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ABSTRACT

This paper investigates the pressure and temperature-dependent kinetics of CH,OO reacting with diethylamine (DEA) and ethylamine (EA) using the OH laser-
induced fluorescence method. Pressure independence was observed within the range of 5.4-75 Torr. The rate coefficients for these reactions at 298 K are (2.49
+ 0.39) x 107 and (8.14 + 1.25) x 107'2 cm® molecule™ s71. The activation energies, determined from experiments conducted between 283 and 328 K, are
(—2.01 + 0.08) and (—1.35 = 0.02) kcal mol . These reactions may contribute to the degradation of DEA and EA under specific environmental conditions.

1. Introduction

Ozone oxidation is a prominent pathway for the atmospheric con-
sumption of alkenes [1]. This process involves the addition of ozone to
the unsaturated double bond of alkenes, resulting in the formation of a
primary ozonide (POZ) with a five-membered ring. Subsequently, the
POZ undergoes rapid rearrangement and dissociation, leading to the
generation of a carbonyl compound and a carbonyl oxide, commonly
referred to as Criegee intermediates (CIs) [2,3]. These reactions are
highly exothermic, releasing approximately 200-250 kJ mol~! of en-
ergy. Consequently, a portion of this energy is transferred to the Cls,
which exist in vibrational excited states denoted as CIs* [4,5]. Upon
formation, some of the CIs* rapidly dissociate into products such as OH
and CHO, while others are stabilized through collisions with bath gases,
forming stable Criegee intermediates (SCIs) [6,7].

SCIs have a relatively long lifetime, allowing them to participate in
bimolecular reactions with atmospheric trace gases [7-10]. These re-
actions have significant implications not only for tropospheric chemical
pollution but also for environmental concerns such as aerosol formation,
and the generation of acid rain [11,12]. Consequently, SCIs have a

crucial impact on the atmospheric environment. Among the various
processes involved in the fate of CH200, the reactions between CH,0O
and water vapor, sulfur dioxide, and formic acid are primary pathways
for the removal of CH200 in the atmosphere [13].

Ammonia and amines are important nitrogen-containing organic
compounds found in the atmospheric environment. Among them,
ammonia is the most abundant alkaline substance in the atmosphere.
The atmospheric amine mass, take the measurement in the San Joaquin
Valley of California for example, ranges from 14 to 23 % of ammonia
mass, and EA and DEA accounted for 25-45 % of total amine mass [14].
These compounds originate from various sources, including both
anthropogenic and natural origins. Anthropogenic sources include ac-
tivities such as agricultural fertilization, animal husbandry, and waste-
water treatment processes. Natural sources encompass emissions from
plants and soils. Amines play an important role in new particle forma-
tion (NPF), thereby influencing the chemistry of atmospheric aerosols
[15-18]. Notably, their nucleation-promoting abilities surpass that of
ammonia [19,20]. In the marine atmosphere, Iodic acid (IA) has been
recognized as an important driver for NPF, and Ma et al. found that DEA
exhibits the highest potential among amines and O/S-atom-containing
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acids in promoting the IA-induced nucleation [21].

The reaction between CH200 and ammonia has been extensively
studied, with reported rate coefficients ranging from 5.64 to 8.4 x 10
cm® molecule™ s7! at room temperature [8,22]. Combining experi-
mental and theoretical approaches, Liu et al. [22] found that this reac-
tion exhibits weak temperature dependence, and Chhantyal-Pun et al.
[8] reported that the product of this reaction is a functionalized organic
hydroperoxide adduct, formed through the insertion of CH,OO into the
N—H bond of ammonia.

Kumar et al. calculated that the barrier of reactions between SCIs
(CH,00, syn-/anti-CH3CHOO) and amine in the gas phase decreases
with increasing methyl substitution on the amine [23]. Reactions of
CH500 with methylamine [8] and tert-butylamine [24] are measured to
be negative temperature dependence, and no obvious pressure depen-
dence at 10-75 Torr, with the rate coefficient of (5.6 & 0.4) x 10 2 cm®
molecule ! s7! at 293 K for the former reaction and (4.95 + 0.64) x
10712 cm® molecule ™! s7! at 298 K for the latter. Vansco et al. observed
that the reaction of syn-/anti-CH3CHOO with DMA generated the
insertion product (amine-functionalized hydroperoxide), and their
calculation indicated that the DMA reaction with anti-CH3CHOO is
faster than with syn-CH3CHOO by up to 34,000 [25].

In this study, we investigate the kinetic of the reactions between the
simplest Criegee intermediates, CH,OO, and DEA and EA. We explore
the pressure and temperature dependence of these reactions using the
OH laser-induced fluorescence technique. The pressure range examined
is 5.4-75 Torr, while the temperature range spans from 283 to 328 K.
Based on the obtained rate coefficients, we have conducted an analysis
to evaluate the atmospheric impact of these reactions on the depletion of
DEA and EA.

2. Experimental method

The reaction kinetics of CH,OO with DEA and EA were investigated
by measuring the OH radical produced from the decomposition of
CH200 using OH laser-induced fluorescence (OH LIF) method. The
experimental setup (shown in Fig. S1) and procedures have been pre-
viously described in the literature and are summarized here [26-29].

The experiments were carried out in a quartz flow tube reactor.
CHjl,> (TCI, >98 %) contained in a bubbling bottle was heated to a
temperature of 35 °C using a water bath and was carried to the flow tube
reactor by Ar. The concentration of CHyl, was determined by measuring
its ultraviolet absorption spectroscopy using deep ultraviolet lamp
(DUV325-H46, Roithner Laserthchnik) and an adjustable gain photo-
detector (PDB450A, Thorlabs). (CoHs)oNH (0.1 % in Ar), CoHsNH, (0.1
% in Ar), Oz (99.999 %), and balanced/carrier gas Ar (99.999 %)) were
introduced independently and continuously into the flow tube reactor
through separate mass flow controllers (MKS, GS50A Series). The total
pressure inside the flow tube reactor was measured using a capacity
manometer (MKS Baratron) and was actively controlled using a scroll
dry vacuum pump (Edwards XDS46i) and an exhaust throttle valve
(MKS 653B). The temperature of the flow tube reactor was regulated
using a temperature-controlled circulator (Yin Der BL-730) and moni-
tored using a K-type thermocouple (Omega, TECK25-9) positioned near
the detection region.

The chemical reactions were initiated by photolyzing CHyl, in the
presence of Oz using the third harmonic (355 nm) of a Nd:YAG laser
(Beamtech, Nimma 900) with a beam diameter of 5 mm. The OH radi-
cals were excited by the double frequency (282 nm) of the output of a
dye laser (Narrow Scan High Rep, Rhodamine 590 dye, 2 mm diameter)
pumped by a high repetition rate Nd:YAG solid-state laser (Edgewave
INNOSLAB:IS12II-ET, 10 kHz). In the flow tube reactor, the photolysis
laser and the detection laser intersected perpendicularly, and the time
delay between the two lasers was controlled by a digital delay pulse
generator (Stanford Research System, DG645).

The 282 nm laser excited OH through the P1(1) line of the (1,0) band
of the OH (A%st « X?I) transition. The OH fluorescence signal passed
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through a stack of optical filters (Schott UG11, Semrock FF02-320/40-
25 and Semrock FF01-315/15-25), and was amplified by a photo-
multiplier tube (PMT, Electron PDM9111-CP-TTL), collected by a
multichannel scaler (Ortec MCS-PCI), and recorded on the computer. To
improve the signal-to-noise ratio, OH time-dependent profiles were
accumulated over 1500 photolysis pulses.

3. Discussion

CH,00 is generated from the following reactions:

CH,I+ 0,—-CH,I00 (R2a)
— CH,00 +1 (R2b)

The consumption of CH00 is as follows:

CH,00 - OH + HCO (R3a) ®3)
1, other products (R3b)
k4a
CH,00 + (C;Hs),NH — Products (R4a)
(R4)
CH,00 + C,HsNH, -, Products <R4b)
CH,00 + X % Products (R5)
CH,00 + CH,00 % Products (R6)
OH consumption is described by the following reactions:
OH+Y il Products (R7)

The time-dependent OH (v’ = 0) signal can be described as follows (See
our previous work for details) [26]:

Ao(ks + k4 +Ks)

SOH(I> = n n — — 7A1€7k’7t
(ks 4 Ky + K5 )etk+Kak5) 4 2k [CH,00], (e®s+Ki+s) — 1)
@
__ . _kad[CH,00] _ . k3a[CH200] . .
where Ap = Tk ke kar A1 =Tk ke ik —[OH],, v is the detection

efficiency for OH. k4 = ky[reactant], k's = ks[X] and k', = ky[Y]. X de-
notes species that consume CH,00 other than DEA and EA, including I,
10, CHyls. Y represents species that consume OH, such as [0, CHoly,
DEA, and EA. [CH,00], represents the initial concentration of CH200,
which is in the range of 4.43-5.21 x 10'% cm™3. [CH,00], was deter-
mined by the yield of CH;00 from CHyl + O reaction [30], the con-
centration of CHsly, the absorption cross section of CHsl [31], and the
calculated flux of the photolysis laser (see the Supporting Information
for detail). [OH] represents the instant OH originated from the reaction
of excited CHoI* with Op [29]. During fitting the OH time-depended
profiles, parameters Ay, A1, ks + k’4 + K’s, and k’; were floated, and
ke was fixed to values reported by Ting et al [30].

Fig. 1 shows the OH time-dependent profiles for the reaction be-
tween CH,00 and (CoHs)oNH at various concentration of (CoHs)oNH. As
the (CaHs)2NH concentration increases, the OH signal decays faster,
indicating the reaction between CH;00 and (C,Hs),NH. The solid lines
are the fits of experimental data with equation (1) using 1stOpt 7.0
software (7D-soft High Technology Inc). The values of kg + k’45 + k’s
could be obtained from the fits. Since k3 + k’s are independent of
[(CoHs)2NH], when plot ks + k44 + k’5 against [(CoHs)oNH], the slope
of the linear fit is k4, and the intercept is k3 + k’s.
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Fig. 1. OH time-dependent profiles in the presence of various [(C;Hs)>NH] at
298 K and 10 Torr. The circled points are the experimental data, and the solid
lines are the fits of experimental data with equation (1).

3.1. Pressure and temperature dependence

Fig. 2 shows the pseudo-first-order loss rate of CH,OO as a function
of (C2Hs)2NH and CaHsNH; at 30 Torr and 298 K. These reactions were
found to be independent of pressure within the range of 5-75 Torr, and
the average values provide the best estimates of the rate coefficients:
(2.49 £ 0.39) x 107" and (8.14 + 1.25) x 10~ % cm® molecule ' s™* at
298 K for the CH200 reactions with (CoHs)2NH and CaHsNH, respec-
tively. Further details on the rate coefficients, along with the experi-
mental conditions, can be found in Table S1 and S2 in the Supporting
Information. The values from the fits were given in Tables S3 and S4 in
the Supporting Information.

Fig. 3 shows the rate coefficients for CH00 reactions with
(C2Hs)2NH and CaHsNH; at 298 K and 5.4-75 Torr, respectively. The
error bars in the figure represents the total error of rate coefficients (for
more information, refer to the Supporting Information). The reactions
between SCIs and ammonia/amines proceed through the insertion of
SCIs into the N—H bond of ammonia/amines [32,33]. Kumar et al.
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Fig. 2. Pseudo-first-order loss rate of CH>OO at 30 Torr and 298 K. The error

bar represents one standard deviation from fitting the OH time-
dependent profiles.
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Fig. 3. Measured rate coefficients for CH,OO reaction with (CzHs)oNH and
CoHsNH, as a function of total pressure at 298 K. The error bar of each rate
coefficient represents total experimental errors (15.7 % for CH,0O0 reaction
with DEA and 15.3 % for that with EA, for details, see the Supporting
Information).

conducted high-level quantum chemical calculations and Born Oppen-
heimer Molecular Dynamics (BOMD) simulations, which suggested that
the barriers for SCIs reacting with amines decrease with increasing
methyl substitution on the amine, to the extent that the reaction be-
tween CH200 and (CH3)2NH is barrierless [23]. It is highly likely that
the title reactions are barrierless, with no extrema in the reaction
pathway between the 1,2-insertion products and the reactants of CHoOO
with (CoHs)oNH and CoHsNH,, which could explain the observed pres-
sure independence in the current experiment.

Both reactions exhibit negative temperature dependence, as evi-
denced by the decreasing slopes with increasing of temperature, shown
in the Fig. S2 in the Supporting Information. The average values of the
bimolecular rate coefficients, k4, and ky4p, obtained at different tem-
peratures, are listed in the Table 1. For more detailed information,
please refer to Tables S5 — S8 in the Supporting Information.

Fig. 4 presents the Arrhenius plot for the CH200 reaction with
(CoHs)oNH and CoHsNH,, with the error bars representing the total
experimental error. The activation energy and pre-exponential factor
derived for the CH,0O reaction with (CoHs)oNH are (—2.01 + 0.08) keal
mol~! and (8.16 + 1.16) x 10 '3 cm® molecule ! s’l, respectively.
Similarly, for the CH200 reaction with (CyHs)oNH, the derived values
are (—1.35 + 0.02) kcal mol~! for the activation energy and (8.33 +
1.03) x 107'3 em® molecule ™! s for the pre-exponential factor.

The reactions involving amines, alcohols, H;O, and NH3 with SCIs
proceed via 1,2 insertion reactions. Chhantyal-Pun et al. have proposed
that the rate coefficients of 1,2 insertion reactions of CH;0O0 are
correlated to the labile hydrogen bond dissociation energy (BDE) [34].
Fig. 5 shows the rate coefficients of several relevant 1,2-insertion re-
actions of CH,00 as a function of BDE. The rate coefficients of the title
reactions are found to be close to the fitted red line. Further information
on BDE and rate coefficients can be found in Table S13 in the Supporting
Information.

Table 2 provides the rate coefficients for SCIs reactions with
ammonia and various amines. It is observed that the presence of a
methyl substitute on the amin increases its reactivity toward SCIs. For
instance, the reaction between CH,0O and methylamine is approxi-
mately two orders of magnitude faster compared to that with ammonia
[8,22,35]. Mull et al. have calculated that the reaction of anti-conformer
of methyl Criegee Intermediate (anti-CH3CHOO) with methylamine is
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Table 1
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Summary of experimental conditions and temperature-dependent rate coefficients for reactions between CH,0O and (C,Hs),NH/C,HsNH, at 283-328 K.

T/K  [CH30010/102 ecm™  [(CoHs)oNH]/10® ecm™>  kge/107 ! cm® molecule ™

[CH;0010/102 ecm ™ [CoH5NH21/10% em™2  kyp/107 12 cm® molecule ™ 571

283 5.14 2.13-11.50 2.89 + 0.45 4.88 2.19-12.84 9.21 + 1.41
298 5.14 2.17-11.55 2.49 + 0.39 4.88 2.14-12.85 8.14 + 1.25
308 5.14 2.16-11.57 2.23 + 0.35 4.88 2.22-13.31 7.59 + 1.16
318 5.14 2.16-11.58 1.96 + 0.31 4.95 2.21-13.09 7.10 + 1.09
328 5.14 2.15-11.48 1.78 + 0.28 4.95 2.16-12.71 6.60 + 1.01
—
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Fig. 4. Temperature-dependent rate coefficients (hollow dots) and the fits (red solid lines) using Arrhenius equation. The error bar represents the total experimental
errors. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

slightly faster than that of CH,0O [36]. The reactivity between amines
and SCIs is highly dependent on the conformer. For example, the re-
actions of anti-CHsCHOO with MA and DMA are approximately four
orders of magnitude faster than the corresponding reactions of syn-
CH3CHOO. Despite the lower concentrations of amines in the atmo-
sphere (approximately 14-23 % of ammonia mass [14]), their reactivity
towards CH200 is two to three orders of magnitude higher than that of
ammonia. Considering these factors, the consumption of CH,00 by
amines is more significant than that by ammonia and may even compete
with water under certain conditions.

3.2. Atmospheric impacts

Amines are involved in acid-base reactions with inorganic or organic
acids in clouds, fog, or water microdroplets, leading to the new particle
formation (NPF) [15,18]. Measurements have shown the presence of
low molecular weight alkylamines in various environments. For
instance, Rural areas in the United States have recorded DEA concen-
tration of approximately 0.15 ppbv [37,38]. In the delta region of China,
measurements have revealed varying concentrations of four amines
(MA, DMA, DEA, TMA), with DEA exhibiting the highest concentration
(6.83 x 1073-10.08 x 1073 ppbv) [39]. In an industrial dairy located in
Northern California, DEA concentrations were reported to be as high as
63.86-77.46 ppbv [40]. Furthermore, Amines exhibit seasonal varia-
tions, with DMA and EA concentrations peaking in winter [38], while

DEA concentration reaches its highest level in summer [41].

In the troposphere, the primary atmospheric degradation pathway
for amines is their reaction with OH radicals. The estimated lifetime of
EA is 10-11.7 h, while that of DEA is 2.3-3.4 h [38]. Considering typical
atmospheric concentrations of SCIs and OH, which range from 10* ~ 10°
[42,43] and 10* ~ 10° molecules cm 3 [44], respectively, and the fact
that the rate coefficient of the OH reaction is approximately five times
faster than that of CH,00, the consumption of DEA by CH200 is rela-
tively minor compared to that by OH, as shown in Figs. S5 and S6, and
Tables S14 and S15 in the Supporting Information.

In indoor environments, ozone, a prevalent indoor oxidant [45], can
react with alkenes that are commonly found indoors, originating from
sources such as air fresheners, skin oil, and cleaning events [46,47],
leading to the formation of SCIs. In these indoor environments, where
light levels are typically three orders of magnitude lower than outdoors
[48], the concentration of OH may drop significantly. As a result, re-
actions involving CH,OO may play a role in the consumption of DEA and
EA, sources of which include outdoor-to-indoor transport, smoking,
cooking, and humidifiers [49].

Previous studies have shown that atmospheric CH20O is primarily
consumed by water vapor and formic acid [13]. From Figs. S7 and S8,
and Table S16 in the Supporting Information, it is evident that at room
temperature, CH,00 is primarily consumed by water vapor, even at
relatively low humidity levels such as 20 %. As the temperature de-
creases, the reaction of CH,OO with formic acid becomes dominant, and
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Table 2
Summary of the reaction rate coefficients of CI and amines.
Reaction k (cm®s™H Conditions (P, T) Method References
CH,00 + NH3 (8.4+1.2)x 1071 10-100 Torr, 293 K Cavity ring-down spectroscopy Chhantyal-Pun et al. [8]

CH200 + CH3NH>
syn-CH3CHOO + CH3NH,

anti-CH3CHOO + CH3NH,
syn-CH3CHOO+
(CH3),NH
anti-CH3CHOO-+(CH3),NH
CH;00+(CH3)3CNH,
CH00+(C2Hs),NH
CH200 + C2HsNH,

(6.7 +0.7) x 10714
(5.64 + 0.56) x 107 *
(5.6 + 0.4) x 10712
8.88 x 10712

2.4 x 10715

5.03 x 1071°

1.97 x 10711

2.4 x 1071

8.0 x 10710

(4.95 + 0.64) x 10712
(2.49 + 0.39) x 1071
(8.14 + 1.25) x 10712

100-766 Torr, 298 K

UV absorption

Chao et al. [35]

50 Torr, 298 K OH LIF Liu et al. [22]
10-100 Torr, 293 K Cavity ring-down spectroscopy Chhantyal-Pun et al. [8]
298 K Theoretical Mull et al. [36]
298 K Theoretical Vansco et al. [25]
298 K Theoretical Mull et al. [36]
298 K Theoretical Mull et al. [36]
298 K Theoretical Vansco et al. [25]
298 K Theoretical Vansco et al. [25]
5-75 Torr, 298 K OH LIF Chen et al. [24]
5.4-75 Torr, 298 K OH LIF This work

5.4-75 Torr, 298 K OH LIF This work

the contribution of DEA to the consumption of CH,00 increases.
4. Conclusion

In this study, we have determined the bimolecular rate coefficients of
CH00 reactions with diethylamine (DEA) and ethylamine (EA) using
the OH LIF method. Notably, both reactions exhibit significant negative
temperature dependence. The rate coefficients for the CH,OO reaction
with DEA are (2.89 + 0.45), (2.49 4+ 0.39), (2.23 £ 0.35), (1.96 + 0.31),
and (1.78 £+ 0.28) x 10~ ¢m~3 molecules s at 10 Torr, while for the
CH,00 reaction with EA, they are (9.21 + 1.41), (8.14 £+ 1.25), (7.59 +
1.16), (7.10 + 1.09), and (6.60 + 1.01) x 107'% cm™> molecules s™* at
30 Torr, measured at 283, 298, 308, 318, and 328 K, respectively. We
did not observe any pressure dependence within the range of 5.4-75
Torr. Our findings suggest that at low temperatures, DEA and EA can
surpass water vapor in the consumption of CH;00. Furthermore, under

certain conditions where the concentration of DEA and EA are high, they
may play a noticeable role in the consumption of CH200.
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