-[CH;COOCH;:--HO-], one spurious imaginary frequency of
less than 5i cm™! was found. However, based on examination of the
frequency vectors, we assume that this imaginary frequency is caused
by numerical imprecision
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characterize the carbonyl oxygen of ketones and carboxylic
acids. As ester carbonyl oxygen shows a distinctly less
enhancing effect on hydrogen atom reactivity, a second
value wg’OR is introduced to account for this finding. The
third factor WISH refers to the oxygen lone pair effect of
alcohols. In accord with experimental koy data, the sp
oxygen of ester functions as well as of ether oxygen are not
considered as enhancing the reactivity for H abstraction.
The abstraction of hydroxylic hydrogen atoms in alcohols
and acidic hydrogen atoms in carboxylic acids is taken into
account by the constant contributions of k& . (ry) and
kI%ICi—dabs (rH)'

Among the formyl esters, the formyl H attached to
carbonyl carbon, HC(=O)OR, offers an additional site of H
abstraction that must not be neglected [31]. This reaction
path mechanistically differs from the oxygen-enhanced H
abstraction from sp® carbon, but shows analogy to the
abstraction of aldehydic H atoms. Therefore and in accord
with our previous MOOH-AMI1 calibration, formyl esters
were excluded from calibration and only used for valida-
tion, treating the reaction as aldehydic H abstraction (see
below) [3]. The same approach was used for the HF/6-
31G**-level model.

For the 148 oxygenated compounds with a lone pair
effect as described, calibration at the quantum chemical
HF/6-31G** level yielded the following lone pair factors:

wl_, =139

wihor = 4.72 (14)
wiy = 1.52
Moreover, the MOOH constants to account for H

abstraction from hydroxyl groups (k¢ ) as well as from

carboxylic acids (ki‘ffidabs) turned out to be

K o () ~ 0.025
ki, (ry) ~ 0.26 (15)

Note that the data set used for calibration also contains
compounds showing two or more of the respective functional
groups, following the calibration strategy specified above.
For a given alcohol or carboxylic acid, addition of the
ke o (rm) or k4 () values per OH or OOH functionality
yields the term > kS" ., describing the contribution of H
abstraction from hydroxyl groups in Eq. 1. Further, note that
because the term kgfabs was calculated according to Eq. 7,
the overall rate constant koy consists of a predicted and a
fitted part, thus leading to a small difference between cali-
bration (%) and prediction (¢*) statistics.

With regard to this subset of 148 oxygenated
compounds, MOOH performs significantly better than
MOOH-AM1 (q2 0.84 vs. 0.78), with an overall prediction
quality comparable to the Atkinson method (¢*> = 0.84).
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The MOOH performance increased for the monofunctional
subsets of esters, ketones, alcohols and acids, and here the
subset of ketones showed the largest improvement (HF/6-
31G**: ¢* = 0.85, AMI1: ¢* = 0.80). For the group of
bi- and multifunctional oxygenated compounds, MOOH-HF
yields the overall largest increase in prediction performance
as compared to the AM1-based model (q2 0.76 vs. 0.49),
suggesting that within the MOOH perturbational approach,
the interactions between the respective functional groups
cannot be covered adequately at the AMI level.

Inspection of koy for selected ketones as compared to
related alkanes provides mechanistic insight into its
dependence on the electronic structure at the relevant C-H
sites as related to the oxygen lone pair effect. As can be seen
from Table 3, koy is slightly smaller for acetone (as sim-
plest ketone) than for ethane (as corresponding alkane) with
regard to both experimental and MOOH-calculated values.
However, k_,,. (Eq. 7) yields a significantly smaller value
for acetone (0.04) than for ethane (0.24), which results from
the impact of the oxygen lone pair on the relevant H sites in
terms of the associated charge-limited donor energies EQ .
(see Eqs. 4 and 7). In this case, the additional lone pair
effect in terms of Akg(f?bs (Eq. 11) almost (but not fully)
compensates for this decrease in intrinsic reactivity, raising
kou by 0.27 to the final predicted value of 0.31 for acetone.
The situation is similar for 2-butanone with a larger
remaining difference in the overall koy as compared to
n-butane. For 2-pentanone, the direct lone pair contribution
to ko in terms of A kﬁg)bs is already larger than the kﬁfabs
result for n-pentane (3.85 vs. 3.02), the latter of which is ca.
fourfold larger than the corresponding alkane contribution
to koy of 2-pentanone (3.02 vs. 0.82). This analysis shows
that in case of ketones, the intrinsically reduced reactivity
for the OH-mediated H abstraction as compared to corre-
sponding alkanes is at least partly (and sometimes more
than fully) compensated for by the oxygen lone pair effect
as modelled through Eq. 11. The final balance of the two

opposing contributions of the oxygen lone pair to koy thus
depends in a subtle way on the details of its electronic
structure impact on the relevant reaction sites.

3.3 Aldehydic reactivity

For most aldehydes, abstraction of the aldehydic H is the
dominating reaction pathway [21, 22, 31]. In contrast to the
H abstraction reactions described above, this reaction does
not take place at aliphatic carbon, but at sp®> carbon.
Therefore, a new equation is required to parameterize the
respective aldehydic reactivity.

Additionally, hydrogen abstraction from sp’ carbon
contributes to the overall koy for aldehydes, including the
above-described reactivity enhancement through the car-
bonyl oxygen lone pairs. In analogy to the AMI1-based
models, we use the ketone lone pair factor wg’:o and the
respective optimal distance dg;,t also for aldehydes.
Accounting for H abstraction from aliphatic sp® carbon
through Eqs. 7 and 11-13, calibration for the subset of 29
aldehydes with experimental koy values resulted in the
following MOOH-HF equation for aldehydic H:

KG9 () = 10 % % {1.07 - EQoec(0.12, ) + 13.3}  (16)

According to Eq. 16, the abstraction of aldehydic H from
carbonyl carbon is triggered by the charge-limited donor
energy atreaction site ry, EQoc(q, ry) withg = 0.12, and thus
by the energy associated with donating the charge of 0.12
electrons during the rate-determining step of the (not explic-
itly modelled) reaction. This model gives very good results
(¢*> = 0.95) and outperforms the MOOH-AMI method
(¢> = 0.89) as well as the Atkinson method (¢* = 0.57).

3.4 Increased performance for oxygenated compounds

Generally, oxygenated compounds show the largest differ-
ence in performance between MOOH-HF and MOOH-AMI1.

Table 3 Experimental and predicted koy values for selected ketones and related alkanes

Ketone Exp. kon Predicted koy Alkane Exp. kou Predicted koy
c(o c(0

kg—abs A kH(—a)bs kH(—a)bs (Eq 12) kl(-:l—ahs

(Eq. 7) (Eq. 11) (Eq.- 7)
Acetone 0.18 0.04 0.27 0.31 Ethane 0.24 0.33
nat Propane 1.10 1.26
2-Butanone 1.10 0.24 1.25 1.49 n-Butane 2.30 2.14
2-Pentanone 3.14-4.66 0.82 3.85 4.67 n-Pentane 3.80 3.02
2-Hexanone 6.37 1.42 5.63 7.05 n.a.?

For the ketones, both the alkane contribution (k§_,,.. Eq. 7) and the oxygen lone pair contribution (A kf,<

addition to the predicted overall rate constant (kgg)bs, Eq. 12). The rate constant koy is given in 107'% cm® molecule™" s~

* No suitable compound with experimental koy available

0)
—abs>

Eq. 11) to koy are specified in
1
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To illustrate this finding, Table 4 shows experimental
and calculated log koy for selected ketones, esters,
alcohols, multifunctional oxygenated compounds and
aldehydes (three compounds per compound class). Taking
3,3,3-trifluoro-propanal as an example, the MOOH pre-
diction error reduces from 0.48 to 0.08 when going from
AM1 to HF-6-31G**. Among the subset of aldehydes,
HF-MOOH particularly seems to improve results for
halogenated species.

The largest difference in log koy prediction is found for
3-hydroxy-2-butanone (acetoin, exp. log kop:—11.0;
MOOH-HF, log kog:—10.9; MOOH-AMI, log koy: —12.0),
and 3,3,4,4,5,5,6,6,6-nonafluoro-1-hexanol shows the
largest prediction error with MOOH-HF (exp. log koy:—
13.0, MOOH-HF log kou:—11.8, MOOH-AM1 log koy:—
11.9). For the subset of 148 ketones, alcohols, carboxylic
acids and esters, the MOOH-HF rms is smaller by 0.05 log
units (rms 0.32 vs. 0.37), with an intercorrelation of the
prediction errors of r* = 0.66. For the subset of 29 alde-
hydes, the MOOH-HF rms is smaller by 0.08 log units (rms
0.19 vs. 0.27) and the intercorrelation of the prediction
errors 1> = 0.54.

3.5 OH addition to C=C bonds

The addition of OH radicals to sp” carbon involved in C=C
bonds is the major degradation mechanism for olefinic
compounds [21, 22]:

H H po=c H OH
>:< + HO —4 » /C;’fH
H H H H (17)

As an additional but minor reaction pathway, H abstraction
from sp’ carbon atoms was taken into account using Eq. 7.

The site-specific reactivity of the sp” carbon atoms is
characterized by the charge-limited n-electron donor
charge EQ"..(0.32,r¢) (Eq. 4 confined to 7 electron MOs,
donation charge ¢ = 0.32 at relevant sp> carbon site rc
determined trough successive variation during the nonlin-
ear calibration procedure) and by the energy-limited
acceptor charge QF,,.(4.2,rc) (Eq. 6, penetration energy
¢ = 4.2 eV at relevant sp2 carbon site rc). For the 123
alkenes with experimental koy values, nonlinear regression
yielded the following model equation:

kGoC (re) = exp {1.42 - EQF,(0.32, rc)

occ

—0.79 - QE (4.2, 1c) + 16.41} (18)

Summation over all olefinic reaction sites, rc of a molecule
yields the term > k$;€ and describes the contribution of
OH addition to double bonds to the overall OH reactivity of
the compound. For this reaction pathway, again MOOH-
HF performs better than MOOH-AM1, and both MOOH
models yield much better results than the Atkinson method
(qzz 0.90 vs. 0.88 vs. 0.51, rms: 0.21 vs. 0.24 vs. 0.48; see
Table 5).

Table 4 Experimental and calculated log koy for selected ketones, esters, alcohols, multifunctional oxygenated compounds and aldehydes

Subset Chemical name CAS Experimental MOOH-AM1 MOOH-HF
Aldehydes Formaldehyde 000050-00-0 —11.07 —10.75 —11.05
Glyoxal 000107-22-2 —10.96 —10.56 —11.11
3,3,3-Trifluoro-propanal 000460-40-2 —11.52 —11.99 —11.60
Alcohols 1-Butanol 000071-36-3 —11.08 —10.58 —10.95
1-Pentanol 000071-41-0 —10.95 —10.60 —10.91
2,3-Butanediol 000513-85-9 —10.63 —11.61 —11.21
Esters Methyl acetate 000079-20-9 —12.48 —11.91 —12.21
Methyl difluoroacetate 000433-53-4 —12.83 —12.61 —12.81
Acetic acid, methoxy-, ethyl ester 003938-96-3 —11.08 —11.30 —11.07
Ketones 2-Pentanone 000107-87-9 —11.37 —11.12 —11.33
2-Hexanone 000591-78-6 —11.11 —10.83 —11.15
Nopinone 024903-95-5 —10.80 —10.45 —10.70
Bi- and multifunctional Acetoin 000513-86-0 —10.99 —12.00 —10.93
oxygenated compounds 2-Hydroxypropanoic acid, methyl ester 000547-64-8 —11.55 —12.05 —11.51
4-Hydroxy-3-hexanone 004984-85-4 —10.82 —11.46 —11.05

Log koy refers to koy in 107'2 ¢cm® molecule™! s7!
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Table 5 Statistical performances of the MOOH-HF method, the re-calibrated MOOH-AMI1 method, the original Klamt parameterization and the

Atkinson increment scheme

Data set Method n r q rms bias me mne mpe
Mechanistic domain MOOH-HF 799 0.95 0.95 0.29 —0.02 0.22 —-1.12 1.21
MOOH-AMI1 799 0.94 0.94 0.32 —0.01 0.23 —1.28 1.34

Klamt 799 0.93 0.93 0.35 —0.06 0.25 —1.28 1.34

Atkinson 799 0.93 0.92 0.35 0 0.20 —2.56 2.20

Training set MOOH-HF 670 0.96 0.96 0.27 0 0.20 —0.96 1.21
MOOH-AM1 670 0.95 0.95 0.29 0 0.21 —1.03 1.08

Klamt 670 0.94 0.93 0.33 —0.05 0.24 —1.28 1.11

Atkinson 670 0.92 0.92 0.37 0 0.21 —2.56 2.20

Test set (extrapolation) MOOH-HF 129 0.91 0.88 0.40 —-0.13 0.31 —1.12 1.14
MOOH-AM1 129 0.87 0.86 0.43 —0.08 0.32 —1.28 1.34

Klamt 129 0.87 0.85 0.45 —0.10 0.34 —1.24 1.34

Atkinson 129 0.95 0.95 0.26 —0.02 0.19 —-0.49 1.02

Saturated hydrocarbons and ethers MOOH-HF 230 0.97 0.97 0.26 0 0.20 —0.86 0.77
MOOH-AM1 230 0.96 0.96 0.28 0 0.21 —-1.02 1.02

Klamt 230 0.96 0.96 0.30 —0.01 0.23 —-1.09 1.07

Atkinson 230 0.93 0.93 0.39 0.01 0.24 —-1.72 1.27

Hydrogen bond acceptors (no aldehydes) MOOH-HF 148 0.84 0.84 0.32 —0.01 0.24 —0.89 1.21
MOOH-AM1 148 0.79 0.78 0.37 —0.01 0.29 —1.03 1.08

Klamt 148 0.76 0.70 0.43 —0.19 0.33 —-1.22 0.91

Atkinson 148 0.85 0.84 0.31 0.03 0.19 —0.87 1.61

Ketones MOOH-HF 28 0.86 0.85 0.27 0.02 0.20 —0.89 0.42
MOOH-AM1 28 0.81 0.80 0.32 0.07 0.25 —1.03 0.36

Klamt 28 0.81 0.80 0.31 —0.07 0.20 —1.16 0.24

Atkinson 28 0.89 0.89 0.23 —0.01 0.15 —0.80 0.38

Esters (no formyl esters) MOOH-HF 38 0.90 0.90 0.24 —0.02 0.18 —0.70 0.51
MOOH-AM1 38 0.87 0.87 0.27 —0.01 0.19 -0.77 0.59

Klamt 38 0.89 0.79 0.34 —0.23 0.28 —0.94 0.41

Atkinson 38 0.88 0.88 0.26 —0.03 0.18 —0.64 0.93

Alcohols MOOH-HF 55 0.80 0.79 0.39 0 0.30 —0.74 1.21
MOOH-AM1 55 0.77 0.77 0.41 0.02 0.33 —0.98 1.08

Klamt 55 0.76 0.67 0.49 —0.20 0.39 —-1.22 0.91

Atkinson 55 0.86 0.79 0.39 0.11 0.22 —-0.37 1.61

Acids MOOH-HF 6 0.73 0.69 0.26 —0.06 0.19 -0.42 0.30
MOOH-AM1 6 0.71 0.66 0.27 —0.07 0.22 —-0.42 0.30

Klamt 6 0.66 0.46 0.35 0.16 0.20 —0.11 0.73

Atkinson 6 0.76 0.65 0.28 0.12 0.16 —0.10 0.60

Bi- and multifunctional MOOH-HF 21 0.76 0.76 0.35 —0.03 0.29 —0.58 0.57
oxygenated compounds MOOH-AMI1 21 062 049 050  —0.16 043  —101 076
Klamt 21 0.57 0.30 0.59 —0.33 0.49 -1.19 0.82

Atkinson 21 0.86 0.83 0.29 —0.06 0.19 —0.87 0.71

Aldehydes MOOH-HF 29 0.95 0.95 0.19 0.02 0.13 —0.31 0.63
MOOH-AM1 29 0.90 0.89 0.27 0.02 0.21 —0.48 0.79

Klamt 29 0.90 0.88 0.28 0.06 0.19 —0.35 1.11

Atkinson 29 0.65 0.57 0.55 0.22 0.32 —0.32 2.20

Alkenes MOOH-HF 123 0.90 0.90 0.21 0.01 0.15 —0.76 0.76
MOOH-AM1 123 0.88 0.88 0.24 0.01 0.16 —0.67 0.99

Klamt 123 0.85 0.81 0.30 —0.01 0.18 —1.28 0.86

Atkinson 123 0.62 0.51 0.48 —0.05 0.23 —2.56 1.29
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Table 5 continued

Data set Method n r q2 rms bias me mne mpe
Aromatics MOOH-HF 133 0.89 0.89 0.28 0 0.20 —0.96 0.87
MOOH-AM1 133 0.90 0.90 0.27 0.01 0.19 —0.89 0.90
Klamt 133 0.89 0.88 0.29 —0.03 0.22 —1.06 0.95
Atkinson 133 0.94 0.94 0.21 —0.02 0.14 —0.65 0.83
Alkynes MOOH-HF 7 0.96 0.96 0.10 —0.01 0.07 —0.12 0.18
MOOH-AM1 7 0.95 0.94 0.12 0.03 0.09 —0.16 0.18
Klamt 7 0.97 0.96 0.10 0.04 0.08 —0.14 0.13
Atkinson 7 0.99 0.99 0.06 —0.01 0.04 —0.08 0.08

The total set contains 799 compounds, of which 670 compounds were used as training set for MOOH-HF

n number of compounds, ¢* predictive squared correlation coefficient (Eq. 2; see [17]), rms root-mean-square error, bias systematic error, me
mean error, mne maximum negative error (largest underestimation), mpe maximum positive error (largest overestimation)

3.6 OH addition to aromatic rings

Addition of OH radicals to aromatic carbon is the domi-
nating degradation pathway for most aromatic compounds
[21, 22]:

OH
k aro

. add
+ HO —— H

(19)

As a minor reaction mechanism, H abstraction from alkyl
substituent groups is taken into consideration (Eq. 7).
Calibrating the MOOH model with the subset of 133 aro-
matic compounds, we derived the following equation:

8.76
(1 + exp{—1.92 - (EEoe(2.96, rc) + 10.65)})

kua(rc) = exp {
—0.082 - AYS — 3.48} (20)

Now, the main electronic factor governing koy at aromatic
carbon is the effective donor energy EE,..(E.f rc) with
E.s = 2.96 eV, where the actual contribution of occupied
MO energies E; is triggered by both exp(Ei/E..r) and by the
local electron density of these MOs at reaction site rc (see
Eq. 5). Moreover, the substituent deformation energy
associated with transition state formation is taken into
account through parameter AY} (see above and Table 1).
Surprisingly, the MOOH-HF results (4> = 0.89) are
slightly inferior to the MOOH-AMI results (¢° = 0.90).
However, the difference observed is only marginal and
may also be caused by experimental and numerical
imprecision. The widely applied Atkinson method still
performs best for this subset of compounds (see Table 5).

@ Springer

3.7 OH addition to C=C bonds

The set of available experimental data contains only seven
alkynes [3]. This subset was used for calibration of the
current MOOH models. The major reaction mechanism is
the addition of the OH radical to the sp carbon:

Cc=C OH
HC==CH 4 HO’
(2D

Again, H abstraction from aliphatic carbon was taken into
account as a minor reaction path (Eq. 7). Nonlinear opti-
mization yielded the following regression equation:

KSsC(re) = exp { 2.74 - EQoec (0.32, rc) +29.4}  (22)

It follows that according to the MOOH model, OH addition
to C=C bonds is governed by the charge-limited donor
energy at the sp carbon, EQ,..(q, rc) with g = 0.32, and
depends on the energy required to donate 0.32 electrons
from this site. The statistics are slightly better than with
MOOH-AM], but still inferior to the results of the Atkin-
son method (see Table 5). Due to the small set of data,
reliability of both the Atkinson approach and the MOOH
models is limited concerning this compound class.

3.8 Multimechanistic compounds

The compound classes addressed so far consist of sub-
stances that react with OH radicals via a dominating
reaction mechanism, including only H abstraction from
aliphatic carbon and, in the case of aldehydes, enhanced
reactivity due to the oxygen lone pair of the —CHO
group as a minor contribution. However, the degradation
of multifunctional compounds is determined by the
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concurrent presence of several fast degradation pathways
in addition to H abstraction from sp’ carbon (if applica-
ble). With regard to our data set of 799 organic com-
pounds with experimental reaction rate constants ko, this
concerns 12 formyl esters, 6 hydroxylated aldehydes, 3
keto-aldehydes, 2 hydroxylated alkynes, 29 aromatics
with oxidized and/or olefinic side chains and 64 oxidized
alkenes that have been collected in a former study [3].
Accordingly and as mentioned above, these compounds
were excluded from calibration to avoid cross-contami-
nation of pathway-specific model parameters. Because
former studies revealed a poor model performance for
halomethanes [3, 9], this subset of 14 compounds was
also removed from the training set. The resultant 129
mostly bi- and multifunctional compounds were used as
an external test set to study the prediction performance of
MOOH-HF.

Note, however, that this validation set would usually be
considered outside the chemical domain of the MOOH
model, because the latter had been calibrated predomi-
nantly with hydrocarbons and monofunctional compounds.
As aforementioned, the model equation for the enhance-
ment of H abstraction through lone pairs of neighbour
oxygen (kﬁg)bs) was calibrated using a subset that also
contained bi- and multifunctional oxygenated compounds.
However, these oxygenated compounds only contain func-
tional groups that are reaction sites for one uniform mecha-
nism, whereas the multifunctional compounds in this test set
offer reaction sites for different fast reaction mechanisms.
Thus, application of MOOH-HF to this external test set
examines whether and to what degree the model is robust
with respect to extrapolation from mono- to multisubstitu-
tion and from one dominating reaction mechanism to the
summation of multiple significant reaction pathways.

Figure 1 shows the distribution of externally predicted
versus experimental log koy for the validation set of 129
compounds. The resultant statistics (¢> = 0.88, rms =
0.40) is superior to the results achieved with MOOH-AM1
(q2 = 0.86, ms = 0.43) [3], and shows that multifunctional
compounds can already be treated with reasonable statistics
without prior calibration. The Atkinson method calibration
had included compounds with respective substitution pat-
terns, and still yields best results for this subset (q2 = 0.95,
rms = 0.26).

3.9 Overall statistics

Figure 2 shows the data distribution of predicted versus
experimental log koy for the HF/6-31G**-level MOOH
model. For the total set of 799 organic compounds,
MOOH-HF (¢* = 0.95, rms = 0.29) is slightly superior to
MOOH-AMI (¢*> = 0.94, rms = 0.32) and to the Atkinson
increment  method (q2 =0.92, rms =0.35). For

Calculated log k,,

-16 -15 -14 -13 12 -1 -10 -9
Experimental log k.

Fig. 1 Calculated versus experimental log koy (With koy in
10~"2 cm® molecule ™! s_l) for the test set of 129 compounds,
yielding +* = 091, ¢* = 0.88 and rms = 0.40 (see Table 5 for
further statistical parameters)

-10 |
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Fig. 2 Calculated versus experimental log koy (With koy in
10~"2 cm® molecule ™! s_l) for the total data set of 799 compounds,
yielding the statistics 7* = 0.95, ¢* = 0.95 and rms = 0.29 (see
Table 5 for further statistical parameters)

oxygenated compounds such as aldehydes and ketones,
however, MOOH-HF yields a significant improvement
over the AMI-level MOOH model (¢ 0.95 vs. 0.90 and
0.86 vs. 0.81; rms: 0.19 vs. 0.27 and 0.27 vs. 0.32). For
most other compound classes, the difference in perfor-
mance is small with regard to global statistics.

However, MOOH-HF yields less outliers than MOOH-
AMI1. With the HF/6-31G**-level approach, there are
three compounds exceeding one order of magnitude as
prediction error, compared to eight respective outliers
observed when applying MOOH-AMI1. The numbers of
compounds exceeding 2 - rms are 46 for MOOH-HF
(5.8%, 2 -rms =0.58) and 49 for the MOOH-AMI
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1.5

Calculation Error

-1.5

Experimental log &,

Fig. 3 Logarithmic calculation error versus experimental log koy
(with koy in 107'2 cm® molecule™! s7!) for the total data set of 799
compounds (see Table 5 for information about the overall statistical
performance)

method (6.1%, 2 - rms = 0.64). For the Atkinson method,
52 compounds exceed 2 - rms (6.5%, 2 - rms = 0.70), 24
of which exceed one order of magnitude as prediction
error. The error distribution in terms of prediction error
versus experimental log koy is depicted in Fig. 3 and
reveals that overestimations (positive prediction errors) of
log koy are observed more frequently with smaller log
kou, Wwhereas underestimations (negative prediction
errors) occur more often with larger values for log koy, a
trend that has also been observed for MOOH-AMI and
the Atkinson method [3]. Attention should be paid to this
finding for future work on the MOOH approach.

With regard to the overall prediction errors, MOOH-HF
shows a significant correlation with MOOH-AMI1
(r* = 0.62), but appears to be essentially independent from
the Atkinson method (+* = 0.10). It follows that for
screening untested or even unsynthesized compounds as
well as for predictive applications in the regulatory context,
a consensus modelling approach is recommended, using
approaches of both the Atkinson and the MOOH models,
thus increasing confidence in the prediction significantly in
those cases where these approaches yield results of suffi-
cient agreement.

The MOOH method can be easily applied by the com-
bined use of the Gaussian 03 package and the MOOH
software. A licensed copy of an executable program to
automatically predict OH radical rate constants, koy, from
Gaussian 03 output files can be obtained upon request from
the corresponding author. Currently, both the Atkinson
method and the MOOH method are confined to predicting
reaction rate constants at 298 K. To explore the scope of
modelling, the temperature dependence of koy, the starting
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point would be a collection and systematic analysis of a
respective set of temperature-dependent ko data. Note that
with regard to the air—water partition coefficient (Henry’s
law constant in dimensionless form) as a free-energy
molecular parameter, it had been possible to extend stan-
dard prediction schemes referring to 298 K by a group
contribution method that allows one to predict the respec-
tive temperature variation, taking the (predicted or experi-
mental) value at 298 K as reference for the substance of
interest, for a wide range of organic compounds [32].

4 Conclusions

The MOOH method has been implemented on the HF/6-
31G** level using accordingly calibrated local molecular
reactivity parameters and an up-to-date set of experimental
rate constants for the gas-phase reaction of organic com-
pounds with OH radicals. For the overall set of 799 com-
pounds, MOOH-HF is superior to the previously introduced
AMI-level approach as well as to Atkinson’s increment
scheme. Significant improvements concern oxygenated
compounds in general, and aldehydes and ketones in par-
ticular. The overall MOOH-HF prediction errors show
almost no correlation with the ones of the Atkinson scheme,
suggesting to combine both in a consensus modelling
approach in order to still increase the confidence in pre-
diction for compounds where both methods yield similar
results. To extend the applicability of the MOOH method to
substrates containing heteroatoms, such as nitrogen, sulphur
and phosphorous, future studies may derive regression
equations on further reaction mechanisms. The results of
this study also encourage adapting the approach to further
electronic structure methods such as the density functional
theory level of calculation.
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