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Abstract 

The rate coefficient for the possible reaction of OH radical with N2O was 

determined to be k1 < 1 × 10-17 cm3 molecule-1 s-1 between 253 and 372 K using pulsed 

laser photolysis to generate OH radicals and pulsed laser induced fluorescence to detect 

them. The rate coefficient for the reaction of NO3 radical with N2O was measured to be 

k2 < 5 × 10-20 cm3 molecule-1 s-1 at 298 K using a direct method that involves a larger 

reaction chamber equipped with cavity ring down spectroscopic detection of NO3 and 

N2O5. Various tests were carried out ensure the accuracy of our measurements. Based 

on our measured upper limits, we suggest that these two reactions alter the atmospheric 

lifetime of N2O of ~120 years by less than 4%. 

 

1. Introduction 

Nitrous oxide, N2O, is the third most important greenhouse gas1 and is now the 

most important emission of an ozone layer depleting gas.2  Nitrous oxide has both 

natural and anthropogenic sources.3 All N2O sources are spatially diffuse and emission 

rates from individual sources are low; therefore, it is difficult to quantify the emissions 

from individual sources. Our best estimate of the total emission of N2O is based on 

measured atmospheric abundance (and growth rates) and estimated atmospheric 

lifetime of N2O. Currently, the best estimate of the lifetime of N2O is roughly 120 

years.4 Therefore, any error in the calculated atmospheric lifetime leads to a 

proportionate error in the overall emission rate and the estimated budget of N2O. Such 

an error also propagates into the calculated ozone depletion potential and the global 
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warming potential of N2O. The current estimate of the atmospheric lifetime of N2O is 

based on its loss due to stratospheric removal via photolysis and reaction with O(1D). 

Even a small tropospheric loss rate due to reactions with oxidants such as OH and NO3 

would change the calculated atmospheric lifetime with consequences to the estimated 

emissions of N2O, its atmospheric budget, its global warming potential and its ozone 

depletion potential. (The potential reaction of N2O with O3 has not been studied but is 

expected to be very slow.) Therefore, it is important to quantify all potential loss 

processes. This paper focuses on the potential reaction of N2O with OH and NO3 

radicals, two of the ubiquitous oxidants in the troposphere.    

The potential reactions of Cl and Br atoms with N2O could also alter the lifetime 

of N2O since there are non-negligible levels of Cl and Br in the troposphere as well as 

the stratosphere.  The rate coefficients for the reactions of N2O with Cl5,6 and Br 6-8 

have been examined at high temperatures by Lesar et al. They have also calculated the 

barrier heights for these reactions. Based on these results, it is unlikely that the reaction 

of Cl atoms would be a significant contributor to N2O loss in the troposphere, where 

the Cl atom concentrations would be less than 1×104 cm-3 in the troposphere (see for 

example references 9,10) or the stratosphere where the concentrations are slightly 

larger11 but temperatures are lower. Even though significant concentrations 

approaching ppt levels of Br have been observed in localized areas (See for example 

reference 10), they too are unlikely to contribute significantly. Further studies of the 

halogen reactions, especially measurements at atmospheric temperatures and more 

refined quantum calculations, may be warranted.   
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Previous studies have attempted to quantify the rate coefficients for the reactions 

of N2O with OH and NO3 radicals. Four previous studies attempted to measure the rate 

coefficient for the reaction of OH with N2O: 

𝐎𝐇+ 𝐍𝟐𝐎 
𝐤𝟏
→  𝐏𝐫𝐨𝐝𝐮𝐜𝐭𝐬   (1)  

Chang and Kaufman12and Atkinson et al.13 studied this reaction using the flow tube and 

flash photolysis techniques, respectively, and placed upper limits of < 4×10-16 and < 

2×10-16 cm3 molecule-1 s-1. Gordon and Mulac14 placed an upper limit of < 1.7 ×10-14 

cm3 molecule-1 s-1 using measurements done in a pulsed radiolysis experiment.  

Biermann et al.15 reported rate coefficients for this reaction of k1= (3.8 ± 1.2)×10-17 and 

(3.1 ± 0.8)×10-17 cm3 molecule-1 s-1 at 298 K and 283 K, respectively. Fleming et al.16  

have considered this reaction in an attempt to define lifetimes of N2O and placed an 

upper limit of < 5×10-17 cm3 molecule-1 s-1 at 298 K. Clearly, this is a slow reaction, if 

it occurs at all.  However, even the upper limit noted by Fleming et al. would reduce 

the atmospheric lifetime of N2O by nearly 20 years and the calculated emissions would 

also be ~20% higher. Very recently, a theoretical study (which was carried out 

subsequent to the measurement reported here) has placed a very low value (<7×10-28 

cm3 molecule-1 s-1) for the rate coefficient for this reaction.17 

The reaction of N2O with NO3  

𝐍𝐎𝟑 + 𝐍𝟐𝐎 
𝐤𝟐
→  𝐏𝐫𝐨𝐝𝐮𝐜𝐭𝐬   (2)  

is also expected to be very slow. Cantrell et al.18 reported an upper limit of k2 < 2 × 10-

17 cm3 molecule-1 s-1. Again, such a rate coefficient would significantly alter the 

estimated lifetime of N2O in the atmosphere. Similar to k1, a theoretical study, carried 
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out subsequent to our measurements, places a very low value ( 3×10 –43 cm3 molecule-

1 s-1) for the rate coefficient for this reaction19. 

Because rate coefficients for the reactions (1) and (2) are very small, their accurate 

determination is challenging. However, the analytical capability to measure small 

reaction rate coefficients, with little or no interferences from secondary reactions, has 

improved since the above upper limits were reported a few decades ago. For example, 

the use of pulsed laser photolysis to generate the OH radical and laser-induced 

fluorescence to detect them greatly enhanced our ability to minimize photolysis of N2O 

and precisely detect OH in large concentrations of N2O. Similarly, we have recently 

developed a method to study slow reactions of NO3 by using cavity ring down 

spectroscopy coupled to a very large (7.3 m3) chamber.20, 21 Furthermore, our ability to 

measure and quantify impurities using various analytical techniques has improved over 

the past few decades. Therefore, we undertook this study to more accurately determine 

k1 and k2. 

The reaction of OH with N2O has two potential reactive pathways:17 

𝐎𝐇+ 𝐍𝟐𝐎 
𝐤𝟏𝒂
→  𝐇𝐎𝟐 + 𝐍𝟐 (1a); r H

o(298 K) = -108.0 kJ mol-11 

𝐎𝐇+ 𝐍𝟐𝐎 
𝐤𝟏𝒃
↔  𝐎𝐇 ∙ 𝐍𝟐𝐎 (1b); r H

o(0 K) = +55.2 kJ mol-1 

Reaction 1b, which is reversible addition,17 could be followed by abstraction of H by 

O2 leading to the same final products, i.e., HO2 and N2.  All other reaction pathways 

are very endothermic and are not important under atmospheric temperatures. 

 

Similarly, the reaction of NO3 with N2O has only one exothermic channel: 
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N2O + NO3 → N2 + O2 + NO2; r H
o(298 K) = -122.4 kJ mol-1  (2a) 

The other possible reactions are endothermic: 

N2O + NO3 → 2NO + NO2; r H
o(298 K) = +59.71 kJ mol-1  (2b) 

and 

N2O + NO3 →  N2O + NO + O2; r H
o(298 K) = +16.34 kJ mol-1 (2c) 

Reactions 2b and 2c are endothermic but could be facilitated by the large entropy 

change. The endothermic Reaction 2c, if it occurs at all, will not lead to N2O loss; it 

serves to catalyze NO3 decomposition.   

Here, we report the upper limits for the rate coefficient for the reactions of OH and 

NO3 with N2O and quantify the contributions of these two reactions to the loss of N2O 

in the troposphere. By this quantification, we are able to better constrain the 

atmospheric lifetime of N2O and, hence, its budget. 

 

2. Experimental Section 

We measured the rate coefficient for the reaction of OH with N2O by following its 

temporal profile via pulsed laser induced fluorescence subsequent to its pulsed-

photolytic production in an excess of N2O. We followed the temporal profile of NO3 

(and N2O5 in equilibrium with NO3) via cavity ring down spectroscopy (CRDS) in the 

presence of an excess of N2O in a large atmospheric simulation chamber. The 

experimental apparatuses, the procedures, and data analyses are different for these two 

reactions. Therefore, we will describe them separately.  
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2.1 Measurement of the rate coefficient for the reaction of OH with N2O 

The apparatus used to measure OH reaction rate coefficients via pulsed photolysis 

have been described in detail in many previous studies22 and the specific apparatus used 

here is also described  previously 23. Therefore, we describe only few details necessary 

to understand the present study. Further details, including the schematic of the 

apparatus (Fig. S1), are given in the Supplementary Information.  

The apparatus consisted of a jacketed Pyrex cell (volume = 200 cm3) through 

which N2O, H2O2 (used as the OH precursor), and a bath gas (mostly Ar) were 

introduced using calibrated mass flow controllers. Water (for temperature above 298 

K) or pure ethanol (for temperatures below 298 K) was flowed through the outer jacket 

of the reactor to achieve the desired temperature (T = 253 - 372 K). The temperature of 

the gas mixture flowing through the reactor in the reaction zone (defined as the volume 

where the photolysis and the probe beams intersect) was measured using a retractable 

thermocouple.  

H2O2 was photolyzed by a 248 nm KrF excimer laser to produce an initial 

OH concentration, [OH]0, of typically around 1011 cm-3. A Nd: YAG-pumped 

frequency-doubled dye laser was used to excite the OH radical (X2П v”=0 → 

(A2Σ+ v’=1) at λ   282 nm. The resulting fluorescence around 308 nm from 

(A2Σ+ v’=1) → (X2П v”=1) and (A2Σ+ v’=0) → (X2П v”=0) was then detected by 

a photomultiplier tube positioned orthogonally to the two laser beams. The signal 

from the PM tube was processed through a gated charge integrator and fed to a 
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computer. The time delay between the excimer and probe lasers were varied to 

change the reaction time. 

The determination of the rate coefficient of a very slow reaction is 

challenging mainly because we need to use very high concentrations of N2O, the 

excess reagent. The high concentrations of N2O very rapidly quench the OH 

fluorescence signal. The collected OH fluorescence was first passed through a 

bandpass filter centered at 310 nm with a full width at half maximum (FWHM) 

of 10 nm (with transmission >70% at 310 nm) before reaching the 

photomultiplier tube. Scattered light from the 282 nm laser beam inside the cell 

(and any fluorescence it caused in the cell), was reduced almost to undetectable 

levels by rotating the beam polarization from horizontal to vertical with a /2 

wave plate before entering the cell, installing an exit window at Brewster angle 

and dumping the beam into a beam dump to minimize back scatter.  This 

arrangement greatly reduced the scattered light and we could detect 1 ×109 OH 

cm-3 for integration of 100 pulses in 50 torr of N2O with a signal to noise of unity. 

All experiments were carried out under pseudo-first order conditions in 

[OH] by maintaining the concentrations of N2O much larger than [OH]0, the 

initial hydroxyl radical concentrations; i.e., [N2O] >> [OH]0. The temporal 

profiles of [OH], therefore, followed a first order rate law: 

[OH]t = [OH]0e
−k′t;  where k′ = k1[N2O] + k′0   (I) 

k’ is the first-order decay rate, k1 is the bimolecular rate coefficient for 

reaction (1). k’0 is the rate coefficient for OH removal in the absence of N2O; it 
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is expressed as a first order rate coefficient. This loss process is due to a 

combination of diffusion of OH out of the reaction zone and reactions of OH with 

H2O2 and impurities in the bath gas. The concentration of OH at various reaction 

times were determined by changing the delay between the photolysis and probe 

lasers, recording the fluorescence signal at 10 to 20 different delay times and 

averaging signals from up to 300 probe laser pulses for each delay time. The LIF 

signal detected by the photomultiplier tube was captured using homemade 

electronics and a LabView program. A non-linear least-squares analysis was used 

to fit the fluorescence signal versus time data to Equation (I) to extract the values 

of k′. The second-order rate coefficients were obtained from linear least squares 

analysis of the k′ values determined at various N2O concentrations. Typical first 

order fluorescence signal and plots of k’ vs [N2O] are shown in the 

Supplementary Information. 

Both the photolysis and probe lasers were operated at 10 Hz and their 

energies were measured by laser power monitors situated at the exits of the cell, 

(13-44) mJ cm-2. They remained constant during the course of measuring a given 

OH temporal profile. Between 2 and 55 Torr of N2O was added to a large flow 

of Ar for a total pressure of 500 Torr in the reactor. This mixture was flowed 

through the reaction cell (0.09 to 27 cm s-1) such that a given aliquot of the gas 

mixture was exposed to only a few laser pulses; most often, they were exposed 

to only one photolysis laser pulse.   
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The concentrations of gases inside were calculated from the measured flow 

rates of gases using calibrated electronic mass flow controllers and the measured 

temperature and pressure in the reaction cell. Pressure was determined using a 

calibrated capacitance manometer. The electronic mass flow meters were 

calibrated by measuring the rate of pressure rise when a given gas flowed through 

the mass flow controller into a known volume. Partial pressures of the gases were 

computed from the mass flow rates and the total cell pressure. The estimated 

uncertainty in N2O concentration in the reactor is better than 5%. 

 

2.2 Measurement of rate coefficient for the reaction of NO3 with N2O  

The rate coefficient for the reaction of NO3 with N2O was measured at room 

temperature (298.0 ± 1.5K) in the ICARE-7300L Teflon chamber and at atmospheric 

pressure (1000 ± 5 hpa) (shown in the Supplementary Information as Fig. S2). This 

chamber, the CRDS detection of NO3 and N2O5, the related gas handling system, and 

the procedures used to measure rate coefficients have been described in detail in our 

previous work.24, 25 The method and procedure used here were very similar to those 

described earlier. Therefore, only information necessary to understand the present work 

is given here.  

During kinetics studies, a flow (about 10 L min-1) of purified air was added to 

maintain the chamber slightly above atmospheric pressure and compensate for the 

pressure reduction caused by the continuous withdrawal of the gas mixture from the 

chamber for analysis. Maintaining the pressure slightly above ambient also prevented 
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any room air from leaking into the chamber. The chamber contents were mixed by two 

fans within the chamber. The dilution rate and mixing time in the chamber were 

measured by injecting a sample of SF6 (> 99.99%, Alpha Gaz) into the chamber and 

measuring its temporal profile using a FTIR spectrometer. In this study, the dilution 

rate (expressed as a first order rate coefficient) was 2.3×10-5 s-1 and the mixing time 

(for > 99% mixing) was less than 30s. The key analytical instruments used in this study 

are the commercial Nicolet 5700 Magna FT-IR spectrometer and a two-channel Cavity 

Ring Down Spectrometer.25 The IR spectra of the gas mixture in the chamber were 

recorded by co-adding 16 scans at a spectral resolution of 1 cm-1 (path length of 140 

m).  The time resolution with this measurement was 2 mins. N2O and SF6 were 

monitored, respectively, at 2620 cm-1 - 2410 cm-1 and 954 cm-1 - 934 cm-1. The 

integrated absorbances (peak areas) were used for calibration (See Fig. S3) which 

enabled determining the concentrations of N2O in the reactor.  

A two-channel cavity ring down spectrometer operating at 662 nm was used to 

simultaneously measure the concentrations of NO3 (in one channel) and N2O5 + NO3 

(in another channel). The time resolution of the instrument was 1s with detection 

sensitivities of roughly 0.4 and 2 pptv for NO3 and N2O5 for 1 second integration, 

respectively, as described in detail by Fuchs et al.26 Since we used roughly a ppbv of 

NO3 and a few ppbv of N2O5, the signal to noise ratios for kinetics experiments were 

excellent. The gas sample entering the CRDS system was passed through a filter to 

remove any aerosols present in the chamber and thus minimize scatter of the 662 nm 

light that degrades the signal. The total loss of NO3 and N2O5 to the walls of the CRDS 
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instrument and the filter have been estimated26-28 to be less than 20% and 4%, 

respectively, for NO3 and N2O5; these losses were accounted for in calculating the 

concentrations. The uncertainties in measuring the concentrations and rate coefficients 

are described in previous publications.25 As described previously, even though we 

studied reaction 2 under pseudo first order conditions in NO3, we need the absolute 

concentration since NO3 is tightly coupled to N2O5 in the system through its 

equilibrium, 

N2O5
  k3  
→  NO3 + NO2 (3) 

NO3 + NO2
  k4  
→  N2O5 (4) 

The rate coefficients for the reactions of NO3 radicals with N2O were measured by 

following the temporal profiles of NO3 and N2O5 in an excess of N2O. The rate 

coefficient k2 was obtained by simultaneously fitting the temporal profiles of NO3 and 

N2O5.  

First, N2O5 was injected into the chamber to generate NO3 (and NO2). An 

equilibrium among NO3, NO2, and N2O5 (Reactions 3 and 4 below) was set up rapidly 

and maintained throughout the course of kinetics studies. The initial mixing ratios of 

N2O5 were varied between 8 and 25 ppbv and the resulting initial mixing ratios of NO3 

were between 0.5 and 2.5 ppbv.  The concentrations of NO3 and N2O5 were measured 

for 10 mins to observe their losses in the chamber due to wall loss, dilution, and 

reactions with any impurities. The measured temporal profiles were fit by using a model 

that integrated the following set of reactions occurring in the chamber to derive the time 

dependence of NO3, N2O5 and NO2, as described previously:25  
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N2O5
  k3  
→  NO3 + NO2 (3) 

NO3 + NO2
  k4  
→  N2O5 (4) 

NO3
  k5  
→  loss (5) 

N2O5
  k6  
→  loss (6) 

The fitting was carried out by simultaneously minimizing the sum of least-squares 

for both NO3 and N2O5 profiles by changing the initial concentrations of each reactant 

and reaction rate coefficients of each reaction as input parameters. The values of the 

rate coefficients for the reactions involved in the equilibrium are well known. The 

equilibrium constant, keq = [N2O5]/[NO3][NO2] = k4/k3, k3, and k4 were taken from 

NASA/JPL recommendation.11 We varied k4 by less than 5% to improve the fits since 

a small uncertainty in temperature makes a significant difference in the fit.  However, 

the equilibrium constant that was used was always within 5%, the difference expected 

for a temperature variation of about 0.5 K. Using this procedure, the best values for the 

loss rate coefficients k5 and k6 in the absence of N2O (usually termed “wall loss rate 

coefficients”) were derived from the fit. 

Once the data for wall loss rate coefficients were derived, a known concentration 

of N2O (from FTIR measurements) was added to the chamber and the loss rates of N2O5 

and NO3 were monitored for up to 60 mins.   

N2O + NO3
  k2  
→  Products      (2) 

The measured profiles of NO3 and N2O5 were again fit by varying k2 while keeping all 

the other rate coefficients the same as those determined in the previous steps. The best 
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value of the rate coefficient was obtained by fitting both NO3 and N2O5 profiles (i.e., 

by minimizing the sum of least-squares for both NO3 and N2O5 profiles simultaneously).  

 

2.3 Materials used in this study 

Argon (> 99.9999%, Air Liquide) and SF6 (> 99.999%, Air Liquide) were used 

without further purification. Two samples of N2O (from Air Liquide) with stated 

purities of 99% (industrial) and 99.998% were used for all experiments. Since impurity 

levels in the N2O samples were not given by the vendors, we analysed them using a 

Proton Transfer Reaction Time-of-Flight Mass spectrometer (Ionicon PTR-ToF-MS 

8000) for reactive hydrocarbons, Fourier Transform Infrared Spectroscopy (Thermo-

Fischer FTIR) for hydrocarbons and other potential impurities such as CO and CO2, 

Cavity Ring-Down Spectroscopy (CRDS), a NOx monitor, and an Aerodyne CAPS 

NO2 monitor for NO2. The measured impurity levels were: H2O < 3 ppm, O2 < 2 ppm, 

CnHm < 1 ppm, CO < 1 ppm, CO2 < 2 ppm, H2 < 0.1 ppm (specified by vendor), N2 < 

10 ppm (specified by vendor), NOx (NO+NO2) < 1ppb, and NO2 < 1 ppm. It should be 

noted that any NO would be quickly removed in the experiments involving NO3 and 

thus would not affect the N2O rate coefficient measurement. Details are given in the SI. 

N2 had a stated purity of (> 99.9999%, Air Liquide) and was used as supplied. A 35 

wt.% H2O2 solution was obtained from Prolabo and was concentrated by bubbling 

helium (Air Liquide, ≥ 99.9999%) through the solution for several days prior to use to 

remove water and obtain concentrated (~ 90%) H2O2. Either Ar or N2 was flowed 

constantly through the H2O2 sample to keep it as pure as possible. Pure N2O5 was 
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synthesized by mixing NO with O3 in a slow flow and collecting N2O5 in a trap at 193 

K and purifying the sample, as described by Davidson et al.29. 

 

3. Results and Discussion  

In this study we measured k1 and k2 using two experimental apparatuses. The 

methods used for the analyses of the two rate coefficients are different. Further, the 

previous studies of these two reactions come from studies that were essentially focused 

on OH reaction or NO3 reactions. Therefore, we will present and discuss the results of 

the two reaction rate coefficients separately. 

 

3.1 Reaction of OH with N2O  

As a test of our ability to measure small rate coefficients, we first measured 

the well-known rate coefficient for the reaction OH with CH4: 

OH + CH4
k7
→ CH3 + H2O ; (7) 

We obtained a value of k7 = (6.19 ± 0.04) × 10-15 cm3 molecule-1 s-1 (2  precision 

only) at 298 K. When we include the uncertainty in the measurement of CH4 

concentration, we obtained a value of k7 = (6.19 ± 0.31) × 10-15 cm3 molecule-1s-

1, in excellent agreement with the current recommendations of NASA/JPL11 and 

IUPAC panels30, respectively, of 6.3 ×10-15 and 6.4 × 10-15 cm3 molecule-1 s-1. It 

is also in excellent agreement with the original measurements of Vaghjiani and 

Ravishankara22 of (6.25 ± 0.12) ×10-15 cm3molecule-1s-1 as well as that of 

Mellouki et al.,23 (6.34 ± 0.56)×10-15 cm3molecule-1s-1, using a previous version 
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of the apparatus used here. Therefore, we are confident of our OH reaction 

kinetics capabilities. 

The measured OH loss temporal profiles in the presence of N2O were always 

exponential (Fig. S4). A high pressure of Ar (500 Torr) was used as a bath gas for all 

measurements. Use of Ar, which does not quench OH fluorescence significantly, 

reduced the changes in diffusive loss of OH when large concentrations of N2O were 

added to the reactor. Fig. 1 shows a plot of the measured pseudo-first-order rate 

coefficient for the loss of OH as a function of N2O concentration at 253, 298 and 372 

K. For greater clarity the data obtained at 372 K is shown in the inset to the figure. 

Clearly, the slopes of these plots are negative and statistically different from zero. We 

attribute this slightly negative value to the reduction in OH loss rate from the reaction 

zone as N2O concentration increases (even in the presence of 500 Torr of Ar) and 

further hinders diffusion out of the reaction zone. To test this hypothesis, we replaced 

N2O by N2, which does not react with OH but has a larger collision diameter than Ar to 

reduce the diffusion out of the reaction zone. Clearly, we see a very similar behaviour 

of decreasing k’ with increasing N2 concentrations. Furthermore, use of He in 

preliminary experiments showed much larger decreases in k’ upon addition of N2O. 

These observations add confidence to our attribution of the negative value of the slope 

to the reduced diffusive loss of OH when N2O is added to the reactor. 

The only way to observe a negative rate coefficient is for a slow generation 

of OH (more than what is consumed by reactions with H2O2 and impurities) due 

to some reaction subsequent to the photolytic production OH in the presence of 
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N2O. The quantum yield for the production of OH in the photodissociation of 

H2O2 is known to be 2.11 Other potential radicals that could be produced are O 

(from N2O or H2O2 photolysis),11 atoms and HO2 radicals (from H2O2 

photolysis).31 With the known quantum yields for the production of O, H, and 

HO2, we estimate that at most 108 cm-3 of these reactive species could be 

produced in our system. The contribution of N2O photolysis is negligible (either 

via one or two photon dissociation). These radicals are not known to react rapidly 

with N2O or with H2O2. Even if they did, their concentrations are such that they 

could not influence the measured temporal profiles. To experimentally check for 

this possibility, we varied the photolysis laser fluence, initial OH concentration, 

H2O2 concentration, and linear flow velocity of the gas through the reactor. The 

obtained values of k1 were independent of these variations, demonstrating the 

absence of significant errors due to secondary reactions in our measurements.  

There are other potential reactions that could lead to the slow regeneration 

of OH. The HO2 radical (produced by OH reaction with H2O2) could react with 

O, H, or NO (either present as an impurity in N2O or produced via photolysis of 

N2O followed by the reaction of O(1D) with N2O). Therefore, we carefully 

measured the NO impurity in N2O and found it to be less than 1 ppbv; therefore 

the concentration of NO in the reaction mixture was no more than 0.1 ppbv (or 

<2.5 × 109 cm-3) in the reactor. The photolytic production of NO from the 248 

nm photolysis of N2O was calculated to be less than 2×1011 cm-3 at the laser 

fluences used here. Even if this level of NO were generated, it could not 
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reproduce OH during the time scale of the measurements. Furthermore, we varied 

the laser fluence by almost a factor of 3 with no discernible (<5%) changes and 

within the precision of our measurements). This test also excludes any two-

photon photolysis of N2O that could generate NO. Similarly, the calculated O and 

H atoms concentrations are <108 cm3. To check for any such secondary reactions, 

we modelled a set of reactions shown below. 

OH + H2O2 → H2O + HO2 (8) 

OH+  HO2 → H2O + O2 (9) 

OH → loss by diffusion (10) 

OH + N2O →  HO2 + N2 (1) 

 N2O + hν → N2 + O(1D), λ < 337 nm (11) 

O(1D) + H2O →  2OH (12) 

O(1D) + N2O →  2NO (13a) 

O(1D) + N2O →  N2 + O2 (13b) 

NO + HO2 →  OH + NO2 (14) 

 

The results showed that we could not regenerate OH in the time scale of our 

experiments. The contributions of other reactive impurities, if present, would 

only lead to an over estimation of the measured rate coefficient.  

 

We obtained the upper limits for the rate coefficients at each temperature by 

fitting all pseudo-first-order rate coefficients at a given temperature to a straight 
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line using unweighted linear least squares routine and then adding the 2 

uncertainties in the fit (Table 1). Table 1 lists the slopes of the plots shown in Fig. 

1 (k1) along with the experimental conditions used in their determination. An 

alternative way to estimate the rate coefficient is to compare the measured “negative” 

rate coefficient with that measured with N2 (a non-reacting molecule). We took the 

difference between values measured in N2O with that in N2 and added twice the 

standard deviations in the measured value to the difference. This approach yields k1 = 

(6.0 ± 2.6) × 10-18 and (4.2 ± 0.7) × 10-18 cm3 molecule-1 s-1 at 253 K and 298 K, 

respectively. Therefore, we suggest that the upper limit for the rate coefficient for 

this reaction is k1 <1 × 10-17 cm3 molecule-1 s-1 at all the temperatures measured. 

 

Table 1. Summary of experimental conditions and measured values for the rate 

coefficients, k1 (T), for the OH + N2O reaction.  These values are denoted with an 

asterisk since we attribute them to effect of N2O on OH diffusion rather than reaction 

with OH. 

T 

(K) 

Pressure of Ar 

(Torr) 

[N2O] 

(1017 cm-3) 

[H2O2] 

(1013 cm-3) 

[OH]0 

(1011 cm-3) 

Fluence 

mJ cm-2 

k1
 

(10-17 cm3 molecule-1s-1) 

      
Measured 

Upper 

limit 

253  500 (99%) 0.62-14.30 2.12-3.75 0.81-1.42 17 
-0.91 ± 0.39 < 0.88 

253  500 (99.998%) 1.41-10.52 3.18-3.89 3.12-3.82 16 

298  500 (99%) 0.44-17.60 2.57-4.22 2.42-3.96 34-44 
-1.09 ± 0.34 < 0.49 

298  500 (99.998%) 1.27-10.42 3.50-4.40 3.44-4.32 17 

372  500 (99%) 0.44-8.52 3.00-5.40 2.21-5.30 33-44 -2.26 ± 1.34 < 0.38 
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372  500 (99.998%) 1.41-6.57 3.45-4.19 3.38-4.11 13 

All quoted uncertainties are 2σ from the precision of the least-squares analysis 

of k’ versus [N2O].  

 

Comparison with literature values: Gordon and Mulac14 followed the temporal profile 

of OH via resonance absorption following pulsed radiolytic production of OH in the 

presence of N2O and reported an upper limit of k1 < 1.7×10-14 cm3 molecule-1 s-1 at 440 

K. Atkinson et al.13 reported an upper limit of < 2×10-16 cm3 molecule-1 s-1 at both 298 

K and 442.8 K using the pulsed photolysis-resonance fluorescence technique. Chang 

and Kaufman12 failed to measure an observable enhancement in OH loss rates in the 

presence of N2O in their flow tube reactor and place an upper limit of <4×10-16 cm3 

molecule-1 s-1. Our values are lower than these three reports but consistent with them 

given that they are all upper limits.  

However,  Biermann et al.15 reported k1= (3.8 ± 1.2)×10-17 and (3.1 ± 0.8)×10-17 

cm3 molecule-1 s-1 at 298 K and 283 K, respectively. They used long path resonance 

absorption detection of OH subsequent to its production via water photolysis using a 

synchronized bank of flash lamps in their long cell. They reported that the measured 

first order rate coefficients for the loss of OH increased linearly with N2O concentration 

and derived the values noted above. Our results are not consistent with this reported 

rate coefficient.  We suspect that N2O was photolyzed in their reactor since they used 

LiF windows on their photolysis lamps that would have allowed photolysis 

wavelengths down to ~115 nm into their reactor. With the short wavelength radiation, 
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N2O would have been photolyzed and the subsequent reaction of O(1D) with N2O would 

produce NO. Since they used Ar as the bath gas, only a small fraction of the O(1D) 

would have been quenched and large concentrations of NO would have been produced. 

(Note that the rate coefficient for the quenching of O(1D) by Ar is about 100 times 

smaller than that by N2O). The extent of NO production would increase linearly with 

N2O concentration such that it could appear that the measured first order rate coefficient 

for the loss of OH increased with N2O abundance. We cannot accurately calculate the 

extent of NO production in their system but based on their reported initial concentration 

of [OH]0 and water vapor pressure, we suspect that more than 1×1013 cm-3 of NO would 

have been produced in 75 Torr of N2O per photolysis flash. If they could generate as 

much as 1×1014 cm-3 of NO, the reaction of OH with NO would account for their 

observed OH loss rates, increasing linearly with increasing N2O concentration as NO 

production increased and OH loss increased due to the reaction of NO with OH. 

However, for this explanation, the third body efficiency of N2O in the OH + NO + M 

reaction has to be similar to that of Ar (otherwise, they would have likely seen a 

quadratic dependence on N2O abundance). In the absence of detailed information on 

the experimental conditions hinders better estimates of this interference. We do note 

that the experiments of Biermann et al. were the state of the art about 40 years ago and 

they did their best to obtain the rate coefficient for a slow reaction.   

Very recently, the theoretical calculations of Nguyen et al. placed an upper limit 

for the rate coefficient for OH reaction with N2O to be (<7×10-28 cm3 molecule-1 s-1).  
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Our measured upper limit is much larger than that calculated by Nguyen et al. but, being 

an upper limit, it is consistent with their estimates. 

 

3.2 Reaction of NO3 with N2O  

Fig. 2 shows the measured temporal profiles of NO3 and N2O5 mixing ratios in the 

chamber in the presence of N2O along with the fits of the profiles to a reaction scheme 

consisting of Reactions 2 through 6. With the known values of the rate coefficients for 

Reactions 3 and 4, and the known initial concentrations of NO3, N2O5 and NO2 (the 

initial concentration of NO2 was derived from keq), the values of k5 and k6 were derived 

from the fits to profiles (1) and (2). As noted in our earlier papers,25 the fits were carried 

out by simultaneously minimizing the sum of squares of the residuals for both profiles. 

Subsequent to the addition of N2O (lower traces 3 and 4), the profiles were again fit to 

extract k2.  

Experiments were carried out with different initial concentrations of N2O and two 

samples of N2O (99% and 99.998% purities). The uncertainty in the obtained values of 

k2 due to fitting was very small, often much less than 5%. The uncertainty in the 

precision of our measured rate coefficient were obtained by the standard deviation of 

the mean of multiple measurements and including the Student t value for the limited 

number of measurements. The results of our measurements for N2O are given in Table 

2. 
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Table 2. Summary of the experimental conditions and rate coefficients for reaction of 

NO3 with N2O at (298.0 ±1.5) K.  

N2O purity Initial mixing ratio k2
a
 

k2 
b 

incl. systematic 

errors 

 N2O 

(ppmv) 

NO3 

(ppbv) 

N2O5 

(ppbv) 

NO2 

(ppbv) 
10-20 cm3 molecule-1 s-1 

99% 

867 0.38 6.75 21.76 5.00  

819 0.52 10.47 25.17 5.50  

2148 0.39 6.81 22.27 2.12  

2040 0.59 11.55 25.08 1.70  

2707 0.39 7.46 21.96 1.08  

2439 0.39 8.05 24.02 1.10  

   Average 2.75±2.08 2.75±2.20 

99.998% 

2277 0.11 3.24 18.62 2.62  

2214 0.49 14.84 19.83 1.01  

3201 0.12 4.04 22.64 3.78  

2386 0.17 4.54 18.21 3.45  

2320 0.34 9.85 19.55 2.97  
    Average 2.77±1.34 2.77±1.52 

a The k2 values shown were derived by simultaneously fitting the observed profiles of NO3 and N2O5 to 

a least squares algorithm. The quoted errors are at the 95% confidence level and indicate the precision 

of our measurements. It also accounts for limited number of measurements by using the Student t-

distribution contribution.  

b The quoted errors include estimated systematic errors as described in the text. 

The errors in k2 from: (1) the precision in the measurements of NO3, N2O5 and 

N2O; (2) the uncertainty of the rate coefficients used in the reaction schemes used in 

the fitting; (3) the precision of curve fitting; and (4) the presence of reactive impurities 

in the sample of the reactants. 
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    In the present study, the systematic errors in measurements of NO3 and N2O5 using 

the CRDS system employed here have been assessed to be −8/+11% for NO3 and 

−9/+12% for N2O5, as noted earlier. Systematic errors in the measured concentration of 

the N2O are estimated by using the uncertainty of the slope in the calibration plot (< 

1%) and the uncertainty in measuring reactants concentration for the calibration (5%), 

both at the 95% confidence level. We simply added these two errors together to get the 

estimated uncertainty in the concentration of N2O in the chamber since they could be 

correlated. The overall estimated error was calculated by adding in quadrature the 

fitting error, estimated contribution of absolute concentrations of NO3 and N2O5, the 

precision of k2 from the fitting routine, and the estimated uncertainty in the 

concentration of the N2O. The uncertainty in the fitting, as noted above, is better than 

5%. The uncertainty of the rate coefficients used in the reaction scheme is around 

10%.11 Table 2 lists the uncertainties in the measured values of k2 along with the 

estimated systematic errors. 

Another potential source of error in the measured value of k2 is the presence of 

reactive impurities in the samples of N2O. Two cylinders of N2O with different stated 

purities (99% and 99.998%) were used. The derived rate coefficients for these two 

sources of N2O are similar (Table 2) since the main impurities are unreactive chemicals 

such as, N2, O2, and CO2. We do not believe that our reported values were greatly 

affected by the presence of reactive impurities. Yet, our reported values should be 

treated as the upper limits of k2 since it is a very slow reaction and we recommend k2  

5×10-20 cm3 molecule-1 s-1 at T = (298.0 ± 1.5) K and (1000 ± 5) hpa of air. 
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Comparison with literature values: This reaction has been subject to only one previous 

investigation. Cantrell et al.18 studied this reaction in a 450L Pyrex cell at room 

temperature. They did not observe loss of N2O through NO3 reaction and reported an 

upper limit of 2 ×10-17 cm3 molecule-1 s-1. The upper limit of k2 we obtained is about 

two orders of magnitude smaller. 

3.3 Calculated reaction pathways and barrier  

The potential energy surface for the reaction of N2O with OH and NO3 radicals 

were calculated as a part of this study.  However, since those calculations, the 

energetics and reaction paths have been calculated and reported by Nguyen et al.17, 19 

Therefore, we have just shown the calculated potential energy surfaces in the 

Supplementary Information.    

4. Atmospheric significance of measured rate coefficients 

Our results show that the reactions of OH and NO3 with N2O are very slow. Using 

the upper limit for k1 reported here, we estimate that the atmospheric lifetime of N2O 

is reduced by at most 4% to 116 yr., from the currently used 120 yr. (This calculation 

assumes that the globally and diurnally average tropospheric OH abundance is 1 × 106 

cm-3). Theoretical calculations of k1 by Nguyen et al. suggests that the influence of the 

OH reaction with N2O is negligibly small in the atmosphere. Our upper limit for k2 

suggests that the contribution of Reaction (2) negligible. Even if we assume a globally 

average NO3 concentration of 1 ×107 cm-3, a quantity that remains undefined to date, 

the contribution of this reaction would be at most 0.2% to the calculated N2O lifetime. 

Therefore, we suggest that Reactions (1) and (2) do not contribute to the calculated 
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lifetime of N2O. It is interesting to note that the tropospheric loss of N2O via its reaction 

with O(1D), present at very small concentration of <0.1 cm-3, would contribute more to 

N2O loss than either OH or N2O reactions!  
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Figures: 

Figure 1 

 

Fig. 1. Pseudo-first order rate coefficients for the loss of OH radicals (k’) plotted against the N2O and 

N2 concentrations. The lines represent the linear least-squares fits of data and the slope yields the 

bimolecular rate coefficient k1. The filled symbols were obtained in 99% pure N2O while the open 

symbols were from 99.998% pure N2O at 372 K  (◼ and ), 298 K ( and ), and 253 K (⚫ and ○).  

The obtained values of k1 at 372, 298, and 253 K are, respectively,  (−2.26 ± 1.34) × 10−17, (−1.09 ±

0.34) × 10−17 and (−9.06 ± 3.91) × 10−18 cm3 molecule-1 s-1. The open diamond () represents 298 

K data for the addition of N2 , which yields a slope of  (−1.51 ± 0.38) × 10−17 cm3.molecule-1.s-1. 

The error bars are the 2σ uncertainties from the fits to the individual OH decays plus the estimated 

systematic error 5% due to uncertainties in measured concentrations of N2O and N2. 
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Figure 2 

 

Fig. 2. Observed NO3 and N2O5 mixing ratios (black triangles and red squares ■) and their simulated 

temporal profiles (lines) before (profiles 1 and 2) and after (profiles 3 and 4) the injection of N2O into 

the chamber where NO3 and N2O5 were present at equilibrium. The concentration of N2O was 5.28 × 1013 

molecule cm−3. The fits yield a value of k2 = 2.30 × 10−20 cm3 molecule−1 s−1. Note that it took a long time 

(~30 mins) to inject sufficient N2O into the chamber.  During this time NO3 and N2O5 decayed further; 

however, the signal to noise ratio for the detected species were excellent. 
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