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Abstract

The kinetics and nitrated products of the gas-phase reactions of the NOg radical with methoxybenzene,
1,2-, 1,3-, and 1,4-dimethoxybenzene, dibenzofuran and dibenzo-p-dioxin have been investigated at 297 +
2 K and in the presence of one atmosphere of air. A relative rate method was used for the kinetic
measurements. No reactions of methoxybenzene or dibenzofuran with the NOgs radical were observed. The
dimethoxybenzenes were observed to react by H-atom abstraction and NO; radical addition to the aromatic
ring, while dibenzo-p-dioxin reacted by NOs radical addition to the aromatic rings. For these compounds,
the NOj radical addition pathways were observed to be reversible. At the NO» concentrations employed,
the NOs-aromatic adducts reacted with NOg and the observed rate constants increased with increasing
NOg concentration. However, for dibenzo-p-dioxin the observed rate constant became independent of the
NOs concentration for concentrations = 4.8 X 1013 molecule cm™3, and under these conditions the rate
constant of 6.8 X 10714 ¢m® molecule™! s~! was taken to be that for addition of the NOs radical to the
aromatic rings. The proposed NOj3 radical reaction mechanisms are discussed. © 1994 John Wiley & Sons, Inc.

Introduction

The gas-phase reactions of the NOj radical with aromatic compounds have been
shown [1-6] to proceed by two pathways: H-atom abstraction from, or NOj3 radical
addition to, the substituent groups [1,2,4—6], and reversible NOj3 radical addition to
the aromatic ring, with the NOg-aromatic adduct undergoing thermal decomposition
back to reactants or reacting with NOg to form products [1,3,4]. For example, for
toluene the reaction proceeds by H-atom abstraction from the —CHjs substituent
group [1,4] to form the benzyl radical, and similarly for other alkyl-substituted
benzenes [1,4,5]. The NOs radical reactions with styrene and acenaphthylene proceed
by NOj3 radical addition to the )C=C( bond of the substituent group (styrene) or the
unsaturated penta-fused ring (acenaphthylene) [1,2,4,6], to form a thermally stable
nitrato-alkyl radical which then reacts with Og, with the reaction sequence being
analogous to those for the NOj3 radical reactions with the alkenes [4,7].

However, for naphthalene the NQOj radical reaction has been shown to proceed
by initial addition of the NQOjs radical to the aromatic ring, followed by either
decomposition of the NOs-aromatic adduct back to reactants or reaction with NOy
to form products, including nitronaphthalenes [3,4].
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Scheme 1

With this reaction scheme, the measured rate constant k. is given by
D kobs = kakc[NOZ]/(kb + kc[NOZ])

where k,, ki, and k. are the rate constants for reactions (a), (b), and (¢), respectively.
Under conditions that &y, >> kJ[NOgz], then ks = kak[NO2]/k, and the measured
rate constant depends linearly on the NOg concentration. Since under the experimen-
tal conditions generally employed in previous kinetic studies [1,8—10], NO3 radicals,
NO; and N,Os were at, or close to, equilibrium,

NO, + NO3 —= N,Os

then the reactions in NO3—NOQOy;—N305-air mixtures appeared to be kinetically
equivalent to reaction with N3Os. This behavior has been observed for naphtha-
lene [1,4,8,9], naphthalene-dg [4,11], 1- and 2-methylnaphthalene [1,4,10] and 2,3-
dimethylnaphthalene [1,4,10]. For acenaphthene, the NO;3 radical reaction proceeds
by both H-atom abstraction from the —CHgy— groups and reversible NOj3 radical
addition to the aromatic rings [1,2,4]. For acenaphthene, as for other aromatic
compounds which react by both H-atom abstraction from the substituent group and
reversible NOj3 radical addition to the aromatic ring(s), Eq. (I) must be modified to

(In kobs = kabs + kakc[Noz]/(kb + kc[NOZ])

where k.1, is the rate constant for the H-atom abstraction pathway [1].

The experimental data of Atkinson et al. [3] for naphthalene, when combined with
either estimates of the rate constants for reactions (a) and (¢) from the analogous OH
radical addition to aromatic hydrocarbons [12] or with the thermochemistries of OH
radical addition to benzene and naphthalene [4,12], allow a rate constant for the ther-
mal decomposition of the NOs-naphthalene adduct at 298 K and atmospheric pressure
of air of ca. 7 X 10° s™! to be obtained [4]. A thermal decomposition rate constant for
the NOgs-benzene adduct at 298 K of ca. 5 X 10% s~ has also been calculated [4],
a factor of ca. 102 higher than that for the NOs-naphthalene adduct and consistent
with the observed lack of reaction of benzene with the NOs radical [4]. Based on these
limited data, it is then expected that the overall NO; radical addition to monocyclic
aromatic ring systems, via reactions (a), (b), and (c¢), will be markedly slower than the
NOj radical addition to fused-ring polycyclic aromatic ring systems [4].

It may therefore be expected that dibenzo-p-dioxin and dibenzofuran would behave
like benzene and biphenyl [4]. However, during a study of the atmospheric chemistry
of dibenzo-p-dioxin and dibenzofuran [13], we observed that dibenzo-p-dioxin reacts
relatively rapidly with the NOgs radical. We report here the results of kinetic studies
of the gas-phase reactions of the NOgs radical with dibenzo-p-dioxin and dibenzofuran
and with the structurally related compounds, methoxybenzene and 1,2-, 1,3-, and
1,4-dimethoxybenzene.



GAS-PHASE REACTIONS OF THE NO; RADICAL 513

L0

o @]

Dibenzo-p —-dioxin Dibenzofuran

To aid in the interpretation of the reaction pathways operating, the nitro-products of
these reactions were also identified and quantified.

Experimental

All experiments were carried out in the dark in 6400-6900 liter all-Teflon chambers
at 297 = 2K and in the presence of ca. 735 torr total pressure of dry (relative humidity
ca. 3-5%) pure air.

Kinetic Studies

The experimental procedures used were generally similar to those described previ-
ously [1,14,15]. A relative rate method was used in which the relative disappearance
rates of the aromatic compound and the reference alkene, 1-butene, were monitored in
the presence of NOg radicals [1,14,15]. NOj radicals were generated by the thermal
decomposition of NoOs.

N205 —M" NO3 + N02

NO; was generally added to the reactant mixtures to investigate the effect of the
NOg concentration on the measured NOj radical reaction rate constant ks, and also
served to scavenge any OH radicals produced in these reactions [15]. As discussed
below, NO; was not added to the reactant mixtures for certain experiments with
dibenzo-p-dioxin, and in these experiments a large excess concentration of ethane
was added to scavenge any OH radicals formed [1,15]. Providing that the aromatic
compound and 1-butene reacted only with the NO; radical, then

[aromatic]; Eobs [1-butene];
Ol _p, = In{——tl_p,

[aromatic]; ko [1-butene];

where [aromatic],, and [1-butene];, are the concentrations of the aromatic compound
and 1l-butene at time ¢,, respectively, [aromatic]; and [1-butene]; are the correspond-
ing concentrations at time ¢, D; is the amount of dilution caused by successive
additions of N3Os to the chamber during an experiment (D; = 0.0014 per N2Os
addition), and k.5 and k2 are the rate constants for reactions (1) and (2), respectively.

(11D In {

1) NO;3; + aromatic compound —— products
(2) NOjz + 1-butene —— products

While the rate constant for reaction (2) is independent of the NO; concentra-
tion [4,7], the observed rate constant for reaction (1), ky,s, may increase with the
NO; concentration. Hence, at least for a constant NOg concentration, a plot of
{In ([aromatic}, /[aromatic],) — D;} against {In([1-butene]; /[1-butene];) — D,} should
be a straight line with zero intercept.
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The initial reactant concentrations were (in molecule cm™3 units): dibenzo-p-
dioxin, (1.6-3.4) X 10, dibenzofuran, (6.5-8.1) X 10!, methoxybenzene, 7.4 X
1012, 1,2-dimethoxybenzene, (7.9-8.9) X 102, 1,3-dimethoxybenzene, (4.2—-8.1) X
10'2, and 1,4-dimethoxybenzene, (0.79-1.02) X 10%%; 1-butene, ca. 4.8 X 1013; NO;
(when present), (4.8—120) X 10'% or ethane, 2.4 X 10%; and 3 to 5 additions of
N3O5 (corresponding to initial NoOs concentrations in the chamber of (0.6-9.9) X
10%3 molecule cm~2 per addition) were made to the chamber during an experiment.
The concentrations of the aromatic compound and 1-butene were measured by gas
chromatography with flame ionization detection (GC-FID) during the experiments.
For the analyses of 1-butene, gas samples were collected from the chamber in all-
glass, gas-tight syringes and transferred via a 1 cm? loop and gas sampling valve onto
a 30 m DB-5 megabore column held at —25°C and then temperature programmed at
8°C min L. For the analyses of dibenzo-p-dioxin, dibenzofuran, methoxybenzene, and
the dimethoxybenzenes, gas samples of 100 cm?® volume (for methoxybenzene and the
dimethoxybenzenes) or 460—1150 cm? volume (for dibenzofuran and dibenzo-p-dioxin)
were collected from the chamber onto Tenax-TA solid adsorbent, with subsequent
thermal desorption at 250°C onto a 15 m DB-5 megabore column held at 40°C and
then temperature programmed at 10°C min~!. The initial NO; concentrations were
calculated from the amounts of NOs introduced into the chamber.

Nitroaromatic Product Formation

The nitro-products of these NOj radical reactions were identified and their forma-
tion yields determined from samples collected during, or after, the kinetic experi-
ments. For the dimethoxybenzene isomers, gas samples were collected onto Tenax-TA
solid adsorbent with subsequent thermal desorption and analysis by combined gas
chromatography-mass spectrometry (GC/MS), using a Hewlett Packard (HP) 5890
GC with a 60 m DB-5 capillary column temperature programmed from —25°C at 8°C
min~!, interfaced to an HP 5971 mass selective detector. GC-FTIR analyses were also
conducted by thermal desorption of samples collected onto Tenax solid adsorbent using
an HP 5890 GC with a 25 m HP-5 column (0.32 pm diameter, thick film), temperature
programmed from —25°C at 8°C min~!, interfaced to an HP 5965B FTIR detector.
Identification of the nitrodimethoxybenzenes was confirmed by matching their GC
retention times, mass spectra, and IR spectra with those of authentic standards. Ni-
trodimethoxybenzene formation was sufficient that these products could be quantified
by GC-FID with the same samples used to monitor the parent dimethoxybenzenes
during the kinetic experiments.

Because of the low initial concentrations of dibenzo-p-dioxin necessitated by the low
vapor pressure of dibenzo-p-dioxin of ca. 4 X 10™* torr at 298 K [16], nitrodibenzo-
p-dioxins were analyzed using ca. 2000 liter volume gas samples collected from the
chamber at the end of the NOj3 radical reactions onto two polyurethane foam (PUF)
plugs in series. The PUF plugs were solvent extracted by CH3Cly for 4 hr using
a Soxhlet extractor and fractionated by high performance liquid chromatography
(HPLC) using a HP 1040 with diode array detector. The solvent program (at a
flow rate of 3 ml min~!) was: initially 100% hexane for 10 min, followed by a
5 min linear gradient to 95% hexane/5% CH3Cly, then programmed over the next
25 min to 100% CHzCly; where it was held for 10 min, then programmed to 100%
acetonitrile over a 10 min period, held isocratic for 10 min, and then programmed
back to the initial conditions. The HPLC fractions were analyzed by GC/MS using
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the same instrumentation described above, and the nitrodibenzo-p-dioxin identified
by comparing the GC retention time and mass spectrum with those of a synthesized
standard. Quantification was carried out by GC/MS using 2-nitrofluorene as an
internal standard.

Chemicals

The sources of the chemicals used, and their stated purities, were: diben-
zofuran (99+%), 1,2-dimethoxybenzene (99%), 1,3-dimethoxybenzene (99%), 1,4-
dimethoxybenzene (99%), methoxybenzene (99%), and 4-nitro-1,2-dimethoxybenzene
(99%), Aldrich Chemical Company; dibenzo-p-dioxin (99%), AccuStandard; 4-nitro-
1,3-dimethoxybenzene (99%), ICN; 2-nitro-1,4-dimethoxybenzene, American Tokyo
Kasei; and 1-butene (99%) and NO (=99.0%), Matheson Gas Products. NOy was
prepared prior to use by reacting NO with an excess of Og. 2-Nitrodibenzo-p-dioxin was
synthesized by reacting dibenzo-p-dioxin with nitric acid as described by Saint-Ruf
and Lobert [17], and its identity confirmed by 'H NMR.

Results

Kinetics

The relative disappearance rates of the aromatic compounds and 1-butene were
monitored in NpOs—NO3—NOq-aromatic-1-butene-air mixtures. Within the analyti-
cal uncertainties, no reactions of methoxybenzene or dibenzofuran in these reactant
mixtures were observed, as shown, for example, from the plot of eq. (III) for diben-
zofuran in Figure 1. From the amounts of 1-butene reacted and assuming <10%
reaction of methoxybenzene and dibenzofuran, then the upper limits to the rate
constants ratios kops/k2 given in Table I are obtained. In contrast, dibenzo-p-dioxin
and the dimethoxybenzenes were observed to react in the presence of NOj3 radicals,
and plots of eq. (III) at various initial NOg concentrations for dibenzo-p-dioxin and
1,2-dimethoxybenzene are shown in Figures 1 and 2, respectively. The slopes of these
plots, kens/kg, at the various initial NOy concentrations employed are also given in
Table 1.

For all three of the dimethoxybenzenes, the slopes of the plots of eq. (III), kyps/ ks,
increased with increasing initial NOs concentration (Table I), as shown in Figure 2 for
1,2-dimethoxybenzene. Plots of these slopes, kons/k2, against the NOs concentrations
are shown in Figure 3. Reasonably good straight line plots are seen, with the nonzero
intercepts suggesting that the NOj radical reactions proceed by H-atom abstraction
from the —OCHj3 groups as well as by reversible NOjs radical addition to the aromatic
ring, as described by eq. (II). The least-squares slopes, k.k./knks, and intercepts,
kaps/ k2, of the plots shown in Figure 3 are given in Table II.

The experimental data obtained for dibenzo-p-dioxin in the presence of initially
added NOg (Figure 1) show that within the experimental uncertainties the ob-
served rate constant is independent of the initial NO; concentration over the range
(4.8-24) X 10'® molecule cm~3. These data are consistent with either a direct,
NOg concentration-independent, reaction or with reversible NO3 radical addition to
the aromatic rings (Reaction Scheme I) with £,[NOy] >> ky, for [NOy] = 4.8 X 1013
molecule cm ™3, These two possibilities were investigated by conducting experiments
with no initially present NOg, but with 2.4 X 10 molecule cm 2 of ethane present to
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Figure 1. Plots of eq. (II) for the gas-phase reactions of the NO3 radical with diben-
zofuran and dibenzo-p-dioxin, with 1-butene as the reference alkene. Initial NOy
concentrations (molecule em™3): (A, <) no initially added NOg, but with 2.4 X 1016
molecule cm~3 of ethane; (0) 4.8 X 1013; (O,®) 1.2 X 10'%; and (V, V) 2.4 X 104,

scavenge any OH radicals formed in the NOj radical reaction systems [1,15]. In these
reactions, the NOg concentrations were initially low but were expected to increase with
the extent of reaction due to formation of NOs during the reactions from the thermal
decomposition of N3Os. Hence, if the reaction scheme involves only reactions (a), (b),

TaBLE I. Rate constant ratios kobs/ k2 for the gas-phase reactions of the NOg radical with selected aromatic

compounds at 297 * 2 K.

10713 x [NO;]

Aromatic (molecule cm™3) kobs/ k2 *
Methoxybenzene 4.8-24 <0.1
1,2-Dimethoxybenzene 4.8 1.10 = 0.16

12 2.11 + 0.18
24 2.73 + 0.28
48 4.96 = 0.28
1,3-Dimethoxybenzene 4.8 0.791 = 0.174
24 1.68 = 0.31
24 1.77 = 0.33
48 2.13 = 0.10
48 1.92 + 0.13
120 4.18 = 0.33
1,4-Dimethoxybenzene 4.8 1.27 = 0.16
24 3.53 + 0.65
48 6.15 = 1.66
Dibenzofuran 12-24 <0.1
Dibenzo-p-dioxin 4.8 4.62 = 0.57
12 4.70 = 0.70
24 5.31 = 0.73

2Indicated errors are two least-squares standard deviations.
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Figure 2. Plots of eq. (IIl) for the gas-phase reactions of the NOjz radical
with 1,2-dimethoxybenzene, with 1-butene as the reference alkene. Initial NOg
concentrations (molecule cm™3) were: (l) 4.8 X 1013; (O) 1.2 x 10%; (V) 2.4 x 10!4;
and (<) 4.8 x 1014,

and (c), then a plot of eq. (IIT) will be curved, with the slope increasing with increasing
extent of reaction of the 1-butene and aromatic compound [1,8]. Such curved plots were
observed, as shown in Figure 1, with the slope of the plots increasing from close to
zero to values reasonably similar to those obtained from the experiments conducted
with initial NO; concentrations of (4.8—24) X 103 molecule cm~3 (Fig. 1).

k«:»bs/ kz

0 L L ]
15
0.0 0.4 0.8 1.2x10

(NO,] . molecule em™®
Figure 3. Plots of kops/k2 against the initial NOg concentration for the gas-phase

reactions of the NOg radical with 1,2-, 1,3-, and 1,4-dimethoxybenzene (DMB), where
ko is the rate constant for the NOj3 radical reaction with 1-butene.
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TaBLE II. Rate constants ratios Rahs/kg, Rake/kok2, kake/ kb, kb/ ke, and rate constants kaps and kg for the
gas-phase reactions of the NOj3 radical with a series of aromatic compounds at 297 + 2 K.

. 15 X a b kb /k b

Aromatic kabs/ka * 1?Cm3 nfgllzz{jzfz%) (cm® m(ﬁ:léiﬂe'l sl (cm® m?)lééu{)egz s
Methoxybenzene <0.1 <0.42 <1.6 X 10715 <7 X 10730
1,2-Dimethoxybenzene 0.82 = 0.40 8615 (9.8 + 5.7) X 10715 (1.0 + 0.4) x 10728
1,3-Dimethoxybenzene 0.86 + 0.29 2.8 05 (1.02 + 0.47) x 107% (3.3 +1.2) x 1072
1,4-Dimethoxybenzene 0.74 * 0.05 11.3 + 0.2 (8.8 + 2.8) x 10715 (1.3 = 0.4) x 10728
Dibenzofuran <0.1 <0.42 <1.6 x 10715 <7 x 10780
Dibenzo-p-dioxin <0.5 <8 x 10~16 3.9 x 10°27°

2 Indicated errors are two least-squares standard deviations.

b Placed on an absolute basis by use of a rate constant for the reaction of the NOj radical with 1-butene
of kg = 1.19 X 10~ cm® molecule ! s71 (=30%) at 297 K [7]. Indicated errors are two least-squares
standard deviations combined with the estimated overall uncertainties in k.

¢ Uncertain by a factor of ca. 2; see text.

Nitro-products

GC/MS and GC-FTIR analyses of the reacting mixtures showed the for-
mation of 4-nitro-1,2-dimethoxybenzene from 1,2-dimethoxybenzene, 4-nitro-1,3-
dimethoxybenzene from 1,3-dimethoxybenzene, and 2-nitro-1,4-dimethoxybenzene
from 1,4-dimethoxybenzene. In several of the experiments, plots of the amounts of the
nitrodimethoxybenzene against the amounts of dimethoxybenzene reacted exhibited
marked curvature, with the apparent yield generally decreasing with increasing
extent of reaction (Fig. 4). The degree of curvature in these plots was somewhat
random, and could be due to secondary reactions of the nitrodimethoxybenzenes
with the NOg radical or losses to the chamber walls. Since 2-nitrophenol and the
nitronaphthalenes have been shown to be less reactive than phenol and naphthalene,
respectively, towards reaction with the NOj3 radical [4,18,19], it may be anticipated
that the nitrodimethoxybenzenes would also be less reactive than the parent
dimethoxybenzenes. The estimated vapor pressures of 2-nitro-1,4-dimethoxybenzene
and 4-nitro-1,2-dimethoxybenzene are ca. (2.5-4.5) X 107 torr at 298 K, based
on their boiling points and assuming a similar slope of the In(vapor pressure) vs.
T~ ! curve as for 1,2-dimethyl-4-nitrobenzene [20]. This magnitude of vapor pressure
suggests that wall losses are the likely explanation for the observation of decreasing
nitrodimethoxybenzene yields with extent (or time) of reaction. Accordingly, the
nitrodimethoxybenzene formation yields were derived from the initial data points,
and these formation yields are given in Table III.

GC/MS analyses of the HPLC-separated fractions of the extracts of the samples
collected on PUF plugs from reacted NoO5—NO3—NO;-dibenzo-p-dioxin-air mixtures
showed the presence of only one of the two possible nitrodibenzo-p-dioxins. Compari-
son with the GC retention time and mass spectrum of the synthesized standard of
2-nitrodibenzo-p-dioxin showed that the nitro-product from the NOj radical-initiated
reaction of dibenzo-p-dioxin was 2-nitrodibenzo-p-dioxin. The formation yield obtained
from GC/MS analyses is given in Table IIIL.

Discussion

The rate constant ratios kapns/k2 and k.k./kpks can be placed on an absolute ba-
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Figure 4. Plots of the amounts of 4-nitro-1,3-dimethoxybenzene formed against the
amount of 1,3-dimethoxybenzene (1,3-DMB) reacted with the NOgs radical for two
experiments with the same initial NOg concentration of 1.2 X 1015 molecule em™3.

sis by using a rate constant for the reaction of the NOj radical with 1-butene of
ks = 1.19 X 1074 cm?® molecule™! s71 (+30%) at 297 K [7], and the resulting rate
constants kaps and k,k./ky are given in Table II. For the aromatic compounds studied
here, literature data are available only for methoxybenzene [4,21,22], and the upper
limit to the rate constant of kaps < 1.6 X 10715 ¢m?® molecule™! s™! obtained here is

TaBLE III. Measured nitro-product formation yields from the gas-phase reactions of the NOj3 radical with
the dimethoxybenzenes and dibenzo-p-dioxin.

10713 x [NOg] Yield®

Aromatic molecule cm 3 Product Observed From NOj3 addition
1,2-Dimethoxybenzene 4.8 4-Nitro-1,2-dimethoxybenzene 0.137 = 0.039 041 * 0.12
48 0.484 * 0.049 0.58 = 0.06
1,3-Dimethoxybenzene 4.8 4-Nitro-1,3-dimethoxybenzene 0.048 * 0.027 0.36 = 0.21
24 0.147 * 0.001 0.34 = 0.01
24 0.224 =+ 0.069 0.51 + 0.16
48 0.349 =+ 0.107 0.58 + 0.18
48 0.137 = 0.013 0.23 + 0.03
120 0.341 + 0.013 0.43 + 0.02
120 0.416 = 0.044 0.52 + 0.06
1,4-Dimethoxybenzene 4.8 2-Nitro-1,4-dimethoxybenzene 0.117 = 0.026 0.28 = 0.07
24 0.088 = 0.056 0.11 + 0.08
48 0.192 + 0.064 0.22 + 0.08
Dibenzo-p-dioxin 24 2-Nitrodibenzo-p-dioxin 0.002 0.002

2 Indicated errors are two least-squares standard deviations and do not include the uncertainties in the
GC-FID calibration factors for the reactants and nitro-products.
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consistent with the rate constants previously determined by Atkinson et al. [22] of
(1-2) X 10718 ¢m3 molecule ! s71 at 294 K [4,22].

The measured nitrodimethoxybenzene product formation yields from the NOj
radical reactions with the dimethoxybenzenes (Table III) show a general increase
in yield with increasing NOy concentration. This observation is consistent with the
kinetic data which indicate that the NOg radical addition path to the aromatic ring
increases with increasing NO; concentration. Thus, the NO; radical reactions with the
dimethoxybenzenes proceed by two pathways: H-atom abstraction from the —OCHj3
groups and NOg radical addition to the aromatic rings,

CHa
abs
> + HONO2

OCH
3
CH,
NO5 + —
OCH4
OCH,
NOa
products

with the NOj3; radical addition reaction to the aromatic ring leading, in part, to
nitrodimethoxybenzene formation.

The nitrodimethoxybenzene yields from the NOj radical addition reactions with
the dimethoxybenzenes can be obtained by correcting the measured nitrodimethoxy-
benzene yields for the fraction of reaction proceeding by H-atom abstraction. Using
the values of ks and kak./ky given in Table II and the measured nitrodimethoxy-
benzene yields given in Table III, then the yields from the NOj radical addition
pathway are given by (nitrodimethoxybenzene yield from NOj radical addition) =
(measured nitrodimethoxybenzene yield) X {kans + (Bakc[NO2l/ky)}/(kak[NO32)/kb)
and are given in Table III. The calculated nitrodimethoxybenzene yields from the
NOj radical addition pathway exhibit a significant amount of scatter, in part due to
the uncertainties in the values of ks and &, k./ k. Unit-weighted averages of the data
given in Table III lead to nitrodimethoxybenzene yields from NOjs radical addition to
the aromatic rings of 0.50 for the formation of 4-nitro-1,2-dimethoxybenzene from
1,2-dimethoxybenzene, 0.42 for the formation of 4-nitro-1,3-dimethoxybenzene from
1,3-dimethoxybenzene, and 0.20 for the formation of 2-nitro-1,4-dimethoxybenzene
from 1,4-dimethoxybenzene, all with estimated overall uncertainties of a factor of ca.
2. These nitro-product yields from the NOj3 addition reactions with the dimethoxy-
benzenes are of a similar magnitude to the nitrophenol yields from the NOj rad-
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ical reactions with phenol and o-, m-, and p-cresol of 0.13-0.74 [19]. If it is as-
sumed that the formation of nitrodimethoxybenzenes from the NOjz radical re-
actions with the dimethoxybenzenes occurs by an analogous mechanism to that
for the formation of nitro-aromatics from the OH radical reactions with benzene,
toluene, and the xylenes in the presence of NO, [23,24], then the formation of
3- and 4-nitro-1,2-dimethoxybenzene from 1,2-dimethoxybenzene, mainly 5-nitro-
1,3-dimethoxybenzene from 1,3-dimethoxybenzene, and 2-nitro-1,4-dimethoxybenzene
from 1,4-dimethoxybenzene would be expected [24]. The formation of only 4-nitro-
1,3-dimethoxybenzene from the NO; radical reaction with 1,3-dimethoxybenzene is
therefore not presently understood.

The kinetic data for the NOj radical reaction with dibenzo-p-dioxin are consistent
with Reaction Scheme I and eq. (I), in that with no initially added NOg the rate
of reaction of dibenzo-p-dioxin is close to zero, and increases with increasing NO;
concentration. The experimental data indicate that for NO; concentrations = 4.8 X
103 molecule cm™?, back-decomposition of the NOj-aromatic adduct to reactants
[reaction (b)] cannot compete with reaction of the adduct with NOs [reaction (c)], and
the measured rate constant is then %,. Equation (I) can be rearranged in the form

11 kx

ke  Ea | kakNOZ]

Iv)

and the rate constant k, and rate constant ratio k,k./k, can be obtained from a plot
of k. against [NOs]~1. The NO; concentrations during the NoOs-ethane-dibenzo-p-
dioxin-air reactions were not measured since it is expected that chemiluminescence
NO—NO, analyzers also respond to NzOs. However, the NOy concentrations can be
approximately estimated by assuming that every NoOs molecule added to the chamber
led to the production of an NOs molecule from the dissociation of N3Os. This was likely
to be the case since the major loss process of NOj radicals in this reaction system was
with 1-butene, which was present in 100-fold excess over dibenzo-p-dioxin.

N;05 — NO; + NO;
NOj3; + 1-butene —— products

With this assumption and weighing heavily the values of k., obtained in the presence
of initially-added NOg (Table I), then

k., = 6.8 x 107 ¢m® molecule™! 71

at 297 * 2 K, with an estimated overall uncertainty of *50%, and k,k./kp, = 3.9 X
10727 ¢m® molecule™? s~!, with an estimated uncertainty of a factor of ca. 2. A
plot of the rate constant ratio kops against the NOs concentration is shown in
Figure 5, with the curve being given by the above values of k. and kak./k,. The
agreement is reasonable, considering that the values of k., in the experiments
without initially added NOy were derived from the slopes of the curved plots shown
in Figure 1.

The formation of only 2-nitrodibenzo-p-dioxin suggests that the initial position of
NOgj radical addition to dibenzo-p-dioxin is either at the 1- position, followed by
addition of NO, [reaction pathway (c)] at the 2-position with elimination of nitric
acid, or at the 2- position followed by addition of NOz only at the 3- position, with
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elimination of nitric acid leading to 2-nitrodibenzo-p-dioxin. However, the low yield
of 2-nitrodibenzo-p-dioxin of 0.002 shows that other, as yet unidentified, products
are dominant. This low yield of nitro-products from the NOjs radical reaction with
dibenzo-p-dioxin is in contrast with the fairly high yields of nitroarenes from the NO3;
radical-initiated reactions of naphthalene, 1- and 2-methylnaphthalene, acenaphthene
(for addition to the aromatic rings) and fluoranthene of ca. 0.2-0.4, but is similar
to the low yields of nitroarenes observed from the NOj; radical reactions with
phenanthrene, anthracene, and pyrene [2,4,9,11,25].

10
Teos)
1 (o
2
3
?
3 6 ©
nE Y ®
g N
L A
o
2 4 I
o
v,
L]
M
2 2 H
0 1 A J—| 14
¢] 1 2 3 x10

-3
[NO,] , molecule cm

Figure 5. Plot of the values of kyps against the NOg concentration for the reaction of
dibenzo-p-dioxin. (@) from experiments with initially-added NO; (Table I); (A, <) from
experiments with no initially added NOg, with the NO2 concentrations being estimated
from the amounts of N3Os added to the chamber (see text); and (—) calculated
from eq. (I) with k, = 6.8 X 10714 ¢m3 molecule ! 57! and k. kc/ky = 3.9 X 10727 cm®
molecule™2 s~ (see text).
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TaBLE IV. Rate constant ratios kak./kp, and ky/k. and estimated rate constants k;, and k; at room
temperature for the reactions of the NO3 radical with selected aromatic compounds.

kakc/ky kv/kp kr kb

Aromatic (cm® molecule 2 s71)  (molecule em™3)  (cm® molecule ! s™1)  (s71)
Biphenyl?® <5 X 10730 >6 x 1018
Naphthalene® 3.6 x 10728 8.3 x 1016 >1.2 x 10713
1-Methylnaphthalene? 7.7 x 10728 3.9 x 1016 >6 X 10713
2-Methylnaphthalene? 1.08 x 10727 2.8 X 1016 >5 x 10713
2,3-Dimethylnaphthalene® 1.55 x 10727 1.9 x 108 >7 x 10713
Acenaphthene? 1.65 x 10727 1.8 x 1016 >1.9 x 10712
1,2-Dimethoxybenzene 1.0 X 10-28 3.0 x 1017 >4 X 10714
1,3-Dimethoxybenzene 3.3 x 102 9.1 x 1017 >4 x 10714
1,4-Dimethoxybenzene 1.3 x 10728 2.3 x 1017 >6 X 1074
Methoxybenzene <7 x 10730 >4 X 1018
Dibenzofuran <7 x 10730 >4 x 1018
Dibenzo-p-dioxin 3.9 x 10727 7.7 x 1015 6.8x 107144 5204
1-Nitronaphthalene? 3.0 x 10720 1.0 x 1018 >1.5 % 10714
2-Nitronaphthalene? 2.7 X 10729 1.1 x 10%8 >1.3x 10714

a8 From ref. [4].

bWith k. = 3 X 10711 ¢m3 molecule ! 57! (see text).
¢From ref. [1] and [18]; see text.

4 This work.

The present kinetic data for the NOj3 radical reaction with dibenzo-p-dioxin pro-
vide important new insights into the reactions of the NOs radical with aromatic
compounds. In particular, the rate constant for the addition of the NO3 radical to
dibenzo-p-dioxin (k,) has been obtained. Previously, only values for the rate constant
ratios k. k./k, were available [4], and Table IV gives the present and literature values
of the rate constant ratios k,k./ky. Apart from dibenzo-p-dioxin, none of the individual
rate constants %, kp, or k. have been experimentally measured. However, Knispel
et al. [26] have measured temperature-independent rate constants of (2.4-4.0) X
1071 em® molecule™! s~ at 300-353 K for the analogous reactions of NOy with
the hydroxycyciohexadienyl, methylhydroxycyclohexadienyl, and dihydroxycyclohexa-
dienyl radicals formed from OH radical addition to benzene, toluene, and phenol,
respectively. Assuming that the rate constant %, for reaction of NOy with the NOs-
aromatic adduct is similar to those for the reactions of NOs with the OH-benzene,
OH-toluene, and OH-phenol adducts, then use of k. = 3 X 107! cm?® molecule™! s~}
at 298 K leads to the values of ky/k, given in Table IV.

For dibenzo-p-dioxin, use of the measured rate constant k, = 6.8 X 1071* cm?
molecule™! s71 leads to the thermal decomposition rate constant %, of

kB, = 520871 at297 + 2K,

uncertain by at least a factor of 2. However, no data are available for the rate constants
k, for the other aromatic compounds for which rate constant ratios k,k./k, have been
measured, although lower limits to k, are available from the data of Atkinson and
Aschmann [1] and Atkinson et al. [18] for naphthalene, 1- and 2-methylnaphthalene,
2,3-dimethylnaphthalene, acenaphthene, and 1- and 2-nitronaphthalene, and these
are also given in Table IV. Atkinson et al. [3,4] assumed for naphthalene that the
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NOj radical addition rate constant k, was similar to that for OH radical addition to
naphthalene. However, the rate constant k, for addition of the NOj radical to the
aromatic rings of dibenzo-p-dioxin is a factor of ca. 200 lower than the rate constant
for the corresponding OH radical reaction [13], indicating that the assumption of
Atkinson et al. [3,4] was probably not valid. In fact, we have previously shown [19]
that the rate constant for the gas-phase reaction of 2-nitrophenol with the NO3 radical
is a factor of >45 lower than that for the corresponding OH radical reaction, although
it is not certain that the reaction pathways are the same for the NOj3 radical and OH
radical reactions with 2-nitrophenol (and phenol and the cresols) [19].

Clearly, a knowledge of the rate constants %, is needed before the NOgz-aromatic
adduct thermal decomposition rate constants k, can be derived. It should also be
noted that the rate constants k, and &, may be in the fall-off regime, as is the case
for the corresponding rate constants for the OH radical addition reaction to benzene
at atmospheric pressure and below [12]. It is particularly interesting that reactions
of the NO; radical by the addition channel are observed with the dimethoxybenzenes
and dibenzo-p-dioxin, which have two —OR (R = alkyl or phenyl) substituent groups,
while methoxybenzene and dibenzofuran, with one —OR substituent group, react via
the addition channel only very slowly.

In addition to the NOs-aromatic adducts reacting with NOs [reaction pathway (c)],
reaction with O, may be expected by analogy with the hydroxycyclohexadienyl radi-
cals [26].

g loa
products

Any reaction of the NQOjs-dibenzo-p-dioxin adduct with O, given by k.ka[O2l/ ks,
would appear as an intercept on the plot of k., against the NOy concentration
and an upper limit is given as kaps in Table II. From comparison of this value of
kaka[O2]/kp < 8 X 10715 cm?® molecule™ s71 (R ka/kp < 1.6 X 10733 cm® molecule™2
s™1) with that of kake/kp = 3.9 X 10727 ¢cm® molecule™2 st (Tables II and IV), then
ka/ke < 4 X 1077 at room temperature. With a rate constant of %, ca. 3 X 107! ¢cm3
molecule! s71 (see above), then kg < 1.2 X 10717 cm® molecule™! s~! at 297 K. This
upper limit to the rate constant for reaction of the NOs-dibenzo-p-dioxin adduct with
O is approximately an order of magnitude lower than the rate constants determined
by Knispel et al. [26] of (2—5) X 10716 ¢cm® molecule~! s™! at room temperature for the
reactions of Os with the hydroxycyclohexadienyl and methylhydroxycyclohexadienyl
radicals formed from the OH radical reactions with benzene and toluene.

With the upper limit to the rate constant ratio kq/k. determined here, under
atmospheric conditions the NOgs-dibenzo-p-dioxin adduct will react predominantly
with NOy for NO; concentrations =2 X 1012 molecule cm™2 (80 parts-per-billion
mixing ratio). Since only an upper limit to kq/k. was obtained, the NO, reaction with
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the NO3-dibenzo-p-dioxin adduct may be dominant at much lower NOs concentrations,
such as those encountered in urban and maybe even rural areas.
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