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Abstract

The OH-initiated atmospheric degradation of tert-butylamine (tBA), (CHs)3CNH,, was
investigated in a detailed quantum chemistry study and in laboratory experiments at the
European Photoreactor (EUPHORE) in Spain. The reaction was found to mainly proceed via
hydrogen abstraction from the amino group, which in the presence of nitrogen oxides (NO,),
generates tert-butylnitramine, (CHs)sCNHNO,, and acetone as the main reaction products.
Acetone is formed via the reaction of tert-butylnitrosamine, (CH3)sCNHNO, and/or its isomer
tert-butylhydroxydiazene, (CH3)sCN=NOH, with OH radicals, which yield nitrous oxide (N,O)
and the (CHs)sC radical. The latter is converted to acetone and formaldehyde. Minor
predicted and observed reaction products include formaldehyde, 2-methylpropene,
acetamide and propan-2-imine. The reaction in the EUPHORE chamber was accompanied by
strong particle formation which was induced by an acid-base reaction between
photochemically formed nitric acid and the reagent amine. The tert-butylaminium nitrate
salt was found to be of low volatility, with a vapour pressure of 5.1 x10® Pa at 298 K. The
rate of reaction between tert-butylamine and OH radicals was measured to be 8.4 (£ 1.7) x
10" cm® molecule™® s at 305 + 2 K and 1015 + 1 hPa.



1 INTRODUCTION

Amine-based post-combustion carbon capture (PCCC) is a technically and economically
viable solution for decarbonizing industrial point sources. While it is possible to remove
more than 90% of the carbon dioxide (CO,) from industrial flue gases using amine solvent
blends, small amounts of amines are usually released into the atmosphere from PCCC
facilities. Once airborne, these amines will undergo photo-oxidation resulting in the
formation of imines, amides, nitrosamines, nitramines and other degradation products.l’2 In
addition, amines will contribute to aerosol formation via acid-base reactions and contribute
to particle growth in the atmosphere.3’4’5’6'

The atmospheric degradation products of amines, both in the gaseous and particulate state,
may pose a risk to human health and the environment.’ Compounds of particular concern
are the nitrosamines and nitramines, which are known or potential carcinogens.8 The
Norwegian Institute for Public Health (NIPH) recommends the total amount of nitrosamines
and nitramines in the atmosphere not to exceed 0.3 ng m?>.? For assessing the population’s
exposure to amine degradation products in the vicinity of PCCC facilities, the kinetics and
products of atmospheric amine degradation must be known.

The photo-oxidation of 2-aminoethanol (MEA, NH,CH,CH,0H), a benchmark compound in
PCCC, has been systematically investigated in computational and experimental
studies.”'®*12 A relatively high energy penalty and fast solvent degradation do, however,
call for the use of alternative solvents.’® Sterically hindered amines,'* such as 2-amino-2-
methyl-1-propanol (AMP, (CHs3),C(NH;)CH,0OH), are prominent candidates due to their
higher CO, loading capacity, lower carbamate stability and reduced susceptibility towards
solvent degradation.”*® While the thermal and oxidative degradation of AMP in the solvent
have been well studied,”*® its atmospheric degradation remains poorly constrained.'® The
presence of the OH substituent complicates both the theoretical and experimental analysis
of its atmospheric degradation processes. Herein we thus investigate the atmospheric fate
of tert-butylamine (tBA), (CHs)3sCNH,, which resembles the AMP molecule but lacks the OH
substituent. We present the first mechanistic insights into the atmospheric degradation of
an amine in which the primary amino group is attached to a tertiary carbon. Our work will
serve as a basis for future work on the atmospheric degradation of AMP and other sterically
hindered amines.

2 MATERIALS AND METHODS

2.1 Computational methods

Quantum Chemical Calculations. Stationary points on the potential energy surface for the
reaction of OH with tBA were characterized in M06-2X"° and MP2%° calculations employing
the aug-cc-pVDZ and aug—cc—pVTZZl'22 basis sets. Pre and post reaction complexes were
located by following the intrinsic reaction coordinate (IRC)2**? from the saddle points. The
energies of the stationary points were then improved with explicitly correlated coupled
cluster singles and doubles calculations with perturbative triples scaled as recommended in
the Molpro manual, denoted CCSD(T*)-F12a.2%?” Reaction enthalpies and proton affinities
were calculated using the G4 model chemistry.28 Dipole moments and isotropic
polarizabilities used for predicting ion-molecule reaction rate coefficients® and instrumental
response factors were obtained in B3LYP/aug-cc-pVDZ and MO06-2X/aug-cc-pVDZ



30,31

calculations. The coupled cluster calculations were performed in Molpro 2012.1 whereas

the DFT, G4 and MP2 calculations were performed in Gaussian 09.%

Kinetics calculations. Master equation calculations were carried out using the program
MESMER 3.0 (Master Equation Solver for Multi-Energy-well Reactions)® for simulating the
kinetics of the OH radical reactions with tBA and the branching in consecutive reactions at
atmospheric conditions. The required input parameters for molecules, intermediate species
and products were obtained from ab initio calculations. Phenomenological rate coefficients
were extracted from the chemically significant eigenvalues using a procedure similar to that
described by Bartis and Widom.**** Lennard-Jones parameters for the various molecular
species were approximated with values for the hydrocarbon of similar size and shape.® For
N, and O, we used o(N,) = 3.74 A, /k (N,) = 82 K, (0,) = 3.48 A and €/ks(0,) = 103 K.*® The
energy transfer in collisions with N, and O,, <AEgown>, Was set to 250 cm™. Variation of these
parameters resulted in only minor differences in the calculations. Spin-orbit coupling in the
OH radical (139.7 cm™)*” was included in the kinetic model by lowering the energy of the OH
radical with half of the splitting and including the I3/, and °I1y/, spin-orbit states in the
electronic partition function. It was assumed that spin-orbit coupling could be neglected in
the pre-reaction adduct and in the saddle points.

2.2 Experimental Methods

European Photoreactor (EUPHORE). A series of experiments was carried out in chamber B
of the EUPHORE facility in Valencia, Spain. The 200 m?® polytetrafluoroethylene (PTFE)
atmosphere simulation chamber has been described in detail elsewhere® and only the
details pertinent to this work are given here. A syringe pump was used to inject known
amounts of tBA (or do-tBA) into the chamber via a heated (120 °C) transfer line made of
passivated stainless steel. The line was flushed with nitrogen during injection. Initial tBA
mixing ratios in the EUPHORE chamber were ~220 ppbV. Nitric oxide (NO) was injected
using a gas-tight syringe. A basic scrubber was inserted into the injection line for removing
traces of nitric acid. Nitrogen dioxide (NO,) was generated from NO via addition of ozone
(O3). The initial experimental conditions of the different experiments carried out are listed in
the Supporting Experimental Information. After opening the chamber canopy, isopropyl
nitrite (IPN) was continuously added to the chamber in a flow of nitrogen as an efficient OH
radical precursor. Acetonitrile was used as a virtually inert dilution tracer in the kinetic
study. The EUPHORE facility is equipped with standard monitors for pressure (p),
temperature (T), relative humidity (RH), NO, NO,, O3, NO, photolysis frequency (jno2) and
submicrometer particle size distribution. For the experiments described herein, we
deployed a series of additional analyzers/analytical methods which are described in more
detail in the following sections.

Proton-Transfer-Reaction Time-of-Flight Mass Spectrometry (PTR-ToF-MS). A commercial
PTR-TOF 8000 instrument (lonicon Analytik GmbH, Innsbruck, Austria) was used for
measuring tBA and its photochemical oxidation products in the gas phase. The instrument
has been described in detail elsewhere® and thus only the details pertinent to this study are
described here. The drift tube was kept at a temperature of 100 °C and a pressure of 2.30
mbar. The electric field applied to the drift tube was periodically switched in 180 s intervals,
i.e. measurements were performed at alternating E/N-values of 65 and 105 Td (1 Td = 10"
V cm™ molecule), respectively. The PTR-TOF 8000 instrument was interfaced to the
chamber using Siltek®/Sulfinert®-treated stainless steel tubing (total length: 143 cm, 60 cm



extending into the chamber, ID: 4.57 mm, temperature: 100 °C, flow: 20 lpm). The flow to
the instrument was subsampled through PEEK® (polyetheretherketone) capillary tubing (OD:
1.59 mm). The instrument was regularly calibrated against a gaseous reference standard
containing 13 hydrocarbons and oxygenated hydrocarbons. The instrument was further
calibrated for tBA and tB-nitramine using a commercial liquid calibration unit (LCU; lonicon
Analytik GmbH, Innsbruck, Austria) for evaporation of gravimetrically prepared aqueous
standards in nitrogen. For other analytes reported herein, we used theoretically derived
instrumental response factors as listed in the Supporting Experimental Information.

Chemical Analysis of Aerosol Online (CHARON). A CHARON-PTR-ToF-MS instrument was
used for measuring amines, amine degradation products and nitrate in the particulate
phase. A prototype CHARON inlet*®** was interfaced to a second commercial PTR-TOF 8000
instrument (lonicon Analytik GmbH, Innsbruck, Austria). The CHARON inlet strips off gas-
phase analytes, enriches the particle concentration in the PTR-ToF-MS subsampling flow and
vaporizes the particles prior to ionization and mass spectrometric analysis. In this study, the
vaporization temperature was set to 140 °C. Vaporization occurs at an absolute pressure of
a few mbar. The CHARON inlet was interfaced to the EUPHORE chamber using
Siltek®/Sulfinert®-treated stainless steel tubing (total length: 415 cm, 40 cm extending into
the chamber, ID: 4.57 mm). The PTR-ToF-MS drift tube was kept at a voltage of 350 V, a
temperature of 130 °C and a pressure of 2.40 mbar (100 Td). The instrument was regularly
calibrated against a gaseous reference standard containing 13 pure and oxygenated
hydrocarbons. A reference mass spectrum was obtained from the tB-aminium nitrate salt.

Aerosol Mass Spectrometry ©. A compact time-of-flight Aerosol Mass Spectrometer (C-ToF-
AMS, Aerodyne Research Inc., Billerica, MA, U.S.A.)42 was used for measuring total particle
mass loading and particle chemical composition. A reference spectrum was obtained from
the tB-aminium nitrate salt.

Thermosorb/N Cartridge Sampling and Analysis. Thermosorb/N cartridges (Cambridge
Scientific Instruments Ltd., U.K.) were collected for detecting nitrosamines and nitramines.
The cartridge was interfaced to the EUPHORE chamber using Siltek®/Sulfinert®-treated
stainless steel tubing (total length: 50 cm, ID: 4.57 mm, kept at room temperature, sample
gas flow: 1 Ipm) with a stainless steel in-line particulate filter (pore size: 2 um) and a
stainless steel shut-off valve. A first cartridge was collected before addition of any reagents
to the chamber (chamber background, 30 min sampling time). The second cartridge was
collected after the addition of the amine precursor, before the chamber canopy had been
opened (60 min sampling time). One or two additional cartridges were collected (60 min
sampling time) after the chamber canopy had been opened. The cartridges were stored at -
18 °C and sent to the laboratory where they were extracted and subjected to analysis using
comprehensive two-dimensional Gas Chromatography - Nitrogen Chemiluminescence
Detection (GCxGC-NCD). The details of the extraction process and chromatographic analysis
are given in the Supporting Experimental Information. Recovery of tB-nitramine from the
Thermosorb/N cartridges was determined by comparing the peak area obtained from a
vapor spiked cartridge with the peak area obtained by direct standard injection. The
recovery test was carried out in triplicate and an average recovery level of 61.5% was
achieved (RSD <12%).

Quartz Filter Sampling and Analyses. At the end of each experiment, when the chamber
canopy had been closed, the remaining aerosol was collected onto 47 mm diameter quartz
fiber filters (Whatman, Maidstone, U.K.) using a high-volume sampling pump (flow rate: 48
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lpm, sampling time: 60 min, total volume collected: 2.88 m?). The filters had been pre-baked
at 550 °C and wrapped in aluminum foil prior to sample collection. After collection, the
samples were stored at -18 °C prior to analysis in the laboratory. Various extraction and
chromatographic techniques were applied. GCx-GC-NCD was used for detecting
nitrosamines and nitramines in the filter samples. Recovery of tB-nitramine from the filter
paper was determined by comparing the peak area obtained from a spiked filter with the
peak area obtained by direct standard injection. The recovery test was carried out in
triplicate and an average recovery level of 86.6% was achieved (RSD = 3.52%).
Comprehensive two-dimensional Gas Chromatography Time-of-Flight Mass Spectrometry
(GCxGC-TOF-MS) was used for identifying additional amine photo-degradation products. lon
chromatography (IC) was used for determining the presence of tBA nitrate. Recovery of
nitrate (NaNOs) and tBA from the filter paper was determined by comparing the peak area
obtained from a spiked filter with the peak area obtained by direct injection of the
standards to the IC. The recovery tests were carried out in triplicate and average recovery
levels of 98.8% (RSD =0.3%) and 76.6% (RSD = 0.4%) were achieved for nitrate and tBA
respectively. More details about the offline laboratory analyses are given in the Supporting
Experimental Information.

Volatility Tandem Differential Mobility Analyzer (VTDMA). A supplementary laboratory
study was carried out to determine the thermal properties of the tB-aminium nitrate salt.
The VIDMA used in these experiments has been described in detail previously*** and
specifically used for volatility studies on other alkyl aminium salts and ammonium nitrate
(AN)." The thermal properties of aerosol particles were inferred from the rate of
evaporation of submicrometer particles produced by nebulizing aqueous solutions of the tB-
aminium nitrate salt. The particles were dried and a sample of narrow size distribution was
selected using a differential mobility analyzer (DMA). A second DMA as part of an SMPS unit
was used to determine the change in median diameter of the size distribution, resulting
from evaporation in an oven unit set at selected temperatures between 298 and 393 K.
Further details on the data analysis and the associated error are given in the Supporting
Experimental Information and in the work by Salo et al.®

2.3 Chemicals

tBA (Sigma-Aldrich, ReagentPlus®, >99%), do-tBA (Sigma-Aldrich Chromasolv®, >99.9%),
acetonitrile (Sigma-Aldrich, Chromasolv®, >99.8%), furan (Sigma-Aldrich, Chromasolv®,
>99.8%) and o-xylene (Sigma-Aldrich, Chromasolv®, >99.9%) were used without further
purification. 2-propyl nitrite (isopropyl nitrite, IPN) was synthesized from isopropanol,
hydrochloric acid and sodium nitrite, and purified by repeated washing with ice water. tBA
nitrate was prepared by adding an excess of diluted nitric acid (HNOs) to diluted tBA
followed by rotary evaporation to dryness at 80 °C.

Synthesis of tB-nitramine. Warning: Handling of concentrated and fuming nitric acid (HNO3)
needs special precautions and safety equipment. Furthermore, all nitrated compounds
should be treated as potential explosives. Synthesis attempts based on a previously used
method*®*’ failed (see Supporting Experimental Information). tB-nitramine was prepared
modifying a previously published, low-yielding method.*® By investigating the synthesis
procedure, we concluded that the low yield was caused by the water solubility of the
nitramine. In the original procedure, sufficient water to dissolve all the lithium salts was
added, causing the nitramine to be lost during extraction. Consequently, the amount of
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water added was reduced to a minimum followed by a more thorough extraction. This
considerably improved the tB-nitramine yield. The detailed synthesis procedure was as
follows. tBA (2.5 g, 34 mmol) was dissolved in 100 mL hexane and cooled to -78 °C under
nitrogen. n-Buli (2.6 M in hexane, 12 mL, 31 mmol) was added rapidly. The mixture was left
stirring for 5 minutes, and ethyl nitrate® (1.46 g, 16 mmol) was added over the course of 1
hour. The reaction was left stirring for 1 hour at the same temperature when another
portion of n-Buli (5.8 mL, 15 mmol) was added, followed by ethyl nitrate (0.73 g, 8 mmol).
After 30 minutes, the same addition of n-BuLi and ethyl nitrate was repeated. The reaction
mixture was left stirring while being slowly heated to room temperature. Water (20 mL) was
added to dissolve the lithium salts. The organic and aqueous layers were separated. The
aqueous phase was cooled on an ice bath and acidified carefully to pH=1 with HCl,q and
extracted with ether (3x100 mL). The combined organic phases, including the hexane phase,
was dried (MgS0,), filtered and concentrated in vacuo. The crude product was distilled to
give crystals of the target molecule (Bp: 86-87 °C (9 mmHg); Mp: 37-38 °C ; Yield: 1.8 g
(51%)). All reagents and solvents were commercial grade and used without further
purification.

3 RESULTS and DISCUSSION

3.1 Computational results

There are two possible routes in the reaction of tBA with OH radicals:
AH® = -78 (CH3)3CNH, + OH —  (CH3),C(NH;)CH, +H,0 (1a)
AH® =-70 > (CH3)sCNH + H,0 (1b)

The reaction enthalpies (AH®, in kI mol™) stem from G4 calculations and refer to 298 K.
Stationary points on the tBA + OH potential energy surface >0 were located in M06-2X and
MP2 calculations employing the aug-cc-pVTZ basis set. Improved energies were obtained in
CCSD(T*)-F12a/aug-cc-pVTZ computations. Six saddle points to the reaction were located,
five to C-H and one to N-H abstraction. Figure 1 illustrates the relative energies of the
stationary points on the PES based on MP2 structures.
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Figure 1. Stationary points on the PES of the tBA + OH reaction. Results from CCSD(T¥*)-
F12a/aug-cc-pVTZ//MP2/aug-cc-pVTZ calculations.

Three of the five C-H abstraction routes proceed directly via low-barrier saddle points (
SP;" - SP"), whereas two C-H abstractions (SP;" and SP") and the N-H abstraction (SP")
proceed via a common pre-reaction adduct (PRE). The subscripts increase with increasing
saddle point energy and the H-atoms involved in the abstraction reactions are specified in
Figure 1. All routes advance via post reaction complexes between the formed radicals and
H,0 on the exit side. Energies, T,°t and D;°*°3 diagnostics values, Cartesian coordinates and
vibration-rotation data are provided in the Supporting Theoretical Information.

The MP2 and MO06-2X results are virtually identical for the C-H abstraction routes while the
results for N-H abstraction route differ significantly. The PES based on M06-2X structures is
shown in the Supporting Theoretical Information along with the underlying quantum
chemistry data. The most significant differences between the MP2 and M06-2X results lie in
the saddle point structure and energy, and in the nature of the reaction coordinate. In the
MP2 description, the N-H abstraction reaction is described as a “clean” H-transfer with an
imaginary frequency of 1779 cm™ and a saddle point energy AE,- = -11 kJ mol™?, whereas
the N-H abstraction reaction is described with a significant —NH, torsional component, an
imaginary frequency of only 405 cm™ and a saddle point energy AE,- = -6 kJ mol™, in the
MO06-2X calculations (see Supporting Theoretical Information). The other significant
difference is the structure of the pre-reaction adduct(s) that were located in the IRC
calculations. The MP2 calculations show a common, H-bonded pre-reaction adduct with the
OH radical on the reaction coordinates to the C-H and N-H abstractions, in which the OH
radical is H-bonded to the nitrogen lone-pair. The M06-2X IRC-calculations locate a pre-
reaction adduct to N-H abstraction on a nearly flat surface in the vicinity of the saddle point
SPM. Similar results have been reported for the OH reactions with methylamine® and

piperazine.”® We notice that the basis set superposition error (BSSE) in the MO06-2X
calculations of PREyy, estimated by the Counterpoise method,”” is respectively 2.25 (aug-cc-



pVDZ) and 0.75 (aug-cc-pVTZ) ki mol™. This is significant considering the flatness of the PES
close to the saddle point leading to N-H abstraction. We also notice that the electronic
energy difference between SP' and PREy is 4.5 kJ mol™ larger in the M06-2X/aug-cc-pVTZ

calculation than the similar CCSD(T*)-F12a/aug-cc-pVTZ result, and conclude that the MO06-
2X localization of PREyy should be regarded with some skepticism.

Reaction (1) was investigated in a master equation model based on the PES illustrated in
Figure 1. All vibrational modes were modelled as harmonic oscillators. The tBA + OH
association reactions were treated as reversible reactions with rate coefficients
approximated by typical values of Kassociation = 4 x 10™° x (T/298K)® cm* molecule™ s™ from
long-range transition state theory.”® The post-reaction adduct dissociations were also
treated as reversible and approximated by the abovementioned rate coefficient for their
formation reactions. The model results are essentially insensitive to variations in the
Lennard—Jones parameters (¢ and &) and <AE4own>, and only slightly sensitive to the value of
the tBA + OH association rate coefficient: a 50% increase/decrease in Kassociation resulted in a
3% increase, respectively 6% decrease in k; at 298 K. Figure 2 compares the calculated and
experimental rate coefficients (see 3.2.1) for reaction (1). The branching in reaction (1)
varies slightly with temperature: kn.p/kior ~0.99, ~0.96 and ~0.89 at respectively 200, 298
and 420 K in the MP2 structure based model, and ~0.84, ~0.80, and ~0.70 in the M06-2X
structure based model. Modifying barrier heights can to a large extent counteract the
difference between the calculated branching in the two models. However, the difference in
predicted kinetic isotope effect (KIE) in the dg-tBA + OH reaction cannot. The M06-2X based
model predicts an essentially temperature independent KIE = kqo.ta+on/ Kigason = 0.698 at
298 K, whereas the MP2 based model predicts an inverse kinetic isotope effect, KIE = 1.06 at
298 K. The experimental KIE is around 0.97 (see 3.2.1).
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Figure 2. Observed and calculated rate coefficients for reaction (1) as a function of
temperature. O This work; < From Ref. 57



The theoretical study of the atmospheric fate of the (CHs),C(NH,)CH, and (CH3)sCNH radicals
is detailed in the Supporting Theoretical Information. The atmospheric reactions of these
radicals are, with a single exception, shown to follow previously established routes.” >® Here
we focus on the exception which involves the transformation and decay of the primary
nitrosamine ((CH3)sCNHNO, tB-nitrosamine) formed in the (CHs)3CNH + NO reaction:

AH® =-186 (CH3)sCNH+NO  —  (CH3)sCNHNO? (2)

(CH3)sCNHNO  _M7  (CH3)3CNH + NO (3)
AH® =-14 (CH3)sCNHNO* S (CH3);CN=NOH* (4)
AH® =-224 (CH3)sCN=NOHf  —»  (CH3),C=CH, + N5 + H,0 (5)

The enthalpies are given in kJ mol™. The tB-nitrosamine exists in two conformations (syn or
anti of the —HNNO moiety), whereas there are four stable conformations of the tB-
hydroxydiazene (syn-anti, syn-syn, anti-syn and anti-anti of the CNNO and NNOH moieties).
The barriers to rotational interconversion between the nitrosamine and hydroxydiazene
conformers are well below the entrance energy of the reactants in (2). A simplified
presentation of stationary points on the PES of reactions (2), (4) and (5) is given in Figure 3
(a complete description is given in the Supporting Theoretical Information).

The quantum chemistry calculations also reveal that the bond enthalpies of the N-H bond in
(CH3)sCNHNO and the O-H bond in (CHs3)sCN=NOH are only 332 and 345 kJ mol™?,
respectively. For comparison, the N-H and C-H bond enthalpies in tBA are 413 and 424 kJ
mol™, respectively (G4 model chemistry). Both tB-nitrosamine and tB-hydroxydiazene are
therefore expected to rapidly react with the OH radical:

AHC = 161 (CH3)sCNHNO + OH —>  (CH3)sCN=NO + H,0 (6)
AH® =147 (CH3);CN=NOH + OH —>  (CH3)3CN=NO + H,0 (7)
] (CH,),CNH + NO
0 -
50.]
'(—3 : ! : ;! B
& -100
- J
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W -150-
a J
] I (G .CN=NOH
-200 == (CH,),CNHNO syn-anti A
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-425 anti-anti | (CH,),C=CH,
450

Figure 3. Stationary points on the simplified PES of the (CH3);CNH + NO reaction. Results
are from CCSD(T*)-F12a/aug-cc-pVTZ//MO06-2X/aug-cc-pVTZ calculations.

The atmospheric fate of tB-nitrosamine was investigated in a master equation model based
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on the PES illustrated in Figure 3 and including nitrosamine photolysis (jnitrosamine = 0.34 X
jno2)” and the OH radical reactions (6) and (7). These reactions proceed via pre-reaction
complexes and submerged barriers and have rate coefficients on the order of 10° cm?
molecule™ s (for more details see the Supporting Theoretical Information). For the
chamber experiments conditions (<jno2> ~ 6 x 1072 s, <[OH]> ~ 10" cm™, see 3.2.1) the
calculations suggest that ~75 % of the initially formed tB-nitrosamine is removed by the OH
reactions (6) and (7), whereas ~25 % is removed by photolysis. Less than 1 % will be
removed via reaction (5). For average ambient conditions (<jno2> ~ 1.6 X 107 s, <[OH]> ~
10° cm?®)* the calculations suggest that ~50 % of the initially formed nitrosamine is
removed by the OH reactions (6) and (7), whereas ~45 % is removed by photolysis. Less than
5 % of the tB-nitrosamine will be removed via reaction (5). The (CH3)sCN=NO radical may
subsequently dissociate resulting in the formation of nitrous oxide (N,O). The barrier to
dissociation of the (CH3);CN=NO radical is ~ 50 kI mol™ below the entrance energy of the
reactants and its atmospheric lifetime is consequently relatively short:

AH® = +34 (CH3)sCN=NO — (CH3);C+ NNO (8)

The atmospheric fate of (CHs);C is well established and yields acetone and formaldehyde as
the main products. The main routes in the atmospheric reactions of the (CH3);CNH radical
are summarized in Scheme 1. The main routes in the atmospheric reactions of the
(CH3),C(NH,)CH, radical are presented in the Supporting Theoretical Information.

NH»
OH
‘ NO, NO | H-shift | A
‘ - —_— CH2 + N2 + HZO
hv | | <5%

NHNO, "NH NHNO N=NOH

‘ 0 N %

‘ A | 0,/NO (CH3),CO
_ NO + —C+ -eeiei—————» +
| CH,0
NHO NNO'

Scheme 1. Predicted atmospheric fate of the (CH3);CNH radical.

3.2 Experimental results
3.2.1 OH reaction kinetics

We carried out two relative rate experiments in the EUPHORE chamber which included both
tBA and dg-tBA. Furan and o-xylene were used as reference compounds. Figure 4a displays
the time evolution of the PTR-ToF-MS signal count rates as measured during the first kinetic
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experiment. The second kinetic experiment is documented in the Supporting Experimental

Information.
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Figure 4. (a) Time evolution of tBA, ds-tBA, the reference compounds o-xylene and furan,
and the inert dilution tracer acetonitrile as observed during a relative rate experiment in
the EUPHORE chamber. (b) Double-logarithmic plot showing the OH-induced decay of
furan (black), o-xylene (red) and ds-tBA (blue), respectively, relative to the decay of tBA.
The data have been corrected for dilution losses and partitioning to the chamber walls and
particles formed.

The dilution rates (derived from the decay of acetonitrile) in the two experiments were 6
and 9 x 10° s, respectively. Wall loss rates (derived from the reagent decay prior to
chamber opening) ranged from 1 to 2 x 10° s Initial mixing ratios were ~100 ppb for the
reference compounds and ~200 ppb for tBA and dy-tBA. Average OH densities in the
EUPHORE chamber (derived from the reagent decay after chamber opening) were 9.1 x 10°
cm™ and 7.4 x 10° cm’, respectively. The average pressure in the two experiments was
1015 £ 1 mbar; average temperatures were 304 + 2 K and 306 2 K, respectively.

Least—squares fitting of the loss-corrected data (for details see Supporting Experimental
Information) in Figure 4b resulted in the following relative rates (2o statistical error limits):
kowstea/Kon+ruran = 0.217 £ 0.005 and Komstea/Kon+o-xylene = 0.589 £ 0.011. The duplicate
experiment gave consistent results: Koustsa/Kow+ruran = 0.205 £ 0.006, kontsa/Kon+o-xylene =
0.567 £ 0.015. We suggest the averages as our best estimates for the relative rates:
ko+tea/Kon+ruran = 0.211 + 0.006 and kontsa/Kor+o-xylene = 0.578 = 0.015. Using the currently
recommended absolute rate coefficients at 305 K from critical reviews kon+ruran = 3.95 % 10!
(uncertainty factor 1.20)60 and Kow+o-xylene = 1.47 X 10 ¢cm® molecule® s (uncertainty factor
1.25),61 places our absolute values for kous«ea at 8.3 = 1.7 and 8.5 (£ 2.1) x 10 cm?
molecule™ s?, respectively. Assuming that there are no additional molecule specific
systematic errors, we derive kopsea = 8.4 (£ 1.7) X 102 ¢m® molecule™ s at 305 + 2 K and
1015 + 1 hPa from the present experiments. For comparison, Koch et al.”’ reported Konsta =
1.20 (£ 0.12) and 0.96 (+ 0.10) x 10™! cm® molecule™ s™ at 298 and 420 * 2 K, respectively,
from flash photolysis/resonance fluorescence experiments. We note that neglecting the
influence of particle formation in our experiments results in a rate coefficient of ~1.1 x 10"
cm® molecule™ s™. An OH reaction rate coefficient of 8.4 x 10" cm® molecule™ s results in an
atmospheric lifetime of 33 hours assuming an averaged 24-hour OH radical number density of 1.0 x
10° molecules cm™.
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The KIE (koh+do-tea/kon+ta) measured in the two experiments was very small, 0.971 + 0.011
and 0.968 + 0.026, respectively. We take this as a first experimental evidence that the OH-
initiated photo-oxidation of tBA is dominated by attack at the amino group.

3.2.2 Gas-phase products

Figures 5a and 5b show the PTR-ToF-MS mass spectra obtained from the gaseous products
of the tBA + OH and the ds-tBA + OH reaction, respectively. The reader is cautioned that the
mass spectrum from the latter reaction also contains traces of non-deuterated products
(carry-over effect). The time evolution of the reagent amine and the six main reaction
products is plotted in Figure 5c. The product yield (on a carbon basis) is given in parentheses
in the legend of Figure 5c. The yield was calculated for the first 50 minutes of reaction.
Corrections for dilution losses and for partitioning of the amine to the chamber walls and
particles have been applied.

The mass spectra show distinct signatures from the two main reaction products predicted
by theory, acetone and tB-nitramine. m/z 59.049 (C3H,0") is the most abundant signal in
both product mass spectra. We assign this peak to acetone which is, however, also the main
product of IPN photolysis (used as OH radical precursor). The observation of deuterated
acetone (m/z 65.087, C3DgHO") in Figure 5b confirms that acetone is also generated from
the amine-OH reaction. Acetone (pink trace in Figure 5c) forms later than other species,
confirming that it is a second-generation product.

——BA al
00 4 ~—e— {B-nitramine (33.7%) AR .
—=— acetone (20.5%) =

59.049

-l

0.8

—— 2-methylpropene (6.3%)
—— formaldehyde (4.1%)
—o— acetamide (0.4%)
—— propan-2-imine (0.2%)

0.6 -

58.065

0.4 -

Signal change relative to AtBA

0.2 -

0.0

42.035

1 .57.071

—

177.024

103.050

119.081

1.0
0.8

0.6 -

59.049)

65.121

128.136

ey
o
1

%S
1

Volume mixing ratios (ppbV)

0.4 -

©
P
1

0.2 ! _
-b S
0.0 () T 1 — T = T I = 1

30 40 50 60 70 80 90 100 110 1
m/z

-27.071 58,065
63.064 64.113
F——=—65.087
66.127
77.023
-+119.078

0 15 30 45 60 75

0 130 Time since chamber open (min)

N

Figure 5. PTR-ToF-MS mass spectra obtained from the gaseous products of the tBA + OH
(a) and do-tBA + OH reaction (b). Only signals with a yield >1% (Acpsproduct ion/ ACPSreagent ion)
are shown. C-isotopes and known chamber artefacts have been omitted. The time
evolution of the reagent and major products (as observed during the do-tBA experiment) is
shown in panel (c). The values in parentheses refer to the product yield (on a carbon basis)
during the first 50 minutes of reaction.

tB-nitramine was observed in high yields in its non-deuterated (m/z 119.083, C4H1:N,0,")
and deuterated (m/z 128.136, CsDoH,N,0,") forms. We note that protonated tB-nitramine
partially fragments to form the tert-butyl ion (m/z 57.070, C4Hs", m/z 66.128 C4Ds"). Upon
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calibration, tB-nitramine becomes the dominant reaction product (red trace in Figure 5c).
The reported yield is a lower limit due to unaccounted losses of tB-nitramine to the
chamber walls. tB-nitramine was also observed in the Thermosorb/N samples and the
measurements were in good quantitative agreement with PTR-ToF-MS observations (for
details see Supporting Experimental Information).

The product mass spectra also show the signatures of four minor products (formaldehyde,
2-methylpropene, acetamide and propan-2-imine) predicted by theory. The protonated
formaldehyde peak is not shown in Figures 5a and 5b because the signal yield is smaller
than 1%. Formaldehyde is, however, detected with reduced sensitivity in the PTR-ToF-MS
instrument. Upon calibration, the small peak at m/z 33.030 (CD,OH") becomes the third
most abundant product of the tBA + OH reaction (green trace in Figure 5c). The m/z 65.121
peak (C4sDgH") is assigned to 2-methylpropene (brown trace in Figure 5c). Acetamide cannot
be detected in the experiment with the non-deuterated reagent due to a strong
interference from 3C-acetone. ds-acetamide (m/z 63.063) is, however, seen in the mass
spectrum obtained from the products of the do-tBA + OH reaction (Figure 5b). Propan-2-
imine is detected in minor quantities at m/z 58.064 (CsHgN") and m/z 64.103 (C3DgH,N"),
respectively. The time profile suggests a rapid loss of this species, either in the gas phase or
via partitioning to the particle phase (see below).

Theory also predicts the formation of tB-nitrosamine, its isomer tB-hydroxydiazene and tB-
hydroxylamine. We did not observe the m/Z’s corresponding to the protonated molecules of
these species. This may be owned to the fact that these compounds rapidly react with OH
radicals, and that they are likely to dissociate upon protonation. We note that the predicted
inorganic product, nitrous oxide (N,0), cannot be detected by PTR-ToF-MS.

A few mass peaks in Figures 5a and 5b cannot be explained in terms of theoretically
predicted degradation pathways of tBA. The peak at m/z 77.023 (C,HsO3") is present in both
mass spectra indicating that it is a by-product in IPN photolysis. The two minor peaks at m/z
42.035 (C,H4N*) and m/z 103.049 (CsH;N,0,") are tentatively assigned to acetonitrile and
CH,=C(CH3)NHNO,, respectively. The latter probably generates from the photo-oxidation of
the tB-nitramine.

3.2.3 Particle-phase products

In all experiments, the tBA + OH reaction was accompanied by strong particle formation (up
to 10° #/cm?) in the EUPHORE chamber (Figure 6a). AMS measurements indicate that the
particles formed were mainly composed of tB-aminium nitrate (>90%, by mass), with the
remaining fraction being made up of water and ammonium. IC analyses of the filter samples
also found nitrate and the tB-aminium ion as the main ionic aerosol constituents (see
Supporting Experimental Information). This finding does not come unexpected as all
experiments were conducted in the presence of NO,. Photochemically formed nitric acid is
expected to react with the reagent amine (and other basic compounds in the chamber),
forming low-volatility salts and thus inducing particle formation and growth.
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Figure 6. (a) Particle size distribution in the EUPHORE chamber as function of time (b)
CHARON-PTR-ToF-MS mass spectrum obtained from the particles formed when tBA was
reacted with OH radicals in the presence of NO,.

The CHARON PTR-ToF-MS also observed tB-aminium nitrate in large abundances (Figure 6b).
tBA is detected at m/z 18.033 (H4N"), 57.070 (C4Hs') and 74.096 (C4Hq,N*), while nitrate is
detected at m/z 45.993 (NO,"). The minor peak at m/z 58.065 (CsHgN®) is assigned to
propan-2-imine. Our calculations indicate that the imine has an 8 kI mol™ higher proton
affinity than the amine which makes it plausible that the imine displaces the amine in the
salt. The protonated nitramine was only observed in traces (m/z 119.081 signal multiplied
by 100 in Figure 6b; equivalent to concentrations in the low ng m? range). This contradicts
our results from the filter samples onto which several hundreds of ng m™ of tB-nitramine
were detected (see Supporting Experimental Information). This may be explained by the
adsorption of gaseous tB-nitramine onto the quartz filters. 2-methyl-2-nitropropane
((CH3)3CNO,), N-tert-butylacetamide ((CH3)sCNHC(O)CHs3) and N-tert-butylformamide
((CH3)3CNHC(O)H) were also detected on the filter samples (see Supporting Experimental
Information).
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Figure 7. Thermal properties comparison of tB-aminium nitrate with corresponding
nitrates from monomethylamine (MMA), dimethylamine (DMA) and trimethylamine
(TMA). Data for ammonium nitrate have been included for reference. Two separate
experiments with initial particle diameters of 81 and 105 nm, respectively, were carried
out with tB-aminium nitrate particles.

The vapor pressure and enthalpy of vaporization of tB-aminium nitrate was determined in
supplementary laboratory experiments. Figure 7 shows the volume fraction remaining when
submicrometer particles composed of pure tB-aminium nitrate, methylaminium nitrate and
dimethylaminium nitrate, respectively, were exposed to heat.

tB-aminium nitrate was found to be significantly less volatile than the alkylaminium nitrates.
The vapor pressure of tB-aminium nitrate derived from the Clausius—Clapeyron relationship
was 5.1 x10°® Pa at 298 K. The enthalpy of vaporization was determined to be 57 kJ mol™. It
should be noted that we assumed evaporation of a liquid and not from a crystalline phase
(for a detailed discussion see Salo et al.*®). The low vapor pressure of tB-aminium nitrate
explains the pronounced particle formation during the chamber experiments.

4 CONCLUSIONS

We have, for the first time, studied the reaction between OH radicals and an alkylamine in
which the amino group is attached to a tertiary carbon. Hydrogen abstraction from the
amino group was identified as the main reaction pathway. Our study confirms that
potentially harmful nitramines are formed with high yield when amines are degraded in the
atmosphere in the presence of NO,. Any environmental impact assessment study will have
to take into consideration the formation of nitramines and nitrosamines in the downwind
region of an amine-based PCCC facility. While nitrosamines are generally assumed to rapidly
photolyze in the atmosphere, in the case of the tB-nitrosamine a combination of
isomerization to the corresponding hydroxydiazene and reaction with OH radicals were
identified as competing pathways. We have demonstrated that the combined use of state-
of-the art quantum chemical and online mass spectrometric methods for measuring gases
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and aerosols (PTR-ToF-MS, CHARON-PTR-ToF-MS) is a powerful way to elucidate the kinetics
and mechanism of the atmospheric breakdown of amines.
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