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ABSTRACT: Autoxidation has been acknowledged as a major oxidation pathway in a

broad range of atmospherically important compounds including isoprene and

monoterpenes. More recently, autoxidation has also been identified as central and = 2 Ritoxida it o
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dimethyl sulfide (DMS) and trimethylamine (TMA). Here, we find even faster = f - }4’{"
9

autoxidation in the aliphatic amine triethylamine (TEA). The atmospherically 8 ‘o
9

I —
e I,! e .©
'ﬁ{fa. ‘.J"o

'y

R

LIRS

9

dominating autoxidation leads to highly oxygenated and functionalized compounds.

Products with as many as three hydroperoxy (OOH) groups and an O:C ratio larger

q =

than 1 are formed. We present theoretical multiconformer transition-state theory (MC-

TST) calculations of the unimolecular reactions in the autoxidation following the OH + TEA reaction and calculate peroxy radical
H-shift rate coefficients >20 s™' for the first two generations of H-shifts. The efficient autoxidation in TEA is verified by the
observation of the proposed highly oxidized products and radicals in flow-tube experiments. We find that the initial OH hydrogen
abstraction at the a-carbon is strongly favored, with the f-carbon abstraction yield being less than a few percent.

B INTRODUCTION

Oxidation of the large amounts of volatile organic compounds
(VOCs) emitted annually plays an essential role in the Earth’s
atmosphere. Much effort has been put into understanding the
associated oxidation mechanisms, and within the past decade,
autoxidation has been realized as an important process in this
regard."” Initially, oxidation (by, for example, OH) of a VOC
almost inevitably leads to the formation of a peroxy radical,
RO,. In autoxidation, a series of alternating unimolecular
hydrogen shift (H-shift) or cyclization reactions followed by
O, addition increase the oxygen content and the number of
functional groups of the initial RO, The autoxidation is
often terminated by a loss of OH or HO,, thereby contributing
to HO, recycling.”" This uptake of O, and the addition of
functional groups can lead to the formation of highly
oxygenated organic molecules (HOMs), which have been
linked to the formation and growth of aerosols.”
Autoxidation has been found to be important in a range of
atmospherically relevant hydrocarbons, particularly isoprene
and monoterpenes."”>° More recently, autoxidation was also
identified in small sulfides and amines, somewhat surprising as
autoxidation in propane and acetone is very slow.””'* The
atmospheric oxidation of both sulfur and nitrogen compounds
is important as both substance classes have been linked to
particle formation.'*"® Degradation of dimethylsulfonium
propionate produced by marine algae in the oceans releases
large amounts of dimethyl sulfide (DMS) into the atmos-
phere.'® The autoxidation of dimethyl sulfide (DMS) and
dimethyl disulfide (DMDS) leads to the formation of
hydroperoxy thioformates.'” In the case of DMS, the
hydroperoxymethyl thioformate (HPMTF, HOOCH,SCHO)
has been identified both in the atmosphere’ and in laboratory
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experiments.”"” In both cases, HPMTF was observed in a high
yield. For DMDS, the analogous HOOCH,SSCHO has been
observed in the laboratory.'’ The emission of aliphatic amines
to the atmosphere arises mainly from livestock and biomass
burning and is about 2 orders of magnitude lower than DMS
emissions.'” The aliphatic amine emission is dominated by
trimethylamine (TMA)."® The autoxidation in trimethylamine
(TMA) leads to the formation of hydroperoxy amides, which
have been observed in laboratory experiments.'"'” Autox-
idation has also been suggested for other aliphatic amines:
dimethylamine (DMA), diethylamine (DEA), and triethyl-
amine (TEA).H’19

In the atmosphere, the tertiary amine TMA will predom-
inantly react with OH by hydrogen abstraction followed by O,
addition to form an initial TMA peroxy radical. Until recently,
it was assumed that this tertiary amine peroxy radical would
react bimolecularly as illustrated in Figure 1 (in black), forming
a range of possible nitrogen-containing compounds.20 Peroxy
and hydroperoxy amine formation would follow directly from
the reaction of the tertiary amine peroxy radical with RO, and
HO,, respectively, whereas the bimolecular reaction with NO
would form the TMA alkoxy radical. This alkoxy radical could
form an amide (>N-(C=0)) or lose formaldehyde and
subsequently react again bimolecularily to form nitrosamine
(>N—=NO), nitramine (>N—NO,), or imine (—N=) com-
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Figure 1. Reaction mechanism of trimethylamine (TMA, solid box) + OH. The fast H-shift reaction is shown in red. Previously proposed closed-

shell products are shown in dashed boxes.
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Figure 2. The TMA-derived hydroperoxy peroxy radical leads to the formation of a hydroperoxy amide (HPA) and a dihydroperoxy amide
(DHPA) shown in dashed boxes. Both E/Z isomers of HPA exist but are not distinguished in the figure. The rate coefficients shown are calculated
at 298.15 K with the approach described in the Method section."" The rate coefficients given here include both isomers. Selected atoms are colored
to highlight the reaction pathways. Less important pathways are marked in gray.

pounds.”’ The nitrosamine and nitramine are suspected
carcinogens and are of concern in connection with, e.g,
amine leakage from carbon capture and storage facilities.”
However, it was recently found that the TMA peroxy radical
has a fast unimolecular H-shift reaction (~3 s~} at 298 K).'""'?
This fast H-shift will under most environmental conditions
outrun the competing bimolecular reactions (NO, RO,, OH,
HO,), which all react with rate coefficients of about 107! ¢m?
molecule™ s712' In pristine conditions, with an NO
concentration of about 50 ppt, this leads to a pseudo-first-
order reaction rate coefficient of the TMA peroxy radical of
about 107> s™'. In more polluted environments, the
concentration of NO is larger, and the pseudo-first-order rate
coefficient increases. However, even at an NO concentration of
about 5 ppb, the pseudo-first-order bimolecular rate coefficient
is unlikely to be higher than about 1 s7'.>* Thus, due to the fast
H-shift, TMA will react with OH to form the hydroperoxy
peroxy radical (Figure 1, red) in most environments. This
hydroperoxy peroxy radical can either undergo bimolecular
reactions or continue with subsequent H-shifts. The two
possible subsequent 1,5 H-shifts are shown in Figure 2.
Abstraction of the hydrogen on the carbon with the OOH
group (Figure 2, blue hydrogen, k,,) is the slower of the two
and leads to the formation of a hydroperoxy amide (HPA).
The abstraction from the methyl group (Figure 2, red
hydrogen, k,,) is calculated to be about a factor of 4 faster
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than kyy, and after another O, addition and 1,5 H-shift leads to
the formation of a dihydroperoxy amide (DHPA).'"'> The
hydroperoxy amides, HPA and DHPA, as well as their
precursor peroxy radicals have been detected in flow-tube
experiments.'” Formation of either of these amides results in
OH recycling. It is somewhat surprising that k,, > ky, since the
additional OOH on the methyl group associated with k,, has
been found to accelerate H-shift reactions in hydrocarbon.”’
Very recently, peroxy radicals have been shown to react rather
ubiquitously with OH to form hydrotrioxides, ROOOH;
however, in the atmosphere, this will not be competitive with
the 1,5 H-shift in this system.24 In the TMA oxidation, the
dihydroperoxy hydrotrioxide (Figure 2) was found to be rather
stable and has been detected with chemical ionization mass
spectroscopy in free-jet flow-tube experiments.”

Here, we investigate autoxidation in a larger tertiary amine,
triethylamine (TEA), to investigate earlier suggestions that the
H-shift reactions are faster in larger amines and that amides are
generally formed in the atmospheric oxidation of tertiary
amines.'"'” We use theoretical multiconformer transition-state
theory (MC-TST) to calculate the H-shift reaction rate
coeflicients for the peroxy radicals formed in the autoxidation
of TEA. We compare the autoxidation following hydrogen
abstraction from either the a- or J-position. Finally, the
theoretical results are compared with those of flow-tube
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Figure 3. Dominant autoxidation mechanism of TEA (solid box) initiated by reaction with OH. The closed-shell products are shown in black
dashed boxes, and the peroxy radicals are shown in red dashed boxes. Several minor routes have been left out. The rate coeflicients shown are
calculated at T = 298.15 K with the approach described in the Method section. Only the rate coeflicient of the stereoisomer with the fastest H-shift

is shown. Less important pathways are marked in gray.

experiments using chemical ionization mass spectrometry
detection.

B COMPUTATIONAL METHODS

Reaction rate coefficients of the unimolecular reactions in this
study were calculated with a previously developed and tested
multiconformer transition-state theory (MC-TST) ap-
proach.”>*® This approach has yielded rate coefficients that
are within a factor of S of the experimentally determined H-
shift rate coefficients for a range of different measured peroxy
radical H-shift reactions.”'**’

The initial step of the approach is to optimize a conformer
of the reactant and transition state (TS) for each reaction
studied at the B3LYP/6-31+G(d) level in Gaussian 16 rev
C.01.”%7°" A systematic conformational sampling is performed
on the optimized structures using MMFF in Spartan’l$,
including the keyword “FFHINT=X~~+0" for radical
structures to enforce a neutral charge on the radical atom,
X.**** Constraints are added to selected transition-state bond
lengths during conformational sampling. For peroxy radical H-
shift reactions, these are the O—O bond of the peroxy group,
the O—H bond being formed, and the H—C bond being
broken. For the decomposition reactions, we constrain the
bond lengths of the two bonds being broken (O—O and N—C)
as well as the two bonds going from single to double bonds
(C—N and C-0).

The conformers found from the sampling are then optimized
at the B3LYP/6-31+G(d) level in Gaussian 16. The optimized
structures are compared to remove duplicates based on
electronic energy differences below 1 X 107> Hartree and
dipole moment differences below 1.5 X 1072 Debye.*
Additionally, an electronic energy cutoff of 2 kcal/mol is
used to discard high-energy conformers. The remaining
conformers are then further optimized at the ®B97X-D/aug-
cc-pVTZ level.*>*® The zero-point vibrational energy (ZPVE)
correction is calculated from an wB97X-D/aug-cc-pVTZ
harmonic frequency calculation. For the lowest-energy con-
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formers (wB97X-D/aug-cc-pVTZ electronic energy + ZPVE)
of the reactant and TS an ROHF-ROCCSD(T)-F12a/cc-
pVDZ-F12 (abbreviated F12) single-point energy calculation
was performed using MOLPRO2012.1 to obtain a more
accurate barrier height.*”**

Tunneling is considered by performing a forward and
reverse intrinsic reaction coordinate (IRC) calculation at the
B3LYP/6-31+G(d) level with the keyword “calcall”. The IRC
starting points are the B3LYP/6-31+G(d) geometry of the TS
conformer that is lowest in ZPVE-corrected @B97X-D/aug-cc-
pVTZ energy. The IRC endpoints are initially optimized at the
B3LYP/6-31+G(d) level and subsequently at the ®B97X-D/
aug-cc-pVIZ level. For H-shifts abstracting hydrogens from
carbon atoms with a hydroperoxy group, the hydroperoxy
group is constrained in the product to prevent OH loss.
Finally, F12 single-point calculations are performed on the TS
and IRC endpoints. We use the 1D Eckart tunneling
approximation that takes as input; the forward and reverse
IRC barrier heights calculated using the F12 electronic
energies with the wB97X-D/aug-cc-pVIZ ZPVE correction
and the imaginary frequency of the lowest-energy TS
conformer calculated at the ®B97X-D/aug-cc-pVIZ level.>®

Rate coefficients (k) are calculated using the MC-TST
equationzs’26

TSconf. AE,
k ks T 2, exP(_ﬁ)QTSf ( Ers — ER]
= K— xp| —
conf. j
h > Xp( ‘KT’)QR, kT

where « is the tunneling correction factor, kg is the Boltzmann
constant, T is the temperature, h is Planck’s constant, Qyg, is
the partition function (wB97X-D) of the ith TS conformer,
and AE; is the energy (wB97X-D) difference between the ith
TS conformer and the lowest-energy TS conformer. Erg is the
energy (F12 with @B97X-D ZPVE) of the lowest-energy TS
conformer. The symbols are similarly defined for the reactant
(R), with index j instead of i. All energies in the equation above
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are electronic energies including ZPVE correction. Reaction
rate coeflicients are calculated at 298.15 K under the harmonic
oscillator and rigid rotor approximations and are high-pressure
limit values. We calculate the rate coefficients for all unique
(non enantiomer) stereoisomers where applicable.*’

B EXPERIMENTAL METHODS

Experiments were performed in a free-jet flow system at 295 =+
2 K, a relative humidity (RH) of <0.1%, and a pressure of 1 bar
purified air for low-NO conditions, [NO] < 2 X 10°® molecules
cm 3. The reaction time was 7.9 s, and the total flow was set at
100 L/min (STP). This setup allows investigations for almost
wall-free conditions. More details on the experimental setup
can be found elsewhere.'” Briefly, the flow system consists of
an outer tube (inner diameter: 16 cm) and an inner tube
(outer diameter: 9.5 mm) with a nozzle of 3 mm inner
diameter. Ozone or isopropyl nitrite (IPN) mixed with air (S L
min~!, STP) is injected through the inner tube into the main
gas stream (95 L min~!, STP), which contains other reactants,
i.e, tetramethylethylene (TME) and triethylamine (TEA),
diluted in air. A series of TEA oxidation experiments were
conducted with OH radicals produced from either ozonolysis
of TME*" or photolysis of IPN.** The concentrations of either
TME and O; or IPN were varied to produce different OH
concentrations. Chemical ionization-atmospheric pressure
interface—time-of-flight (CI-API-TOF) mass spectrometry
was applied for product analysis. Product ionization by
pyruvate (CH;COCOO™) or iodide (I7) was used for
detection, both of which have been shown to be efficient
ionization schemes in previous amine oxidation experiments.12
Stated product concentrations and corresponding product
yields represent lower limit values with an uncertainty of a
factor of 2, which were obtained using a calculated calibration

factor of 1.85 X 10° molecules cm™3.%*

B RESULTS AND DISCUSSION

Reaction Mechanism for TEA + OH. The reaction of
TEA with OH proceeds via hydrogen abstraction at either the
a- or f-carbon position relative to the nitrogen atom (Figure
S1). Abstraction at the a-carbon is expected to be favored due
to the formation of a secondary alkyl radical and the fact that
nitrogen seems to activate the nearby hydrogens. This is
supported by results from previous experiments on ethyl-
amine,* barrier height calculations,”” and a hydrogen
abstraction SAR.*

In Figure 3, we illustrate the dominant autoxidation
mechanism of TEA, leading to the formation of highly
oxidized (poly)-hydroperoxy peroxy radicals and (poly)-
hydroperoxy amides. The hydrogen abstraction at the a-
carbon is followed by fast O, addition (pseudo-first-order rate
coefficient of about 107 s71)*’ resulting in the formation of the
initial peroxy radical (R10O), which has three possible
unimolecular reaction pathways (Figure S1): the 1,4 H-shift
from the adjacent methyl group, a 1,6 H-shift from the other
two methyl groups, and a 1,5 H-shift from the methylene
groups (a-carbon). The 1,4 and 1,6 H-shifts are very slow with
calculated rate coefficients (Figure S1 and Table S2) many
orders of magnitude smaller than that of the preferred 1,5 H-
shift (Figure 3). Even though the reverse reaction (k_,) is fast
(Table S2) and comparable to the addition of the O, to R2,
this will have a very limited effect. The MC-TST calculated
rate coefficient of the 1,5 H-shift is 25 s™!, almost an order of
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magnitude faster than the calculated rate coefficient of the
corresponding first H-shift in the TMA + OH system (2.9 s7").
This trend is in agreement with results for hydrocarbons,
where a methyl group substituent was found to enhance H-
shift reaction rate coeflicients by about an order of
magnitude.”® The calculated first-generation H-shifts in the
autoxidation of di- and trimethylamine (DMA and TMA) and
di- and triethylamines (DEA and TEA) are compared in
Tables 1 and SI. All these first-generation 1,5 H-shifts in

Table 1. MC-TST Calculated Rate Coefficients (s™') for
Peroxy Radical 1,5 H-Shifts in the OH Oxidation of
Triethylamine (TEA), Trimethylamine (TMA),
Diethylamine (DEA), and Dimethylamine (DMA)“

molecule ky ks, ky,
TEA 25 43 (RR) 0.43 (RR)
7.1 (RS) 0.034 (R,S)
TMA® 2.9 0.52 0.13
DEA° S4 0.37 (RR)
0.48 (RS)
DMA® 0.33 0.011

“Rate coefficients are calculated at T = 298.15 K with the approach
described in the Method section. ®The rate coefficients for TMA
include the formation of both E/Z isomers and are taken from refs
11,48 (ref 48 now in press). “The rate coefficients for DEA and DMA
are taken from ref 11. The references employ the same level of theory
as used here. The rate coeflicient k,, leads to an alkyl radical and k,,, is
the 1,5 H-shift leading to the formation of a hydroperoxy amide
(HPA) and loss of OH (Figure 3 for TEA).

amines are significantly faster than the pseudo-first-order rate
coeflicient for bimolecular reaction with NO in pristine
conditions (about 107 s7!), and for the tertiary amines
(TMA and TEA), they would outcompete the NO bimolecular
reaction even in moderately polluted environments. Thus, for
tertiary amines, autoxidation is likely the dominant atmos-
pheric oxidation mechanism. These first-generation H-shifts in
amines are orders of maignitude faster than the analogous
reactions in hydrocarbons."'

The newly formed a-carbon-centered alkyl radical (R2,
Figure 3) will either add O, to form another peroxy radical
(R200) or undergo unimolecular decomposition to form two
closed-shell products, CH;CH,N=CHCHj, and CH,;C(O)H,
and an OH radical (Figure S1). In a recent theoretical study,
this decomposition channel was suggested to be a significant
component of the autoxidation for both TMA (~30%) and
TEA (~50%)."” These calculations used the MESMER
(Master Equation Solver for Multi-Energy Well Reactions)
code to include the excess energy from the O, addition and ab
initio calculations at the UCBS-QB3//M0S/aug-cc-pVTZ
level. In an earlier experimental study, the OH recycling
from this decomposition channel in the TMA + OH reaction
was found to account for only about 2% at 298 K from
extrapolation of low-pressure experiments. The previous
experimental study concluded that for TMA, this decom-
position pathway (CH;N=CH, + HC(O)H + OH) is not
significant at 298 K and atmospheric pressure.”> The
experimental result is in good agreement with our previous
calculation, which found a decomposition yield of 3% for TMA
also modeling the excess energy from the O, addition with
MESMER but with the ab initio calculations at the
ROCCSD(T)-F12a/VDZ-F12//wB97X-D/aug-cc-pVTZ

https://doi.org/10.1021/acs.jpca.3c04341
J. Phys. Chem. A 2023, 127, 8623—-8632


https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.3c04341/suppl_file/jp3c04341_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.3c04341/suppl_file/jp3c04341_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.3c04341/suppl_file/jp3c04341_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.3c04341/suppl_file/jp3c04341_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.3c04341/suppl_file/jp3c04341_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.3c04341/suppl_file/jp3c04341_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.3c04341/suppl_file/jp3c04341_si_001.pdf
pubs.acs.org/JPCA?ref=pdf
https://doi.org/10.1021/acs.jpca.3c04341?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry A pubs.acs.org/JPCA
SN +0HO, [ SNT00 L 1B Hsshift A ~OOH 4o,
—_— : — —_—
K -H0 K I k=225 K ~107 s
------------------- i RB2
___________________ RB100
. 00 1 " ooH | emenn || 9OH00 :
' 1,5 H-shift ‘ ' 1,5 H-shift | !
A 00H A 00 | AN OOH
! +0, | 1 +0, 1 :
N o hoo™S
RB200 ~ RB30O RB400
1,5 H-shift | +0, 1.5 H-shift
-OH
! OOHO0O | Lo ! -
; . 1,5H-shift ! | 1,5 H-shift
A ooH L I~ ooH | -OH
N T W
,,,,,,,,,,,,,,,,,,,, ; 'HOO E
RB300 e e ;
DHPA
1,5 H-shifti +0,
""" conoon
)\ )\/OOH ! 1,5 H-shift ! \ OOH!
N 3 ] )\ ‘
)\ ! -OH ' HOO E
00 3 . :
--------------------- : THPA

Figure 4. Suggested reaction mechanism for TEA (solid box) oxidation initiated by OH H-abstraction at the f-carbon. The rate coefficient is
calculated at 298.15 K with the approach described. The bold arrows indicate fast 1,5 H-shifts with rate coefficients estimated to be about 10 s~
and the thinner arrows 1,5 H-shifts with rate coefficients estimated to be about 0.1 s™". The closed-shell products are shown in black dashed boxes
and the peroxy radicals are in red dashed boxes. Other comparable pathways leading to isomers of the same composition exist but are not shown.

Less important pathways are marked in gray.

level.'' The dissociation barrier is slightly smaller in the QB3
calculation compared to that in the F12 calculation, which is
likely the reason for the higher yield from the QB3 results.
Here, we have used the F12 level as in the previous work to
estimate the dissociation yield."" Without excess energy, the
decomposition reaction from R2 has an MC-TST (F12)
calculated decomposition rate coefficient of 2.6 X 10* s74,
which is insignificant compared to the pseudo-first-order
reaction coefficients of ~107 s™! for the O, addition reaction.
The excess energy from the previous OH addition is mostly
dissipated due to collisions.”” We use MESMER™ to simulate
the excess energy from the O, addition. Assuming only the
excess energy from the O, addition, we find a decomposition
yield of about 1% (Figures S2 and S3) and hence we assume
that R2 will mainly react with O, to form a new peroxy radical
R200 (Figure 3). We assume similar results from subsequent
alkyl radicals and expect decomposition reactions to be
insignificant compared with the results from the O, addition
reactions.

Different stereoisomers can have significantly different H-
shift rate coefficients.”””*" The R200 radical has two
stereogenic centers, and we calculate the H-shift rate
coefficients for both (R,R) and (R,S) stereoisomers (Table
1). Previously, in diethylamine (DEA), the two isomers were
found to have comparable H-shift rate coefficients.'" The
R200 radical can react via several unimolecular pathways.
However, given the clear trend for the initial peroxy radical
R100, we considered only the a-carbon sites. There are two
possible second-generation 1,5 H-shifts, which include
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abstraction from an a-carbon (Figure 3 and Table S2). The
1,5 H-shift similar to that of R100O is comparably very fast,
calculated to be k,,(R,R) = 43 s~ and slightly slower for the
other isomer with k,,(R,S) = 7 s™'. The other second-
generation 1,5 H-shift is an abstraction of a hydrogen adjacent
to a hydroperoxy group and leads to formation of a
hydroperoxy amide (HPA, Figure 3) by subsequent decom-
position recycling of OH. The formed HPA is analogous to the
hydroperoxy amide formed in the TMA + OH system (Figure
2). Compared to the first-generation H-shift (k;), this 1,5 H-
shift is found to be significantly slower with rate coeflicients of
ky(RR) = 0.43 s7! and ky(R,S) = 0.034 s! (Table 1). The
almost 2 orders of magnitude difference between k,, and kyy, is
somewhat surprising. Similar results were found for the
corresponding reactions in TMA, although with only a factor
of 4 difference (Table 1)."" In previous studies on hydro-
carbons, a hydroperoxy group was found to increase the rate of
H-shift reactions from the adjacent carbon by a factor of about
50. The reason for the 2 orders of magnitude difference
between k,, and k,, for TEA comes from the formation of
hydrogen bonds in the reactant and transition states of the
associated reaction (Figures S4—S6). The lowest-energy
reactant is stabilized by an OOH-O hydrogen bond, which
remains in the TS of the k,, reaction but is not possible in the
ky, reaction. This hydrogen bond stabilizes the TS and thereby
lowers the barrier height, as also seen in Table S2. In Table 1,
we compare the calculated 1,5 H-shift rate coeflicients for
different secondary and tertiary amines. We find that both first-
and second-generation 1,5 H-shift rate coefficients are faster in
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the ethyl-substituted amines for both the tertiary (TEA vs
TMA) and secondary (DEA vs DMA) amines. In both tertiary
amines, the abstraction of the hydrogen on the a-carbon
without a hydroperoxy group is favored, k,, > ky,. Thus, for
R200, the main reaction pathway will be the formation of the
dihydroperoxy a-carbon-centered alkyl radical, R3 (Figure 3).
Under pristine atmospheric conditions, the first- and second-
generation 1,5 H-shifts in TEA are significantly faster than
competing bimolecular reactions, and the TEA + OH reaction
will lead to a significant yield of highly oxygenated amine-
derived compounds. Even in moderately polluted environ-
ments, the formation of R3, which already has two hydro-
peroxy groups, will dominate the TEA + OH oxidation. For all
of the hydroperoxy peroxy radicals, the hydroperoxy hydro-
gen(s) will be rapidly shifted between the different peroxy
groups via H-shifts, but this will not impact the overall
autoxidation mechanism.”’ The reverse reaction (k_,,) is very
fast (Table S2) and comparable to the O, addition to R3. Due
to the significantly larger k,, than k,y, this fast reverse reaction
is not sufficient to change the product formation significantly.
This is in agreement with the experimental observation of large
amounts of R300 and DHPA formed compared to HPA
within the 7.9 s of the flow-tube experiments.

Like R2, radical R3 can undergo either an O, addition to
form another peroxy radical (R300) or unimolecular
decomposition to form two closed-shell products CH;C-
(OOH)HN=CHCH, and CH;C(O)H and an OH radical.
Based on the results for TMA and our calculation for the
decomposition of R2, we assume that the decomposition of R3
will also be a minor pathway and that R300 will be formed
predominantly. The peroxy radical R300 can undergo a 1,5
H-shift abstracting a hydrogen on an a-carbon with an OOH
group attached with subsequent loss of OH and formation of a
dihydroperoxy amide (DHPA, Figure 3). For this reaction, a
larger difference in rate coefficients is observed between the
diastereomers than was the case for R200O, with the fastest and
slowest reactions differing by more than a factor of 300 (Table
S2). The calculated rate coefficient for the fastest of these H-
shifts is ky, = 0.65 s™" and is thus competitive with bimolecular
reactions in the atmosphere. In contrast, the slowest
diastereomer has a calculated rate coefficient of ky, = 2.1 X
107 57! and is thus generally atmospherically uncompetitive.
As such, this could represent a bifurcation between the
mechanisms of different diastereomers. A 1,6 H-shift
abstracting a hydrogen from a methyl group is also possible
for R300 and would after O, addition lead to the formation of
R400, which could undergo a 1,6 H-shift with subsequent
loss of OH leading to the formation of a trihydroperoxy amide
(THPA, Figure 3). However, the calculated rate coefficient for
the initial 1,6 H-shift is very slow, k;, = 107¢ s7' (fastest
isomer, Table S2). We have not calculated the rate coefficient
of the final 1,6 H-shift from R400, k,, due in part to the large
number of initial conformers (~10°), the size of its F12 single-
point calculation, and the fact that R4OO is unlikely to be
formed.

Autoxidation of TEA following abstraction from the less
favored p-carbon site is expected to lead to compounds
comparable to those for the a-carbon site abstraction (Figure 4
and Section S2). We have calculated the rate coefficients for
the possible first-generation H-shifts in the RO, radical
(RA100) arising from hydrogen abstraction at the f-carbon
(Figure S7 and Table S3). The 1,6 H-shift is the fastest H-shift
with a rate coefficient of 2.2 s™* and is the only one that needs
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to be considered. The reverse reaction (k_,) is fast (Table S3)
but not competitive with the O, addition to RA2. While this
1,6 H-shift is fast, it is an order of magnitude slower than the
first-generation 1,5 H-shift of the RO, arising from the
dominant a-carbon abstraction (R100, k;). We assume that
decomposition is minor, and following the 1,6 H-shift, O, will
add to the alkyl radical to form a hydroperoxy peroxy radical,
Rp200 (Figure 4). The RF200 radical has two possible 1,5
H-shifts that are both expected to be fast. We have not
calculated these rate coefficients, but based on the results from
nearly identical reactions in the a-abstraction pathway, they are
expected to have rate coefficients on the order of 10 s™". The
formed dihydroperoxy peroxy radicals (RF300) have the
possibility of two 1,5 H-shifts akin to those of R200O (Figure
3) and similar to R200, the expected slower of the two H-
shift (on the order of 0.1 s™') will lead to a DHPA. This
DHPA has a different structure to that originating from the a-
abstraction pathway but will have the same mass and
functional groups. The faster of the two 1,5 H-shifts, again
with an estimated rate coefficient on the order of 10 s™%, will
lead to trihydroperoxy peroxy radicals (R#400). These can
undergo a 1,5 H-shift to form THPA (Figure 4). We estimate
the rate coefficient of this 1,5 H-shift to be on the order of 0.1
s”'. This is a plausible route to the formation of a
trihydroperoxy peroxy radical and the closed-shell THPA on
a reasonable time scale. In the a-abstraction channel, the
formation of THPA is hindered by a slow 1,6 H-shift. By
contrast, for the f-abstraction, THPA follows from an initial
fast 1,6 H-shift (2.2 s™') followed by two likely faster 1,5 H-
shifts (likely ~10 s™') and a final medium fast 1,5 H-shift
(~0.1 s7'). Other THPA structures than the ones shown in
Figures 3 and 4 are also possible, e.g., via fast hydroperoxy—
peroxy H-shifts of the intermediate peroxy radicals, and will all
have the same mass and functional groups.”’ Thus, THPA is
expected to form from the minor M-abstraction channel,
whereas DHPA is predominantly formed from the a-
abstraction channel. The trihydroperoxy amide (THPA) has
an astounding three hydroperoxy groups in the same molecule
and an O:C ratio of 7:6.

It is clear that the atmospheric oxidation of tertiary amines
will predominantly happen via very fast autoxidation, leading
to highly functionalized (poly)-hydroperoxy amides. This is
consistent with observations that only tertiary amines
contribute significantly to the formation of secondary organic
aerosols (SOAs) by mechanisms involving atmospheric
oxidation and growth rather than the formation of salts.”*~>*

Product Detection in the TEA + OH Reaction. In the
flow-tube experiments, we detected several radicals and closed-
shell products of the TEA and OH reaction. In Figure S, we
show a product mass spectrum from the TEA + OH reaction,
using pyruvate for product ionization and OH production from
TME ozonolysis. A similar product distribution was observed
in an experiment, applying OH generation via IPN photolysis
and product detection by means of iodide ionization (Figure
S8). The good agreement suggests a limited influence of the
experimental parameters on the observed product formation.
We detected masses consistent with the three hydroperoxy
amides, HPA, DHPA, and THPA, which are highlighted in
black dashed boxes in Figures 3 and 4. Based on the
calculations, we suggest that the HPA and DHPA compounds
arise predominantly from the a-abstraction channel, whereas
THPA arises from the minor f-abstraction channel.
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pyruvate (CH3;COCOO™) ionization for detection. The products
appear as an adduct: (product)CH;COCOO™. OH radicals were
produced from tetramethylethylene (TME) ozonolysis. Reactant
concentrations were [O;] = 3.1 X 10", [TME] = 5.18 x 10", and
[TEA] = 3.17 X 10" molecules cm™ and a reaction time of 7.9 s at T
=295 K. The products shown are consistent with the observed masses
and the proposed mechanism but signals likely include multiple
isomers.

In addition to the closed-shell amides, we detected masses
consistent with the formation of peroxy radicals with two and
three hydroperoxy groups (R300/Rf300 and R400/
RP400). These are highlighted in red dashed boxes in
Figures 3 and 4. Based on the calculations, we suggest that the
third-generation peroxy radical is dominantly the R300 from
the a-abstraction channel, whereas the fourth-generation
peroxy radical is the R#400 from the S-abstraction channel.
We did not observe signals corresponding to the initial peroxy
radicals (R100 and RB100) or the peroxy radicals with one
hydroperoxy group (R200 and RA200), likely due to the
predicted very fast H-shift reactions leading rapidly to the
higher oxidation products and the expected lower detection
sensitivity of these less oxidized/functionalized species.

In both experiments applying either pyruvate or iodide
ionization, an unknown compound with a nominal mass of 163
Th (appearing at a nominal mass of 250 Th in Figure S and at
290 Th in Figure S8) was detected with a yield of a few
percent. This mass is consistent with that of a hydroxy
hydroperoxy amide, which could be formed from alkoxy
chemistry.

Product Yields in TEA + OH Reaction. In Figure 6, we
show the measured (lower limit) product concentration of the
dihydroperoxy peroxy radical (R300) and dihydroperoxy
amide (DHPA) as a function of reacted TEA (Section S4).
These signals will also contain small amounts of isomeric
compounds arising from the minor p-abstraction channel.
Signals from both R300 and DHPA rise linearly with reacted
TEA in agreement with the fast H-shift reactions leading to
R300. We have assumed negligible bimolecular reaction due
to low concentrations of NO and RO,; the latter due to the
small amount of TEA reacted. From the slopes in Figure 6, we
obtain a lower limit on the formation yield of 0.29 + 0.0066 for
the R300 radical and 0.10 + 0.0024 for DHPA. Stated
uncertainties comprise two standard deviations of statistical
errors from the regression analysis only. In the corresponding
experiment using pyruvate as a reagent ion, we found
comparable yields of 0.21 + 0.0061 and 0.084 + 0.0018,
respectively, for these two products (Figures S9), suggesting
high detection sensitivity using both ionization schemes. The
overall uncertainties in the lower limit yields are about a factor
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reacted TEA (molecules cm™)

Figure 6. Dihydroperoxy peroxy radical (R300, circles, 323 Th) and
dihydroperoxy amide (DHPA, triangles, 306 Th) formation from
TEA + OH. Tetramethylethylene (TME) ozonolysis was used to
generate OH radicals and iodide (I”) was used as the reagent ion. The
reactant concentrations were [O;] = 1.5 X 10'°, [TME] = (5.18—
104) X 10%, and [TEA] = 2.11 X 10" molecules cm™ and a reaction
time of 7.9 s and 295 K. The given concentrations represent lower
limit values. The resulting lower limit formation yields are 0.29 for
R300 and 0.10 for DHPA.

of 2 based on the expected uncertainties in the calibration
factors. Nevertheless, the high combined yield of these two
products (expected main products from the calculations)
within the 7.9 s reaction window indicates that autoxidation in
TEA is indeed fast and dominant similar to what was found for
TMA."* This is in good agreement with the calculated H-shift
rate coefficients in Table 1 and Figures 3 and 4.

By adding more O; in the TME ozonolysis experiment to
increase the OH concentration and allowing more TEA to
react (Figure S9), we determine a small yield of the highly
oxidized trihydroperoxy peroxy radical of about 0.0021. Based
on our calculations for the major a-abstraction channel, we
expect no formation of R4OO via a-abstraction, given the
prohibitively slow 1,6 H-shift from the methyl group (Figure 3,
ki,). The calculated slow 1,6 H-shift of the methyl hydrogen is
consistent with trends observed previously in hydrocarbons.>®
In the p-abstraction channel, the formation of the Rf400
radical does not include this slow methyl H-shift but arises
from a 1,5 H-shift that is expected to be fast, assuming that the
1,5 H-shift rate coefficients in the f-abstraction channel are
comparable to those of the a-abstraction channel. Thus, the
observed trihydroperoxy peroxy radical signal likely corre-
sponds to the R#40O0 radical that originates from the minor f-
abstraction channel. Since the RH40O0 radical signal is very
small (Figure S9) and the 1,5 H-shift that forms it is likely fast,
the DHPA and RF300 formation from the p-abstraction
channel will be small. Thus, we expect that R400 is the
dominant radical formed in the f channel and that the
observed dihydroperoxy peroxy radical signal is dominated by
the R300 radical arising from the a-abstraction channel. This
is reasonable, as the preceding H-shifts are all expected to be
fast. If the sensitivities are comparable, then the yields of
R300 and RB40O0 should be proportional to the a- and -
abstraction channel yields, respectively. We can then estimate
the f-abstraction channel to have a yield of about 0.01. This
compares very well with the f-carbon hydrogen abstraction
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yield of about 0.015, estimated from the a- and pB-abstraction
rate coefficients from an OH hydrogen abstraction SAR.*

We modeled the product formation yields at the 7.9 s of the
flow-tube experiments for the experiment shown in Figure 6
based on the calculated and estimated rate coefficients for the
reactions in Figures 3 and 4 including all stereoisomers
(Section S5)."* The modeling is in agreement with a strong
favoring of the initial H-abstraction from the a position. With
an o to f ratio of 98:2, the model agrees with the observed
very small yields of both HPA and THPA (Figure S10). The
model suggests too fast DHPA formation and hence OH
recycling. The modeled ratio of R300 to DHPA is likely too
high, suggesting that the calculated ky, values are too high. If
we halve ky, values in the modeling, the ratio of R300 to
DHPA becomes close to that observed experimentally (Figure
S11). The total modeled yields of R30O and DHPA are still
higher than the lower limit yields of the experiments. Overall,
the modeling is in good agreement with experiments and
supports the rate coefficients within the uncertainties of both
the experiment and calculations.

B CONCLUSIONS

We have discovered that autoxidation is a dominating pathway
in triethylamine (TEA) + OH oxidation under atmospheric
conditions. The multiconformer transition-state theory (MC-
TST) calculated the H-shift rate coefficient at 298 K is 25 s™!
for the first-generation H-shift in TEA autoxidation. The
subsequent peroxy radicals have multiple stereoisomers with a
range of H-shift rate coefficients. The second-generation H-
shift is 43 s™' for the fastest stereoisomer. The TEA
autoxidation leads to the formation of highly oxygenated and
functionalized compounds with the O:C ratios larger than one
and with as many as three hydroperoxy (OOH) groups. Most
of the proposed radicals and closed-shell compounds are
detected within the 7.9 s time window of the free-jet flow-tube
experiments.

Formation of the most highly oxidized trihydroperoxy
compounds is only plausible from the minor channel following
OH abstraction at the f-carbon due to a prohibitively slow
methyl 1,6 H-shift from the dihydroperoxy peroxy radical in
the a-abstraction channel. Combined with measured yields of
the dihydroperoxy and trihydroperoxy radicals, we estimate
that the f-abstraction channel accounts for at most a few
percent.

The autoxidation H-shifts in TEA are even faster than those
previously found in trimethylamine (TMA) + OH autox-
idation. Thus, autoxidation will likely be the dominant
atmospheric oxidation mechanism for most tertiary amines in
almost all environments. This will lead to the formation of
highly functionalized hydroperoxy amides and likely contribute
to secondary organic aerosol (SOA) formation.
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