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ABSTRACT: Atmospheric amides have primary and secondary sources and are present in
ambient air at low pptv levels. To better assess the fate of amides in the atmosphere, the
room temperature (298 + 3 K) rate coefficients of five different amides with OH radicals
were determined in a 1 m® smog chamber using online proton-transfer-reaction mass
spectrometry (PTR-MS). Formamide, the simplest amide, has a rate coefficient of (4.44 +
0.46) X 107> cm® molec™ s™' against OH, translating to an atmospheric lifetime of ~1
day. N-methylformamide, N-methylacetamide and propanamide, alkyl versions of
formamide, have rate coefficients of (10.1 + 0.6) X 107'% (5.42 + 0.19) X 1072, and
(1.78 + 0.43) X 1072 cm® molec™ s7', respectively. Acetamide was also investigated, but
due to its slow oxidation kinetics, we report a range of (0.4—1.1) X 107" cm® molec™" s™*
for its rate coefficient with OH radicals. Oxidation products were monitored and quantified
and their time traces were fitted using a simple kinetic box model. To further probe the
mechanism, ab initio calculations are used to identify the initial radical products of the
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amide reactions with OH. Our results indicate that N—H abstractions are negligible in all cases, in contrast to what is predicted
by structure—activity relationships. Instead, the reactions proceed via C—H abstraction from alkyl groups and from formyl
C(O)—H bonds when available. The latter process leads to radicals that can readily react with O, to form isocyanates, explaining
the detection of toxic compounds such as isocyanic acid (HNCO) and methyl isocyanate (CH;NCO). These contaminants of
significant interest are primary oxidation products in the photochemical oxidation of formamide and N-methylformamide,

respectively.

B INTRODUCTION

Amides are emitted directly to the atmosphere from biological
sources as well as from industrial processes and are present at
pptv levels in the atmosphere." In particular, tobacco smoke is a
source of formamide, acetamide, and propanamide, presumably
formed during the combustion process.” Mixing ratios of over
400 pptv of N,N-dimethylformamide have been observed near
waste and sewage operations and an emission rate of 10 mg/kg
of N,N-dibutylformamide has been measured from charbroiling
hamburgers.”* N,N-Dimethylformamide has also been detected
from textile floor coverings from a polyamide composite.’
Amides have been detected in ambient particles, biomass
burning aerosols and fogwater, as well.5~#

Amides have secondary as well as primary sources to the
atmosphere. For example, they can be formed via amine
oxidation by OH radicals. Since amines also have biogenic and
anthropogenic sources to the atmosphere, including their use in
large quantities in carbon capture and storage (CCS)
technology, they may represent a significant source of amides
to ambient air.” This secondary source is of particular concern
since amides are typically longer-lived species than amines.”
Indeed, a recent report by Zhu et al. detected formamide,
potentially from amine oxidation, from an industrial scale
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carbon capture facility in Norway.'® The mechanism of gas-
phase oxidation of amines to amides has also been investigated
through ab initio calculations.'""*

Only a few studies have looked at the atmospheric fate of
amides. Chakir and co-workers measured the cross-section of
N,N-dialkylated amides and determined that its value was
smaller than or equal to 3 X 107° cm® molec™ beyond 270
nm, indicating that photolysis is a negligible sink for amides."?
Koch et al. were the first to report rate coefficients for the
reaction of OH radicals with amides, and they specifically
looked at N-alkylated acetamides and propanamides, determin-
ing values between 5 and 14 X 107> cm® molec™ s™.'* I-
Methyl-2-pyrrolidinone, 2-chloro-N-isopropylacetanilide, and
N-ethylperfluorobutyramide have been the subject of atmos-
pheric fate studies where rate coeflicients with OH and NO;
radicals and with ozone were reported; OH reactivity was found
to dominate the fate of these amides.”~"” Solignac et al.
studied the kinetics of OH and Cl radicals with N-alkylated
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formamides and acetamides and later determined the rate
coefficients of OH radicals with cyclic amides.'®'” In addition,
Barnes et al. reviewed these results and completed a product
study of the smaller amides, identifying isocyanates as potential
oxidation products.*® NOj radicals react with N,N-dimethylated
amides with rate coefficients on the order of 107'* cm® molec™
s~!, making the sink of amides toward NOj, radicals competitive
with OH radicals only at night.*" These kinetics studies have
been recently reviewed by Nielsen et al. in the context of the
impact of amines on CCS.” Furthermore, amides may partition
to aerosols but whether this sink is competitive with gas phase
oxidation is unknown.

Despite the work summarized above, the atmospheric
behavior and reactivity of formamide, the smallest and most
volatile of amides, has yet to be investigated. To address this
gap, five different amides, (i) formamide, (ii) N-methylforma-
mide, (iii) acetamide, (iv) N-methylacetamide, and (v)
propanamide, were investigated to elucidate their reactivity
trends toward the OH radical, their atmospheric lifetimes and
ultimately their atmospheric fate. Relative rate coefficients were
measured in a smog chamber using online mass spectrometry
and the oxidation products’ traces were fitted using simple box
model kinetics. The mechanism was further evaluated using ab
initio calculations to determine the location of the H-
abstraction and fate of the resultant radicals.

B EXPERIMENTAL AND THEORETICAL METHODS

1. Laboratory Study. The relative rate kinetics of five
amides were measured using a previously described exper-
imental setup.22 Briefly, a proton-transfer-reaction mass
spectrometer (PTR-MS) (Ionicon Analytik GmbH, Innsbruck
Austria)** was connected to a 1 m> Teflon FEP film (American
Durafilm) bag (Ingeniven) mounted on a Teflon-coated frame,
surrounded by a total of 12 UVB lamps (Microlites Scientific).
The chamber did not contain a fan. The PTR-MS was
connected to the chamber by a ~1 m long 1/16" ID silco-
coated steel inlet (Ionicon’s standard transfer line) heated to 50
°C linked to an FEP tubing that sampled from the middle of
the chamber. The flow through the inlet of the PTR-MS was
100 sccm. These inlet conditions are similar to conditions
optimized by Gylestam et al. for the detection of isocyanates by
PTR-MS.** The signals of the compounds of interest were
normalized to m/z 21 corresponding to the H;'*O" ion.

The amides were purchased from Sigma-Aldrich and used as
is. The amide calibrations on the PTR-MS were accomplished
by injecting known amounts of an aqueous solution of the
analyte into a glass tube connected to the chamber. A flow of
pure air passed through the glass tube adding the amide to the
chamber and resulting in mixing ratios ranging from 40 to 300
ppbv. Amides were all monitored at their respective protonated
molecular jon m/z and all had linear calibrations with
sensitivities ranging from 14 to 18 ncps/ppbv (see Table Sl1
and Equation S1).

A typical oxidation experiment consisted of injecting a
known amount of an aqueous solution of amide into the dark 1
m® chamber. n-Butanol was added as the reference compound
and detected by the PTR-MS at m/z 57, corresponding to the
loss of water from the protonated molecular ion. Compared to
amines,”” amides were better behaved in the smog chamber;
little to no conditioning of the walls was required and the
amides were detected by the PTR-MS with quick response
times. Stable amide signals could also be monitored for hours,
further demonstrating their stability within the experimental

setup and on the time scale of the oxidation experiment. Most
amides, with the exception of acetamide, experienced no decay
under lit conditions, in the absence of hydrogen peroxide and
on the time scale of the oxidation experiments. Following the
establishment of a stable amide signal inside the chamber, pure
air from an AADCO 737-series generator was bubbled through
an aqueous solution of 30% hydrogen peroxide at a rate of 500
sccm. Approximately 15 min later, the UVB lights surrounding
the chamber were turned on to generate OH radicals in
concentrations of approximately 2 X 10’ molecules cm™,
inferred from the loss rate of n-butanol. Hydrogen peroxide was
continuously added to the chamber to keep the supply of OH
radical precursor approximately constant during the experi-
ment. Experiments were conducted under dry (<1% RH) and
NO,-free conditions.

HNCO was detected as an oxidation product and was
quantified using PTR-MS (detected at m/z 44), ion
chromatography (IC), and a homemade HNCO source. A
flow of HNCO was generated by heating cyanuric acid inside a
stainless steel tube to 250 °C, controlled by a thermocouple,
while passing a flow of 200 sccm of nitrogen over the headspace
of the tube. A dilution flow was added to the headspace flow to
avoid high gas-phase concentrations of HNCO and, thus,
polymerization of HNCO in the tubing. The source showed
variability in its HNCO permeation rate from week to week, so
the PTR-MS was independently calibrated by bubbling HNCO
through bubblers filled with deionized water at a known rate
and for a known amount of time and quantified by IC (see
Figure S1). Further experimental details are available in the
Supporting Information. We ruled out any interference from
CO,* (also detected at m/z 44), since ambient CO,
concentrations of ~380 ppmv do not produce any significant
signal at m/z 44 in the PTR-MS. Control experiments involving
H,0, and UVB light, but in the absence of a gas-phase amide,
showed production of HNCO, implying a background signal
for this weak acid in the chamber. This background was
accounted for in the yield calculation by averaging the final
HNCO signal of more than 10 control experiments and
subtracting this value (ranging from 8 to 40% of the total
signal) from the final HNCO signal in the amide oxidation
experiments. The yield reported is the quotient of moles of
product produced (corrected by its respective background
signal) divided by the moles of amide that decayed away at the
end of the reaction, that is, when the lights surrounding the
chamber were turned off. This method of calculating yields was
verified by plotting the appearance of product versus the loss of
starting material and taking the slope of that plot as the yield as
well as verified by the kinetic model fits. The yields reported
represent the range measured during different experiments.

Methyl isocyanate was also detected as an oxidation product
at m/z 58. To correct for its decay, the methyl isocyanate time
trace was subtracted by 4% of the n-butanol signal at m/z 57, a
percentage that represents the natural abundance of *C in n-
butanol, which has an isobaric interference with methyl
isocyanate. Formamide (m/z 46) was corrected by subtracting
2% of the acetaldehyde signal at m/z 45 to account for its *C
contribution to m/z 46.

Following each oxidation experiment, the chamber was
purged at least overnight with pure air. The chamber was also
cleaned on a weekly basis by bubbling 30% hydrogen peroxide
into an amide-free chamber with the UVB lights turned on for
several hours. A small background signal of formamide and
HNCO was observed during these control experiments,
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Figure 1. Plot of eq 1 for formamide (A), N-methylformamide (B), N-methylacetamide (C), and propanamide (D), where the linear regression is

forced through the origin.

suggesting a contribution of wall chemistry within this
experimental set up. The product yields reported have been
corrected using these background signals.

2. Ab Initio Study. The mechanism of OH radicals reacting
with the five studied amides, as well as the reaction of select
product radicals with O,, was investigated using computational
ab initio methods. Structures were optimized using the M06-2X
density functional with the 6-31G(2dfp) basis set.>> Sub-
sequent higher-level energies were obtained using the G3X-K
composite theoretical method.*® This method has been
designed specifically for accurate thermochemical kinetics,
and utilizes the M06-2X/6-31G(2dfp) structures in a series
of single point energy calculations with basis sets of
incrementally decreasing size, from Hartree—Fock theory to
perturbation theory (MP2, MP3, MP4) and, ultimately, to
coupled cluster theory (CCSD(T)). Energies calculated at
these levels are combined with empirical scaling terms to arrive
at the final G3X-K energy. Energies quoted here are 0 K
enthalpies (ie., electronic energy + zero point energy) and are
expected to be accurate to within 1 kcal mol™ on average.26 All
calculations were performed using the Gaussian 09 code.””

Bl RESULTS AND DISCUSSION

1. Kinetics Results. Upon exposure to OH radicals inside
the 1 m*® smog chamber, the amides under study exhibited
pseudo-first order decay kinetics at room temperature (298 + 3
K) and atmospheric pressure. The relative rate method”®
allowed for the determination of their respective bimolecular
rate coefficients using n-butanol as the reference compound.
Accurate knowledge of the rate coeflicient of n-butanol with
OH radicals, (8.86 + 0.85) X 1072 cm® molec™ s7%, is
necessary to employ eq 1.>> A plot of the natural logarithm of
the normalized amide decay signal as a function of the natural
logarithm of the normalized n-butanol decay signal yields the
ratio of both rate coefficients, k,migeron/Kbutanoron (Figure 1A—

D). Note that n-butanol serves as a good reference compound
as it does not react with amides, has no observable wall loss,
and is detected at m/z 57 by the PTR-MS, which does not
interfere with other signals of interest.

Rate coefficients were determined based on a minimum of
three reproducible experiments for formamide (4.44 + 0.46) X
1072 cm® molec™ s7!, N-methylformamide (10.1 + 0.6) X
1072 cm® molec™ s7!, N-methylacetamide (5.42 + 0.19) X
107> cm® molec™ s7!, and propanamide (1.78 + 0.43) X 107"
cm® molec™! s7'. See Figure 1A—D, for typical relative rate
plots for the four amides studied. Furthermore, forcing the
linear regression through the origin does not change the slope
by more than 5%, a value consistently less than the reported
standard deviation of the experiments.

Barnes et al. used an FTIR technique to study the kinetics of
other amides but reported interference in the method when
looking at formamide.”® Consequently, this study represents
the first reported experimental rate coefficient for formamide
and compares well with Barnes” predicted value of 4 X 1072
cm?® molec™" s7. In addition, our value for N-methylformamide
lies within the uncertainty of Barnes et al.’s value of (8.6 + 2.4)
X 1072 cm® molec™ s7'.%° N-Methylacetamide’s reaction with
OH radicals has been previously investigated, once by Koch et
al, (5.2 + 0.19) X 107"? cm® molec™ s, and again by Barnes
et al, (11 + 3) X 1072 cm® molec™ s7.'**° The value
obtained in this relative rate study closely matches Koch et al.’s
value, measured by absolute rate kinetics using flash photolysis
coupled to resonance fluorescence. This study is also the first to
report the rate coefficient of propanamide with OH radicals.
Since its rate coefficient is significantly slower than the
reference compound, a slightly more scattered rate plot was
observed (Figure 1D).

The uncertainty reported with the rate coeflicients represents
the standard deviation of multiple experiments and is less than
a 10% error for formamide, N-methylformamide, and N-
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methylacetamide. An additional uncertainty arises from the rate
coefficient of the reference compound n-butanol with OH
radicals, and consequently, a total uncertainty closer to 20%
should be considered when using these rate coefficients in
model evaluations. Propanamide’s rate coeflicient is approx-
imately five times slower than the reference compound -
butanol, which leads to an uncertainty of 24%.

Acetamide was also investigated under identical conditions
but since its oxidative decay was difficult to reproduce, in part
due to a slow reaction and an unsteady signal inside the
chamber, a large uncertainty on the rate coefficient was
obtained. Based on three experiments, an average rate
coefficient of (0.77 + 0.35) X 1072 cm® molec™ s™' was
measured for acetamide (see Figure S3 for a typical plot). The
previously published value by Barnes et al. of (3.5 = 1.0) X
1072 cm® molec™ s7' is quite high compared to our
experimental results.”® We choose to report a range of (0.4—
1.1) x 107 cm® molec™ s™' for acetamide to take into
consideration the large uncertainty associated with this
measurement.

i ([amide]o) K mide +OH | [[butanol]o)
n = n
[amide]t kbutanol+OH [butan()l]t (1)
2. Reaction Products and Mechanisms. The exper-
imental decays of formamide, N-methylformamide, N-methyl-
acetamide, and propanamide, and the production of their
respective oxidation products were fitted using simple kinetic
box model equations (see Supporting Information for full

description of equations). The yields of the oxidation products
were also quantified (see Scheme 1). Because the reaction of

Scheme 1. Product Identification and Quantification of
Amide Oxidation by OH Radicals in a 1 m® Teflon FEP Film
Bag and in the Absence of NO, Based on Experimental and
Theoretical Evidence®
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“The yields represent the range measured during different experi-
ments.

methyl isocyanate

acetamide was slower, we were unable to reproducibly quantify
the yields of its oxidation products. HNCO was detected under
all experimental conditions as a primary product from
formamide and possibly as a primary or secondary product
from the other amides investigated. HNCO is toxic through
protein carbamylation and so exposure levels through biomass
burning and diesel exhaust are currently of concern.’”?’ A
recent report evaluating HNCO concentrations at three
different urban and regional sites in the U.S. found mixing
ratios ranging from <0.003 to 1.2 ppbv and suggest the
presence of both primargf and secondary sources to explain
observed diurnal profiles.”

Methyl isocyanate was detected solely in the oxidation of N-
methylformamide by OH radicals. This product is of major
health concern and was responsible for the death of thousands
of residents in Bhopal, India during a methyl isocyanate leak
from a nearby pesticide plant in 1984.** Methyl isocyanate was
previously detected by FTIR from the oxidation of N-
methylformamide but the product yield was not quantified.”’
In this study, we quantify methyl isocyanate by assuming it has
the same sensitivity in the PTR-MS as the average of the
amides quantified (17.1 npcs/ppbv; see Table S1).

We employ ab initio calculations to assist in understanding
the kinetics of the OH radical reactions with the amides
investigated here, as well as the mechanism of isocyanic acid
and methyl isocyanate formation. Results are presented for the
five amide + OH radical systems, so as to first understand the
radical products arising from these reactions and to gain insight
into the differences measured in their kinetics. Following this
first step, the secondary reactions of key radical products with
O, are examined, shedding light on the first generation
products arising from the photochemical oxidation of these
amides.

a. Formamide. Figure 2A shows the oxidative decay of
formamide and the production of HNCO. The formamide
decay is well captured by the pseudo-first-order fit (red line in
Figure 2A). The yield of HNCO was measured to be 17—19%
in a set of six reproducible experiments. When fitting the
HNCO trace with Equation S8 in a kinetic box model, we find
that a yield (y,) of 25% best fits the data, similar to the
experimental value. Note that HNCO has no appreciable gas-
phase loss rate to oxidants within the time frame of these
oxidation experiments. Indeed, its ambient temperature lifetime
with OH radicals, extrapolated from high-temperature data, is
on the order of decades.** We consequently do not consider a
sink for HNCO when fitting its time trace. To further explore
the site of H-abstraction on formamide and the mechanism of
HNCO formation from formamide, we turn to ab initio
calculations.

In Figure 3, an energy diagram is provided for the formamide
+ OH radical reaction, where abstraction can take place from
either the formyl C—H site (right-hand side, Figure 3) or from
the amide N—H site (left-hand side). In both cases, reaction
initially proceeds via the formation of a prereaction complex,
followed by an H-abstraction transition state that exothermi-
cally leads to water and the corresponding CNOH, radical
product. For N—H abstraction, the overall reaction is only
mildly exothermic (ca. 3.08 kcal mol™"), reflecting the very high
dissociation energy for this bond (116 kcal mol™').
Accordingly, the transition state for N—H abstraction is high
in energy, 6.26 kcal mol™" above the reactants, and abstraction
from this site will proceed very slowly and is unlikely to
contribute in any substantial way to the formamide + OH
reaction. The C—H bond in formamide is considerably weaker
than the N—H bond (bond dissociation energy of about 93 kcal
mol™), and abstraction at this site is therefore much more
facile. Here, the abstraction transition state lies just above the
energy of the reactants (0.16 kcal mol™), and we suggest that
this reaction almost exclusively accounts for the formamide +
OH products, which would be the NH,CO radical (+H,0).

When considering the first generation products for
formamide, the NH,CO radical appears to be the exclusive
reaction product, and in the atmosphere it will readily associate
with O, to yield a peroxyl radical, NH,C(O)O,. An energy
diagram for this reaction is provided in Figure 4. We see that
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Figure 2. (A) Oxidative decay of formamide and formation of its major primary product, HNCO. The dots represent the 10 s PTR-MS data and the
solid red lines represent the exponential fits (Equations S4 and S8 (where 7, = 25%) for formamide and HNCO, respectively). (B) Oxidative decay
of N-methylformamide and its products, methyl isocyanate, formamide, and HNCO. The dots represent 10 s PTR-MS data and the solid red lines
represent the exponential fits (Equations S4 and S8 (where y, = 50%), S6 (where 7, = 15%), S9 (where y,y, = 15%), for N-methylformamide, methyl

isocyanate, formamide, and HNCO, respectively).
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Figure 3. Theoretical energy diagram for formamide + OH. Energies are 0 K enthalpies in kcal mol™, at the G3X-K level of theory.

0, addition to NH,CO is exothermic by 36.89 kcal mol™,
providing considerable excess vibrational excitation to the
peroxyl radical intermediate. Bath gas collisions would be
expected to remove this excess energy, providing a thermalized
peroxyl radical that could then be lost by bimolecular reactions
with NO and other species. Instead, however, the a-amino
group provides a low-energy avenue to unimolecular reaction
before collisional deactivation can proceed, as recently
discovered for a-aminoalkylperoxyl radicals.>**® Here, the

HO, radical is expelled in a concerted process via the transition
state shown as an inset in Figure 4. This transition state energy
is 19 kcal mol™" above the peroxyl radical and a substantial
17.92 kcal mol™ below the reactants; the vibrationally excited
peroxyl radical adduct will initially have more than enough
energy to surmount this barrier. Following HO, loss, a weak H-
bonded adduct is formed, which can dissociate along a
barrierless potential to yield isocyanic acid (+HO,). This
process therefore explains the experimental observation of
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Figure 4. Theoretical energy diagram for formamide’s formyl radical +
O,. Energies are 0 K enthalpies in kcal mol™, at the G3X-K level of
theory.

isocyanic acid as the major primary oxidation product of
formamide. Based on the reaction energetics and the known
chemically activated reaction kinetics of similar peroxyl
radicals,'*"%® we expect almost quantitative production of
HNCO + HO, upon reaction of formamide with OH at
tropospheric conditions and, therefore, suggest a theoretical
yield of 100% (see Scheme 1).

The experimentally measured HNCO vyield of 17—19% only
accounts for a fraction of the mass balance (Scheme 1). It is
therefore possible that surface interactions of HNCO may be
affecting its concentration in the gas phase. Perhaps HNCO
uptake onto particles or surfaces is also taking place in the
chamber. Alternatively, quenching of the NH,C(O)O, radical
could be an appreciable process, in which case bimolecular
chemistry is expected to lead to the carbonyloxyl radical
NH,C(0)O, which would likely dissociate rapidly to CO, and
the aminyl radical NH,.** Further investigation of HNCO’s
heterogeneous chemistry is currently ongoing in our laboratory
to address this discrepancy.

b. N-Methylformamide. The progress of the reaction of N-
methylformamide with OH radicals is illustrated in Figure 2B.
Methyl isocyanate appears to be the major product and was
measured in 36—40% yield. The fit using Equation S8 with a y,
= 50% seems to reproduce the data well. The fit for methyl

isocyanate in Figure 2B does not consider any sink terms, as its
reactivity toward OH radicals is estimated to be ~107"* cm?®
molec™ s™! by the EPI Suite model and would account for <1%
difference in the fit.** Formamide (fit of 15%) and HNCO were
also detected as oxidation products (Figure 2B). Note that in
Figure 2B, HNCO is treated as a secondary product arising
solely from the oxidation of formamide (Equation S9).

Figure S depicts a theoretical energy diagram for the N-
methylformamide reaction with OH, proceeding via abstraction
at either of the two unique C—H sites. Abstraction of an N—H
hydrogen is again energetically uncompetitive (with transition
state 4.03 kcal mol™ above the reactants) and is shown only in
the Supporting Information (Figure S6). We observe in Figure
S that the OH radical can abstract a H atom from either carbon,
leading to the CH,NHCHO (left-hand side) or CH;NHCO
(right-hand side) radicals. In both cases, the transition states lie
below the reactants in energy, at —1.30 kcal mol™! and —0.67
keal mol™!, for the respective alkyl and formyl abstractions. This
result is consistent with the rate coefficient of N-methyl-
formamide being more than twice that of formamide.
Considering the uncertainty of the calculations reported here,
we cannot definitively discriminate between the CH,NHCHO
and the CH;NHCO radical products. As such, we assign
theoretical yields of 50% to both products as a rough initial
estimate (see Scheme 1).

Energy diagrams for the reaction of O, with the respective
CH,NHCHO and CH3;NHCO radicals are shown in Figure 6.
For the CH,NHCHO radical (top of Figure 6), the resultant
peroxyl radical can eliminate HO, to yield an imine, but the
required barrier heights are at around the energy of the
entrance channel, and the initially excited peroxyl radical will be
rapidly deactivated to below the required thresholds.
Interestingly, the high barrier for this process arises from the
reaction thermodynamics, with the conjugated imine product
CH,NCHO being comparatively unfavorable. Note also from
Figure 6 that an intramolecular abstraction from the formyl
group can take place, at 4.44 kcal mol™" below the reactants,
forming a radical intermediate that can ultimately dissociate to
HNCO and CH,OO0H (although again at above the reactant
energy). Indeed, HNCO was detected experimentally in <5%
yield, and may have two gas phase sources within these
experiments: a primary product from the reaction of
CH,NHCHO + OH (as discussed above) and a secondary
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Figure 5. Theoretical energy diagram for N-methylformamide + OH. Energies are 0 K enthalpies in kcal mol ™, at the G3X-K level of theory. The
N—H abstraction requires a significant barrier (4.03 kcal mol™) and is shown in Figure S6.
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product from the oxidation of formamide, which was also
detected in the oxidation of N-methylformamide.

According to our theoretical results, the O,CH,NHCHO
peroxyl radical can be collisionally deactivated under tropo-
spheric conditions, allowing it to be removed through
bimolecular chemistry (Scheme S1). If this peroxyl radical is
converted to the corresponding alkoxyl radical,
OCH,NHCHO, through reaction with NO (and other
radicals), f-scission at the C—N bond could then lead to
formaldehyde and the NHCHO radical, whereas C—H scission
(or H abstraction by 0O,) would yield NH(CHO),,
diformamide (Scheme S1). The NHCHO aminyl radical
formation is of interest as they are generally thought to be
removed from the atmosphere through reaction with radical
species such as NO and NO,, potentially leading to toxic
compounds that include nitrosamines and nitramines.” If the
NHCHO aminyl radical is formed in the N-methylformamide
chamber experiments, it could be long-lived enough to abstract
a H from another compound in the chamber and produce
formamide, which was detected as an oxidation product, albeit
with low yields (<30%). However, the production of
formamide in these oxidation experiments does not show
purely first order kinetics, underlining the possibility that
heterogeneous chemistry may also be occurring on the chamber
walls (Figure 2B). On the other hand, Barnes et al. detected
diformamide as an oxidation of N-methylformamide in an

estimated 50% yield*® In our oxidation experiments, the
diformamide protonated molecular ion (m/z 74) was detected
by the PTR-MS but as a trace product with signal intensities
consistently less than the signal of HNCO (see Figure 2B), and
so we did not quantify its yield.

Upon reaction of the CH;NHCO radical with O,, a facile
unimolecular reaction pathway is available, as illustrated in the
bottom half of Figure 6. Similar to the formamide NH,CO
radical, O, addition produces a peroxyl radical that can
eliminate HO, via a barrier 18.00 kcal mol™' below the
reactants. This reaction leads to the experimentally observed
reaction product methyl isocyanate. A second mechanism that
also proceeds with a transition state energy below the reactants
is available with a relative barrier height of —6.62 kcal mol™". In
this case, the peroxyl group abstracts an H atom from the N-
methyl moiety, ultimately yielding CH,NH and CO, and
regenerating the OH radical in the process. This mechanism
has been identified in secondary and tertiary amines and is
known to be uncompetitive with the facile HO, elimination
reaction, when available.*' The experimental methyl isocyanate
yield of 36—40% is commensurate with similar yields of both
CH,NHCHO and CH;NHCO evolving from the reaction of
OH radicals with N-methylformamide, followed by almost
quantitative conversion of CH;NHCO to CH;NCO + HO,.
These results are also consistent with methyl isocyanate
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detected by Barnes et al. from the oxidation of N-
methylformamide.*

c. Acetamide. Acetamide reacted away too slowly within our
experimental setup to analyze its products. We show through ab
initio calculations that acetamide is indeed expected to react
more slowly than the other amides considered in this study. A
theoretical energy diagram for the acetamide + OH reaction is
provided in Figure S7. Here, an H-abstraction can again
transpire at the nitrogen, but with a barrier significantly above
the reactant energies (>S5 kcal mol™"), and this process is
expected to be negligible. Instead, abstraction from the methyl
group is thought to dominate, proceeding via a transition state
at 2.04 kcal mol™' above the reactants, leading to the
CH,C(O)NH, radical as the major product. The relatively
large barrier for this reaction can explain the slow kinetics
reported here, where the rate coefficient is measured to be a
fraction of that of the formamide + OH reaction. The slow rate
of reaction also likely contributes to the difficulties associated
with obtaining reproducible measurements of the acetamide +
OH rate coefficient in the chamber experiments. According to
these calculations, the N—H abstraction is uncompetitive, in
contrast to the proposed mechanism by Barnes et al,”” and we
therefore suggest that the abstraction occurs solely on the
methyl group. The products have yet to be quantified, although
we did detect formamide and HNCO, but we believe that the
proposed 100% yield for HNCO by Barnes et al. is unlikely.*’

d. N-Methylacetamide. Time traces of the evolution of the
products of N-methylacetamide are presented in Figure S4.
Formamide was detected as the major product with measured
yields between 62 and 87% and a fit of 80% yield best
reproduced its experimental trace. A product at m/z 60 was also
observed and could be either N-methylformamide or
acetamide. Its trace was fitted with a yield of 10% using
Equation S6 under the assumption that m/z 60 is a primary
product but has a sink with a rate coefficient similar to
acetamide’s with OH. HNCO was also detected as a product
and was fitted with Equation S9.

A theoretical energy diagram for N-methylacetamide’s
reaction with OH is provided as Figure S8. The ab initio
calculations once again indicate that abstraction from the N—H
site requires a large barrier (3.35 kcal mol™) and it is not
discussed further. There are two unique C—H bonds in N-
methylacetamide, analogous to the respective methyl group
abstractions in acetamide and in N-methylformamide. The
lowest barrier to reaction corresponds to H atom abstraction
from the N-methyl group, producing the CH,NHC(O)CH,
radical. This radical should be the dominant reaction product,
accompanied by lesser quantities of CH;NHC(O)CH,. The
calculated overall barrier height for N-methyl H-abstraction
(=196 kcal mol™") is similar to, but somewhat less than, the
equivalent H-abstraction in N-methyformamide (—1.30 kcal
mol™") due to the introduction of the acetyl functional group.
The substantially higher experimental rate coefficient for the N-
methylformamide versus N-methylacetamide reaction with OH
therefore provides further support for our finding that formyl
C—H abstractions are primary processes in the photochemical
oxidation of amides, when available. The barrier for H-
abstraction from the acetyl group in N-methylacetamide (1.34
kcal mol™!) is also reduced somewhat from that for the
analogous process in acetamide (2.04 kcal mol™') by
introduction of the N-methyl substituent, although it remains
above the reactant energies.

Formamide may arise as a secondary oxidation product of the
CH,NHC(O)CH,; radical (by analogy to N-methylformamide).
Since this radical is the major reaction product, it may be
consistent with formamide yields in the range of 62—87%.
Formamide may also be produced as an oxidation product of
N-methylacetamide originating from the CH;NHC(O)CH,
radical. We also cannot rule out the possibility that formamide
is being produced via heterogeneous chemistry occurring on
the walls of the chamber and the exact mechanism of
formamide production remains unclear. Comparatively, Barnes
et al. state that they were unable to detect formamide in their
experimental setup due to interferences with the OH radical
precursor, CH;ONO, and potential oxidation products.*’

e. Propanamide. Time traces of the evolution of the
products of propanamide are presented in Figure S5. The major
oxidation product detected is formamide but its experimentally
measured yield fell within the uncertainty associated with the
formamide production during amide-free control experiments
so we only report a < 30% yield. On the other hand, using
Equation S6 in a kinetic box model to fit the formamide trace,
we obtain a yield of 60%. The discrepancy between the
measured and fitted yields is likely due to the presence of a sink
for formamide at long reaction times (see Figure SS). HNCO
was detected during the experimental oxidation and again may
be a primary or secondary product.

When the methyl group in acetamide is extended to an ethyl
group, as in the case of propanamide, we find that N—H
abstraction still requires a significant barrier, but that
abstraction from the now secondary C—H carbon has a slightly
lower (but still positive) transition state barrier of +0.34 kcal
mol™" (Figure S9). On the other hand, abstraction from the
primary C—H site proceeds with a barrier just below the
reactants (—0.30 kcal mol™). Within the accuracy of the
reported calculations, we therefore suggest that both the
CH,CH,C(O)NH, and CH;CHC(O)NH, radicals will arise as
products of the propanamide + OH reaction. These results also
support a rate coeflicient for the reaction of propanamide with
OH that is toward the lower end of the amides measured in this
study.

Even though we are not quantitative about the yield of
formamide from the oxidation of propanamide, its production
could originate from the minor NH,C(O)CHCH; radical
product, relative to the NH,C(O)CH,CH, radical (which we
then hypothesize cannot lead to formamide production).
Irrespective of these speculations, the specific pathways that
result in relatively high yields of formamide from oxidation of
all of the substituted amides studied here remain to be resolved
and the role of heterogeneous chemistry should also be
considered.

3. Reactivity Trends. Figure 7 provides the structures of
nine simple amides and includes a summary of the rate
coeflicients measured in this work and in previous work. The
compounds are arranged in rows with increasing degree of N-
methylation from left to right, and in columns with increasing
length of alkyl chain from top to bottom. The rate coeflicients
increase as a function of increasing number of methyl groups
on the nitrogen. This observation may be explained by the
addition of a methyl group which adds a competitive reactive
pathway for H-abstraction from the methyl C—H. Yet, the
ability of the methyl group to donate electron density to the
amide bond facilitates the H-abstraction of the acetyl C—H by
the electrophilic OH radical. There is a decreasing reactivity
trend from formamide to propanamide to acetamide toward

dx.doi.org/10.1021/jp503759f | J. Phys. Chem. A XXXX, XXX, XXX—XXX



The Journal of Physical Chemistry A

)i X 1
.CH .CH
H” NH; HOW S
: CHs
formamide N-methylformamide N, N-dimethylformamide
k=(444£046) x 10"  ;=(10.1+06) x 1072 k=(14£3) x 1072
this work this work Solignac et al.
i R i
A A, CHy A CHy
HiC™ “NHa HeC™ "N HaC™ "N b
CH;

acetamide

N-methylacetamide

N, N-dimethylacetamide

k=(0.77 £+0.35) x 102  Kk=(54210.19) x 1072 k=(19£3) x 1072

this work this work Solignac et al.
j ﬁ
Hac A\ Ny HC A -CHa Hc L cHs

? CH;
N.N-dil‘nethylprupan:—_lmi.rJL
k=(207£7) x 10"

propanamide
k=(1.78 £ 0.43) = 10°"2

N-methylpropanamide
k=(76£7) x 10

this work Koch et ﬂ Koch et al.

Figure 7. Summary of room temperature rate coefficients with OH
radicals of nine amides based on their alkyl chain length (grouped by
colors) and degree of N-methylation (grouped by column).

OH radicals which also seems to hold true for their methylated
analogues. This trend is not straightforward since the H-
abstraction occurs at different locations on the H/alkyl
functional group attached to the carbonyl, dictating the
preferred mechanistic pathway and hence influencing the
experimental rate coefficient.

The rate coefficients of amides with OH radicals are slower
than with their homologous amine. For example, the rate
coefficient of methylamine, the homologue of formamide has a
rate coefficient of (17.3 + 1.1) X 1072 cm® molec™ s, almost
four times the rate of formamide.** The carbonyl moiety draws
electron density from the functional groups on either side of its
carbon atom, rendering them less reactive toward an OH
radical. This chemical property explains why amides are longer
lived in the atmosphere than amines. An incomplete
homologous summary for amines is depicted in Figure S10.

The U.S. Environmental Protection Agency’s (EPA)
Estimation Program Interface (EPI) Suite model was used to
compare the experimentally determined amide rate coefficients
shown in Figure 7 with their empirical estimates.*’ The
AOPWIN module (v1.92) within the EPI suite model employs
structure—activity relationships (SARs) for estimating OH
reaction rate coefficients based on those developed by Atkinson
and co-workers.”**** Figure 8 shows the correlation between
the predicted rate coeflicients using EPI Suite and the measured
rate coefficients; the numbers (1°, 2°, 3°) represent the degree
of N-methylation on the amide, and the colors match the amide
groups in Figure 7. The model appears to correctly predict the
influence of the changing degree of N-methylation, but
struggles to represent the primary amides (formamide,
acetamide, and propanamide). These primary amides are the
slowest to react with OH and, consequently, have the longest
atmospheric lifetimes.

Upon consultation of the AOPWIN user guide, we can better
assess the origin of the predicted rate coeflicients. Interestingly,
the AOPWIN model does not consider formyl C—H
abstractions in amides, but does include N—H abstractions,
along with reaction at saturated carbon atoms (see Supporting
Information for relevant AOPWIN notes). However, our ab
initio and product detection results demonstrate that the formyl
C—H and the alpha C—H abstractions are likely to be major
reaction channels for the amides. Furthermore, we show that
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Figure 8. Plot of predicted rate coeflicients using EPA’s EPI Suite
model as a function of experimentally measured rate coefficients for
the nine amides in Figure 7. The numbers represent the level of N-
methylation on the amide, so that 1° represents primary amides, 2°
represents secondary amides, and 3° represents tertiary amides. The
color coding matches Figure 7 so that the blue series represents
formamide and its alkylated analogues, the red series represents
acetamide and its alkylated analogues, and the green series represents
propanamide and its alkylated analogues. The solid line is the 1:1
relationship, and the dotted lines have slopes differing by a factor of 2
from the 1:1 relationship.

N—H abstractions, when available, should in all cases be
negligible. Attempts to determine a value for the substituent
factor F(—C(O)N< ) for amides in the context of the SAR
model of Kwok and Atkinson** proved to be difficult with the
limited data set of rate coefficients presently available, and
further kinetic studies are needed. However, our experiments
on formamide suggest that the rate coefficient term k(HC(O)
N<) should be around 4 X 107'? cm® molec™ s™' and this
number is also compatible with the available data for N-methyl
and N,N-dimethylformamide. In comparison, the analogous
aldehyde C—H abstraction rate coefficient term is 17 X 107"
cm® molec™ s7.* It is therefore apparent that the —NH,
group is deactivating the formyl C—H abstraction, although not
to the extent where it can be neglected altogether (as is
presently the case). The rate coefficient component attributable
to N-methyl abstractions should be about 5 X 1072 cm?
molec™ s7!, consistent with most of the reactivity occurring
on the methyl group for N-methylacetamide for example.
Furthermore, a total rate coefficient on the order of 10 X 1072
cm® molec™ s7! for N-methylformamide agrees well with the
reaction proceeding at almost equivalent rates at the alkyl and
formyl substituents. It does appear that N-methylation of
amides has a minor impact upon the reactivity of the acetyl
functionality, and vice versa.

This analysis prompted us to consider the analogous series of
amines shown in Figure S10, and their predicted rate
coefficients are plotted against the experimentally measured
rate coefficients of amines with OH radicals in Figure S11. The
AOPWIN output predicts a major contribution from the N—H
abstraction mechanism. Nonetheless, the N—H abstraction
channel appears to be of more significance for amines than for
amides.'” This study’s mechanistic work suggests a
reevaluation of the way that H-abstraction is treated for
organo-nitrogen compounds within the AOPWIN model and
ongoing work in our laboratory aims to address this issue.
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B CONCLUSIONS

The rate coefficients of the oxidation of five different amides
with OH radicals were measured for formamide (4.44 + 0.46)
x 1072 cm® molec™ s7!, N-methylformamide (10.1 + 0.6) X
1072 cm® molec™ s7!, acetamide (0.4—1.1) X 107* cm?®
molec™ s7!, N-methylacetamide (5.42 + 0.19) x 107** ¢
molec™’ s7!, and propanamide (1.78 + 0.43) X 107'* ¢
molec™ s7! using relative rate experiments in a 1 m? smog
chamber. These rate coeflicients correspond to a wide range of
lifetimes against OH radicals on the order of 0.5—7 days using
an OH radical concentration of 2 X 10° molecules cm™. It is
therefore likely that reactions with OH radicals are the
dominant daytime sink for amides.

The evolution of the amides was monitored by PTR-MS and
so was the production of N-containing products, which
included toxic gas-phase molecules like HNCO and methyl
isocyanate. The time trace of the oxidation products were also
modeled using kinetic equations. The ab initio calculations
presented can explain the observation of HNCO and CH;NCO
upon the reaction of formamide and N-methylformamide,
respectively, with OH radicals. The peroxyl radical mechanisms
developed here are also consistent with no direct isocyanate
formation from any of the other amides investigated in this
study (although other isocyanates could be reasonably expected
to form in the OH radical reactions of other N-substituted
derivatives of formamide). The mechanism for formamide
production from N-methyl formamide and the other
substituted amides, however, remains unclear. Furthermore,
we expect that reactions with NO; radicals or Cl radicals would
lead to similar mechanistic pathway assuming a H-abstraction
mechanism.

m3
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Further details on the experimental setup and HNCO
calibration are described. Experimental and theoretical details
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