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Mechanisms of Air Oxidation of Ethoxylated Surfactants—Computational
Estimations of Energies and Reaction Behaviors
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Abstract: Pathways for formation of previously observed autoxidation products of
ethoxylated surfactants have been studied by DFT (B3LYP). In addition to the es-

tablished radical-chain reaction, several mechanistic possibilities for intramolecular
fragmentation of the intermediate radicals have been characterized concerning re-
action barriers and energies of transition states. The results can rationalize the for-
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mation of previously observed autoxidation products, including several, which

have been implicated as strongly allergenic.

Introduction

It is important to be able to assess the risks of skin allergies
by means of predictive tests. The present work is part of our
ongoing investigations of chemicals that can form allergenic
oxidation products on air exposure, for example, at handling
and storage. Many of these chemicals are not allergenic
themselves or have only a low allergenic activity. This is the
case for ethoxylated surfactants that are widely used in
household and industrial cleaners, in topical pharmaceuti-
cals, cosmetics, and laundry products. Combining experi-
mental and computational efforts will provide more knowl-
edge and insight about autoxidation of organic compounds.
In this way, the understanding of structure-activity relation-
ships (SAR) involving oxidative activation steps is increased
and the basis for prediction of skin sensitizers (contact aller-
gens) based on chemical structure is enlarged.

The ethoxylated surfactants are polyethers and as such
oxidized by atmospheric oxygen, a fact that has been dis-
cussed in the surfactant literature.? In previous experimen-
tal studies,” we have shown that autoxidation of nonionic
alcohol ethoxylates generates products that are skin sensitiz-
ers. Specific oxidation products, like hydroperoxides, formal-
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dehyde, ethoxylated aldehydes, and ethoxylated formates,
have been identified in autoxidation mixtures of the pure
ethoxylated alcohol pentaethylene glycol mono-n-dodecyl
ether (C,,Es; Scheme 1a) used as reference surfactant.’l
Two hydroperoxides were identified, namely, 1-hydroper-
0xy-3,6,9,12,15-pentaoxaheptacosan-1-ol  (Scheme 1c) and
16-hydroperoxy-3,6,9,12,15-pentaoxaheptacosan-1-ol

(Scheme 1d), the latter being the dominating hydroperoxide
in the oxidation mixture.”! The major oxidation product
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Scheme 1. The ethoxylated alcohols pentaethylene glycol mono-n-dode-
cyl ether (C,Es, a) and diethyleneglycol monoethylether (C,E,, b), major
autoxidation products of C,,Es previously identified and investigated in
experimental studies (c-h), and the theoretical model surfactant used in
the present study (1).
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found was dodecyltetraoxyethyleneoxy acetaldehyde
(Scheme le, n=4)."1 Autoxidized C,,E5 was demonstrated
to be allergenic in sensitization studies® and proved to have
a significantly higher skin-irritating potential than the pure
surfactant.’! Of the products identified on autoxidation, all
but ethoxylated formates (Scheme 1g) were shown to be
contact allergens.**”#% The corresponding results, forma-
tion of aldehydes, hydroperoxides, and formates during au-
toxidation, were also obtained when a model ethoxylated
surfactant,  diethyleneglycol =~ monoethylether  (C,E,;
Scheme 1b), was exposed to air.'")

Formation of hydroperoxides by autoxidation is described
to proceed by a radical-chain reaction (Scheme 2).! Step T
is the initiation step, in which a radical abstracts a hydrogen
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Scheme 2. The traditional intermolecular radical-chain reaction mecha-
nism for autoxidation!"! illustrated for model compound 1.

atom from the substrate. The propagation continues in two
steps, step II, addition of oxygen, and step III, hydrogen ab-
straction from an adjacent molecule along with generation
of a new radical that can continue the radical-chain reaction
(step III for one molecule of substrate can thus be step I for
another molecule). The chain mechanism is terminated
when two radicals react to give stable molecules, a rare oc-
currence unless the radicals are unusually stable.! In the
current study, we will only consider the products from the
propagation steps, not the insignificant amounts produced
by radical-chain termination.

The exothermic addition of oxygen to the radical in
step IT occurs without any reaction barrier;"!! hence, the
rate-determining step of the propagation is when a hydrogen
atom is abstracted, that is, step I or III (Scheme 2). The ease
of formation of each type of radical (2a, 2b, or 2¢), there-
fore, determines the initially selected autoxidation path.
From earlier work,"! we expect step Il to be exergonic,
whereas step III may well be endergonic. The initially
formed distribution of hydroperoxide products will thus be
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determined both by step I and by the competition of step III
with alternative degradation paths.

The hydroperoxide products 4 can give rise to secondary
oxidation products through well-established rearrangements
and fragmentations. For example, 4a (a perhydrate) would
be expected to be in rapid equilibrium with free aldehyde
and hydrogen peroxide in the slightly acidic autoxidation
mixture. However, there is also some precedent in the litera-
ture for direct fragmentation of radicals 3 to various carbon-
yl compounds!! with simultaneous liberation of hydroperox-
yl or hydroxyl radicals, which are also competent agents for
propagation of the radical-chain reaction.

The aim of the present study was to use computational
methods to elucidate reaction barriers and energies of tran-
sition states and intermediary free radicals in the autoxida-
tion of the model compound ethyleneglycol monoethyl
ether (1; Scheme 2), in order to elucidate the mechanism for
formation of the observed oxidation. In the long term, the
current study forms a part of a larger project to predict the
potential formation of allergenic products produced upon
air exposure of otherwise innocuous compounds.

Methods

We have employed DFT with the hybrid functional
B3LYP!'J and the 6-31+G(d,p) basis set to optimize geome-
tries and characterize stationary points in the potential-
energy surface as minima or saddle points. Unrestricted
methods were used for all open-shell species (radicals and
the triplet biradical O,). Harmonic vibrational frequencies
have been used to calculate the thermodynamic contribu-
tions to the enthalpies and free energies. We have also veri-
fied the connectivity between a given transition state (TS)
with the corresponding reactant and product by following
the intrinsic reaction coordinate (IRC). The calculations
were carried out by using the Gaussian 03 program pack-
age,"” with molecule 1 as a model for the more complex
ethoxylated alcohols shown in Scheme 1.

Results and Discussion

We will first consider the radical-chain pathways depicted in
Scheme 2. The reaction energies (enthalpies and free ener-
gies) are shown in Table 1. The combination of free radical
with O,, step II, is barrierless,'!! strongly exothermic, and,
even though the molecularity decreases, also strongly exer-
gonic. This is in contrast to our earlier studies of unsaturated
terpenes, in which the high stability of allylic radicals led to
an almost isoergic combination with O,.""! The hydroperoxyl
radicals 3 can, in principle, dissociate back to the reactants
(24 0,), but in the current case, such a reversion is very un-
favorable and should not have any influence on the outcome
of the reaction.

For the intermolecular hydrogen abstraction, steps I
and III, we used 3a as a model radical to test the relative re-
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Table 1. Calculated reaction energies for the radical chain mechanism.

[kcalmol™] [kcalmol ] [kcalmol™]

R'+0,—ROO0O’ (step (II))

2a+0,— 3a -32 -33 22
2b+0,— 3b -30 -31 -19
2¢+0,—-3¢ -29 =30 -19
ROO'+RH—ROOH+R’ (steps I +11I)

3a+1—-4a+2a 11 12 11
3a+1—4a+2b 11 11 11
3a+1—-4a+2c 10 11 10
3b+1—4b+2a 9 10 10
3c+1—4c+2a 11 11 10
HOO'+1—H,0,42a 1 1 10

activities of the a-oxy hydrogen atoms in 1. Likewise, we
used the reaction with the CH, hydrogen atoms adjacent to
the OH group of 1 to test the relative abstraction power of
peroxyl radicals 3 and also that of free hydroperoxyl radical.
As can be seen in Table 1, all such processes are equally un-
favorable; they are all endothermic and endergonic by ap-
proximately 10 kcalmol ™, due to the relatively high stability
of the peroxyl radicals. However, since the following step is
barrierless and only limited by diffusion of oxygen, the reac-
tion will proceed despite the unfavorable energetics, only
limited by the barrier for hydrogen abstraction. The activa-
tion free energies for formation of 2a and 2b are
20 kcalmol ™, and slightly higher, 22 kcalmol ', for the for-
mation of 2¢ (see Scheme 3). We found only minor differen-
ces between the energies of the three o-oxy radicals
(Table 1).141 Radical 2¢ is the most stable one, but only by
1 kcalmol™! relative to 2a and 2b, and the barriers to forma-
tion of each are similar. Hence, with these small differences,
all a-oxy positions of ethoxylated alcohols would be expect-
ed to have a similar reactivity in radical-chain processes.

To summarize, one cycle of the chain process is exergonic
by approximately 10 kcalmol ™
and has a barrier of approxi-
mately 20 kcalmol~'. Since this
barrier is relatively high, we
also explored alternative reac-
tion pathways for the peroxyl /
radicals 3. Competing with the
second propagation step is an
intramolecular rearrangement 0O,
in which the peroxyl group of H
radicals 3a, 3b, and 3¢ abstracts ' Q
a hydrogen atom within the
molecule instead of from an ad-
jacent molecule. The intermedi-
ate radicals could presumably \
react with a second oxygen
molecule,”” but in the current
study, we have limited ourselves
to products derived from the
addition of one molecule of O,
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Scheme 3. Activation free energies for the intermolecular hydrogen ab-
stractions by using peroxyl radical 3a as a model radical.

only. There are different possibilities for the intramolecular
hydrogen abstraction for the three radicals, shown in detail
in Scheme 4. The fragmentation of 3a may produce the al-
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Scheme 4. Intramolecular hydrogen abstraction pathways from peroxyl radicals 3.
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dehyde 4d or the enol 4e that in turn rearranges to the alde-
hyde 4d by tautomerization. From 3b, the possible products
are the enol 4e, the formate 54 formaldehyde 6, or the alde-
hydes 7 and 8. The latter can also result from fragmentation
of 3¢, but here an alternative is to form the vinyl ether 4f.
In all cases, the fragmentation also produces either a hy-
droxyl or hydroperoxyl radical that may propagate the radi-
cal-chain reaction.

There are two plausible fragmentation pathways for 3a,
one involving the hydrogen atom of the OH group (TS1a)
and another involving a hydrogen atom from the adjacent
CH, group (TS1b). The calculated free energies for these
processes are depicted in Figure 1. For comparison, the bi-

OH
0o. r4d

Figure 1. Free-energy profile for unimolecular reactions of 3a.

/\O

molecular propagation step converting 3a to 4a has a barri-
er of 20 kcalmol™'. As can be seen, the intramolecular hy-
drogen atom abstraction from carbon has a barrier that is
substantially higher, 29 kcalmol™. On the other hand, the
intramolecular H-atom abstraction from oxygen has a barri-
er of only 9 kcalmol™ and is clearly the preferred path for
3a.'! Comparison of bimolecu-
lar and unimolecular pathways
are of doubtful validity, since
the standard state is different
from the actual concentrations
in solution, but the systematic
error should not be larger than
a few kcalmol . Another com-
plicating factor is that the intra-
molecular rearrangement will
be impeded by hydrogen-bond
formation, but again, the ex-
pected correction is much
smaller than the difference in
barriers. We note that the prod-
uct of this process, 4d, corre- T
sponds to the major product in
our experimental studies
(Scheme 1e).

/\o)sb\/OH
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Fragmentation of 3b, shown in Figure 2, is substantially
more complex than that of 3a. There are three possible hy-
drogen atoms to be abstracted: from the adjacent CH,
group (TS2a), from the OH group (TS2b), and from the
CH, group across the ether oxygen (TS2¢). Only one of the
initially postulated paths corresponds to a concerted process,
via TS2a to enol 4e. As before, the formation of 4e is en-
dergonic, but a tautomeric equilibrium leads to aldehyde 4d
in an overall exergonic process. However, the barrier is
fairly high, 25 kcalmol™'. The other two investigated intra-
molecular hydrogen abstractions lead to shallow intermedi-
ates through barriers of 19 kcalmol™!, but both intermedi-
ates would mostly be expected to revert to 3b. Further frag-
mentation along these paths requires passing TS2d or TS2e,
both with free energies around 25 kcalmol™' higher than
that of 3b. However, the fragmentation into three molecules
(two carbonyl compounds and a hydroxyl radical) makes
the processes strongly exergonic, and thus completely irre-
versible. Some of the products formed on long-time expo-
sure to air (Scheme 1) correspond to the model compounds
4d and 5-8. Thus, these unimolecular fragmentation path-
ways are probably competitive with the bimolecular propa-
gation steps under experimental conditions, especially when
considering that the chemical activity of oxygen is lower
than the standard state assumed in the calculations.

Finally, for 3¢, the possible hydrogen abstractions, shown
in Figure 3, are from the CH, group on the opposite side of
the ether oxygen atom (TS3a), and from the adjacent alkyl
chain, here modeled by a methyl group (TS3b). The former
is again a simple hydrogen abstraction with a moderate bar-
rier (21 kcalmol™), followed by a fragmentation step
(TS3c¢), which yields aldehyde products 7 and 8 with an
overall barrier of 25 kcalmol™! from 3¢. Fragmentation via
TS3b is concerted, leading to vinyl ether 4f and hydroper-
oxyl radical in a process that is endergonic by 8 kcalmol ™!
and has a barrier of 23 kcalmol . Thus, vinyl ethers similar
to 4f are not stable under the reaction conditions, but
would revert to 3¢ or through other similar paths. Consis-

J X
(o}
o ™~° o a7
6 . 44 +
CH,0 +OH +OH

Figure 2. Free-energy profile for unimolecular reactions of 3b.
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Figure 3. Free-energy profile for unimolecular reactions of 3c.

tent with this, no vinyl ethers were identified in the experi-
mental studies. An oxidation process via the radicals 2¢ and
3¢ would be the expected pathway when the polyethoxy
moieties of surfactants are fragmented by air oxidation.

Some intramolecular abstraction channels produce hydro-
gen peroxyl radicals, which may abstract a hydrogen atom
from the surfactant molecule (1) and form hydrogen perox-
ide. The reaction energy for the reaction of compound 1
with HOO" is similar to those for reaction between com-
pound 1 and the peroxyl radicals 3a—c (Table 1). Hydrogen
peroxide may also be formed by means of acid-catalyzed
degradation of hydroperoxide 4a, which is the least stable
of the different hydroperoxides formed by the radical-chain
reaction. The decomposition reaction is exergonic by 2 kcal
mol . Hydrogen peroxide has not been identified in our ex-
periments so far, but the current results show that it is likely
to be present, as has already been shown in earlier studies
of a related process, the combustion of diethyl ether.!'”]

The possibility for hydroperoxide 4a to fragment into al-
dehyde 4d and H,0, shows that the normal radical-chain re-
action gives a parallel explanation as to why aldehydes are
found in experiments. Hence aldehydes may form both by
an intra- and intermolecular reaction path. Most likely both
reaction paths coexist.'”

Conclusion

In this study ethyleneglycol mono ethylether (1) was used as
a model compound in theoretical calculations to investigate
product formation in the autoxidation of pentaethylene
glycol mono n-dodecyl ether C,E5 that we have previously
investigated experimentally. We have studied two different
reaction channels: the normal intermolecular radical-chain
mechanism, which yields hydroperoxides, and intramolecu-
lar hydrogen-abstraction pathways, which give rise to alde-
hydes, formates, and a-hydroxy (and possibly a-alkoxy) al-
dehydes. We found the radical-chain reaction to include an
endergonic step, which points at slow development, in ac-
cordance with the experimental results.
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Our computational calcula-
tions of the model system show
that the various reaction ener-
gies in the radical-chain mecha-
nism are similar and do not ex-
plain why one hydroperoxide is

o ~OH significantly favored over an-
other. On the other hand, one
* OOH of the hydroperoxides is more
prone to decompose and form
71 -OH the aldehyde seen in experi-
OH ments. Hence this is a possible
N .
07 explanation of aldehyde forma-

tion. The inclusion of an intra-

molecular hydrogen-abstraction

pathway gives an additional ex-

planation of the product distri-
bution. Here, the reaction and the activation energies show
a possibility to form an aldehyde corresponding to the main
aldehyde seen in experiments. For peroxyl radicals formed
at the alkyl end (here modeled by 3¢), hydrogen abstraction
from the alkyl chain would be disfavored, and thus the like-
lihood of propagation to form the hydroperoxide increased.
This agrees with the experimental results, in which the dom-
inating hydroperoxide found corresponds to 4c.
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