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Rate coefficientsk(T)) for the reaction of OH with HGNO, (peroxynitric acid, PNA) in the gas phase were
measured in the temperature range of-2385 K by producing OH via pulsed laser photolysis and detecting

it via laser-induced fluorescence. The PNA concentration was measured in situ by UV and IR absorption.
The HO,, HNOs, and NQ impurities present in the PNA sample were quantified by mass spectrometry
and/or UV/IR absorption. The measured valu&k£298 K) is (3.44 1.0) x 102 cm?® molecule® s™1. The
temperature dependence lafis best described by the relatiég(T) = (8.8 & 2.6) x 10719T? exp[(1130+

20)/T] cm® molecule® s™%. The quoted errors fok; are at the & level and include estimated systematic
errors, which contribute the most to this uncertainty. The measured valuegTdfwere independent of
pressure between 10 and 100 Torr of helium. The branching ratios of the reactienHllAINO, — products,

for the production of H@and HNQ and of NQ and HO,, respectively, were determined to kd0% and

<5%, respectively, at 298 K. Thus, it was deduced that the main pathway for reaction 3 prodOce3,H

and NQ at 298 K. Our measurements reduce the uncertainties but do not significantly alter the currently
calculated impacts of HENO, in the upper troposphere and lower stratosphere. In the course of this study,
the rate coefficient for the reaction of OH with,®, was measured to ble(T) = (2.9 + 1.8) x 10°*?
exp[—(110 & 150)/T] cm® molecule® st in the temperature range of 27356 K.

1. Introduction where M represents a third body. The formation reaction has

been extensively studied over the past 20 years, and the rate
coefficient for this reaction is reasonably well-establishBdA

'is removed from the atmosphere by thermal decomposition, the
reverse of reaction 1 (reactior1)),>~7 photodissociatio, 11

and its reaction with OHz-14

Peroxynitric acid (H@NO,, or PNA) has many roles in the
Earth’s upper troposphere and lower stratosphere (UTLS). First
it is a significant reservoir in the UTLS for both the R@DH
and HQ) and NG (NO and NQ) species:3 Second, its
formation couples the HGand NQ families. Third, the reaction

of OH with PNA is a significant sink for HQin the lower HO,NO, + hv — products 2
stratosphere (LS), unless H@ a significant product of this
reaction. For these reasons, N, has an important role in OH + HO,NO, — products (3)

determining the ozone abundance and its changes over time in ) .
the LS. Sequestering NOn HO,NO, provides a mechanism Heterogeneous removal of PNA on or in atmospheric aerosols

for its redistribution in the upper troposphere (UT). Therefore, May also have a role. Each of these loss processes may
PNA also has a role in the formation of ozone in the UT. contribute significantly to the atmospheric loss of PNA but may

Understanding the formation and loss processes of PNA underhave differing impacts in the UTLS, in terms of Fhe partitioning
atmospheric conditions is critical in an evaluation of its role in and removal of HQand NQ. Thermal decomposition and near-

ozone changes in the UTLS. PNA is formed in the atmosphere ?(I:wa'::iet})itél\tlcl)Rl-)l ngr%tgglciiso?\c?cnlg\r}v I\i/é?w i ?g\zltsogi daveﬁloz;?e}z:]
by the gas-phase association of H@ith NO,: o
y gas-p He 2 the partitioning of HQ and NQ. However, these processes do

not remove OH, HQ and NQ from the atmosphere. Reactive
HO, and NQ species may be lost from the atmosphere via
heterogeneous loss as well as via the reaction of OH with
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HO, + NO, + M < HO,NO, + M (1,~-1)
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Diode Array TABLE 1: Absorption Cross Sections and OH Quantum
—— ; o Yields?
pNA | LUY Spectrometer | | _{ Probe Laser
Reservoir i A (nm) 0, (10-% cn¥) $oH
| e — HO:NO,
E Fluid — 193 900 0.26
Purge —— ) : 248 44 0.08
. v oy H20>
LS 193 58.9 15
Deuterium : = | FTIR)> to P 248 9 2
= 10 Fum
e g : HNOs
193 1160 0.33
Figure 1. Schematic of the experimental apparatus used to measure 248 2 1

rate coefficients for reaction 3. FTIR denotes the Fourier transform .
infrared spectrometer, MS represents the electron-impact ionization _ *Values taken from Sander et'and references therein, unless noted

mass spectrometer, and PMT is the photomultiplier tube. otherwise Value taken from Jimenez et &.

. . OH + H,0, — HO, + H,0 4)
temperature valueks reported in these studies range from
4.0 x 10" *2cm® molecule* s~ to 5.5x 10712 cnm? molecule'? OH + HNO; — H,0 + NO; %)
s L. Such differences are not surprising, given the difficulties
in determining the PNA concentration and accounting for the OH+ NO, +M — HNO; + M (6)

influence of reactive impurities. The temperature dependencies
for ks reported by Barnes et &, Trevor et al13 and Smith et Whenever possible, multiple methods were used to determine
al1? differ significantly. Barnes et df and Trevor et al? the concentrations of PNA, 48,, HNOs;, and NQ in the gas
reportedks to be essentially independent of temperature over mixture. The PNA concentration was determined using two
the temperature ranges of 26895 and 246324 K, respec- independent optical methods: (i) UV absorption using a diode
tively. Smith et al? reported a negative temperature dependence array spectrometer and (ii) IR absorption using an FTIR
(ks(T) = 5.9 x 10713 exp(650T) cm® molecule! s71) over the spectrometer. bD,, which is the reactive impurity in the PNA
temperature range of 24@30 K. Given the aforementioned samples that contributed most to OH removal (other than PNA),
discrepancies in the reportéd values, further kinetic studies  was quantitatively measured using mass spectrometry (MS) and/
under temperatures similar to those found in the UTLS are or FTIR. HNG; was monitored via FTIR and by MS. NWvas
warranted. monitored via UV absorption. Some details of the experimental
In this work, absolute rate coefficients for the title reaction hardware and methods are described below.
were measured at various temperatures by producing OH via The reaction vessel has been described in detail previdusly.
pulsed laser photolysis (PLP) and detecting OH via laser-induced|t consisted of a 15-cm-long Pyrex jacketed cell with an internal
fluorescence (LIF). Emphasis was placed on quantifying the volume of ~200 cn®. The reactor was heated or cooled by
concentration of PNA and the impurities in PNAABb, HNO;, circulating a fluid from a thermostated bath through its jacket.
and NQ) that react with OH. We also report the first laboratory  Orthogonal ports on the reactor were used to introduce the laser
determination of the product branching ratios for reaction 3: beams (collinear photolysis and probe beams), mount the
photomultiplier detector, and allow sample gas flow through

OH + HO,NO, — H,0 + O, + NO, (3a) the reactor (see Figure 1).
. Hydroxyl (OH) radicals were produced by excimer laser
HO, + HONG, (3b) photolysis of a mixture of PNA and its impurities in the bath
— H,0, + NO, (3c) gas at 193 nm (ArF) or 248 nm (KrF). Photolysis of PNAQH,

and HNG; at these wavelengths produced OH. Therefore, the
addition of an OH radical precursor was unnecessary. Table 1
summarizes the quantum yields for OH production in the
Measurements of the kinetics and products of reaction 3 photolysis of PNA, HO,, and HNQ at 193 and 248 nm, as
involved recording OH temporal profiles using LIF, determining well as the cross sections of these molecules at these wave-
the concentrations of PNA (along with those of the reactive lengths. HNQ was the dominant OH radical precursor while
impurities HNQ, H,O,, and NQ), and monitoring the N© using 193-nm photolysis. In the 248-nm photolysis experiments,
concentration produced in reaction 3 via cavity ring down the specific contributions of PNA, #D,, and HNQ to the OH
spectroscopy (CRDS). For ease of presentation, they areradical production were dependent on the PNA source and the

2. Experimental Section

described separately in the three sections below. experimental conditions. The photolysis laser fluence, which
2.1. Measurement of OH Temporal Profiles.Kinetics of was measured with a power meter at the exit of the LIF cell,

OH removal was measured under pseudo-first-order conditionswas varied between 0.08 and 2.5 mJ€mpulse ™. The initial

in the OH concentration between 218 and 335 K ir-100 concentration of OH radicals, [Obj]as estimated from the

Torr of helium. The apparatus used for these measurements igneasured photolyte concentration, laser fluence, absorption cross
shown schematically in Figure 1 and includes several modifica- Sections, and the quantum yields, was kept belowB* cm™3,

tions to that used recently in our laboratdfyhe modifications ~ t0 minimize unwanted complications from secondary radical
enabled us to measure the concentration of the relatively unstablgadical reactions.

PNA in situ and quantify the concentrations 05®4, HNOs;, OH radicals were excited at282 nm @&ty = 1 —

and NQ that are unavoidably present in the PNA samples. X2[1»"" = 0) from the doubled output of a pulsed Nd:YAG-
These three molecules react with OH and, thus, contribute to pumped dye-laser. The fluorescence signal was detected by a
the measured OH temporal profiles. photomultiplier tube (PMT) oriented perpendicular to the
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excitation beam. A band-pass filter (309-nm peak transmission; H,O, and HNQ flowing through the cell were independently
band pass of 20 nm fwhm (full width at half maximum)) measured via MS and IR absorption measurements, as described
mounted in front of the PMT was used to isolate the OH below. The concentration of NOwas determined by the
fluorescence from two transitiond= v’ = 1 — X1y =1 measured absorptions between 320 and 450 nm where PNA,
andAZZTy' = 0 — X1 = 0). The OH temporal profiles HNOs, and HO, do not absorb. The contributions of,Gh,
were measured by varying the delay time between the photolysisHNO3, and NQ to the measured UV absorption signal were
and the probe laser pulses. subtracted to determine the UV absorption due to PNA.
Rate coefficients for reaction &{T)) were measured under  Absorption cross sections reported in the literature for BNA,
pseudo-first-order conditions in OH radical concentration H,0,,2° and HNQ?! were used in the spectral analysis. The
([reactant]> 1000x [OH]g). The OH temporal profile followed  reference spectrum for NOn the UV region was recorded

a simple exponential rate law: under the same experimental conditions (i.e., pressure and
temperature) and approximately the same,;NGncentrations
[OH]; = [OH], exp(=k') 0] observed in the PNA samples in the reactor. Under these

conditions, there were no significant contributions to the
wherek' = k3[PNA] + kqH20,] + ks[HNO3] + ke[NO,] + k7 measured absorption by,8,;. As shown in the Results and
andk is the first-order rate coefficient for the loss of OH in  Discussion section, the typical contribution of® and HNG;

the absence of PNA, 4#,, HNOs, and NQ. to the total absorption signal at 250 nm was typicaf$0%
and <4%, respectively. This value was 1%9%60% for HO, and
OH — loss (7)  1%—10% for HNG;.

. . S
The loss of OH in the absence of reactants is attributed to TTE UtV abso_r ption ctrc_)sstsecttlorgﬁ of PRend I-(l;Ozl,) Wh't(.:h
diffusion out of the detection zone and to reaction with '€ € two major contributors 1o the measured absorption, are

impurities in the bath gas. The value kfwas measured at relatively insensitive to temperature in the wavelength range

various concentrations of PNA at each temperature and pressure(.)f 240-300 nm. Therefore, the two 50-cm-long absorption cells
Values of ks were obtained from the slopes of plots of attz?\ched to either end of the reactor were _at room tempe_ratu_re
K — (kfH:0, + ke[HNO4] + keNOs] + k7) vs [PNA] while the temperature of the reactor was varied during the kinetic

measurements. The differences in number density in the reactor
rate coefficient for OH loss as a function ok® under the and absorption cells due to differences in the temperature were

same experimental conditions (temperature, pressure, and ﬂowtaken into considergtion in calculating concentrations of PNA
rates) just prior to the measurementkef k; was the intercept and the other speues_. ] ] )

in plots of the measured first-order rate coefficients for OH loss  The NC; concentration in the gas mixture flowing through
Vs [H203]. Otherwise k' — (ks[H202] + ks]HNO3] + ke[NO2]) the reactor was derived from the UV absorption measurements.

Whenever possiblég; was derived by measuring the first-order

was plotted against [PNA] to obtaks as the slope ank; as The UV absorption cross sections of N@re resolution

the intercept. The concentrations of PNA;®4, HNOs, and dependent. Therefore, UV cross sections ohM@re measured
NO; needed in the aforementioned analysis were measured using!nder the conditions used for kinetic study by determiningJNO
the methods described below, and the values ofkghand ke via IR absorption measurements and recording the UV spectra.
were taken from Brown et éy and Wine et a|1,8 respectively. The obtained value of the abSOI’ptIOH cross section at 414 nm

Because reaction 4 contributes the most to the measured valuvas (6.2+ 0.3) x 107® cn? molecule™®. Considering the
of K, ks was measured during the course of this study under differences in spectral resolution, it agrees with our previously
the same conditions of pressure, temperature, and flow rate. Mmeasured value of 7.& 107*° cn? molecule™.?> The NG
2.2. Measurement of PNA, HNQ, H,0,, and NO, Con- concentration, as measured by UV or IR absorption in the
centrations. The concentration of PNA was measured via Uy reaction cell during the rate coefficient measurements, was in
absorption using two 50-cm-long Pyrex cells coupled to two the range of 2x 10'-5 x 10 molecules cm®. The NG
ends of the reaction cell, as shown in Figure 1. The windows concentration was nominally5% of the PNA concentration.
on the Pyrex cells were flushed with a small amount of carrier  2.2.2. Mass Spectrometric Measuremerslow-resolution
gas, to limit contact with PNA, HN@ and HO,. UV absorption mass spectrometer was used to monitor th®tHand HNG
was measured using a 30-W; 2mp light source and a 1024-  concentrations at the output of the UV absorption cell; this
element diode array detecttrThe spectrograph was set to instrument is described in our paper on UV absorption cross
cover 200-450 nm, with a resolution of1.5 nm fwhm. The sections of PNA. Parent ion signals were used to quantify the
effective UV absorption path length under gas flow conditions concentrations of both D, (m/z = 34) and HNQ (m/z = 63).
of the kinetics studies was determined to be 314 cm by The mass spectrometer sampled the gas flow through amO-
flowing a known concentration of D and measuring its  pinhole (total reactor pressure ef20 Torr) or through a 15-
absorption; this was essentially the same as the geometrical pattkm pinhole (total reactor pressure 6f20 Torr). Absolute
length. calibrations of the MS signals forJ@, and HNG concentra-
2.2.1. UV Absorption MeasurementShe absorbance by a  tions were made, relative to UV absorption measurements, just
PNA sample at various wavelength&r(1)), as recorded by  prior to the kinetic measurements. Calibrations were therefore
the diode array spectrometer, is the sum of the absorptions fromperformed under the identical flow and pressure conditions used

PNA, H,O,, HNO;3, and NQ: in the kinetic measurements. The MS signals varied linearly
with H,0, and HNG concentrations over the range observed
Ar(A) = Aona) + Ay o0 () + Auno,(4) + Ayo (1) (1) in the kinetic measurements §810—1 x 10 molecule cm?

for H,O, and 7 x 103—8 x 10 molecule cm?® for HNO3;
The UV absorption spectra of PNA,,8,, and HNQ are the HNG; concentrations were-510 times higher when PNA
unstructured and overlap with each other. Therefore, the PNA Was generated using thexBb/HNO; source).
concentration was not accurately determined from the UV  2.2.3. Infrared Absorption Measurement$R absorption
absorption signal alone. Consequently, the concentrations ofspectra were recorded at room temperature using a Fourier
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transform spectrometer between 500 and 4000'@ha spectral 10*
resolution of 1 cm? by co-adding 100 scans. A 15-cm-long,
1.5-cm-diameter, Pyrex absorption cell equipped with germa-
nium windows was coupled to either the entrance or the exit of
the UV absorption section (Figure 1). A capacitance manometer
that was attached to a side port measured the pressure in the
absorption cell. Reference IR spectra gfdd, HNOs, and NQ

were measured in separate experiments. IR band intensities used
to quantify the concentrations were taken from the HITRAN
databas@® The IR band intensities for PNA were taken from
Smith and co-worker¥24 The PNA band intensities will be 2
discussed further in the Results and Discussion section of this 1

paper. 0.0 0.4 0.8 1.2

2.3. Measurement of NQ Product in Reaction 3 Using
Cavity Ring Down Spectroscopy (CRDS)2.3.1. Apparatus Time (ms)
and MethodologyThe CRDS apparatus used for the N@eld Figure 2. Typical OH temporal profiles recorded at 242 K in the
measurements is similar to one described previotisly Nd: presence of various concentrations of PNA) (.4 x 10 molecule
YAG laser pumped dye laser tuned to either 623 or 662 nm €M * (3) 6.9 <10 molecule cm®, and (1) 2.1 x 10" molecule cm®,
with a pulse duration of 68 ns was used to measure ring down Solid lines are weighted linear least-squares fits of the data to eq I.
signals. The intensity of light escaping from the rear mirror was
collected by a PMT, digitized in an oscilloscope, and processed
in a computer. The high-reflectivity mirrors used in this work
resulted in empty cavity ring down time constantg) petween
50 us (at 623 nm) and 7@s (at 662 nm). These, values
correspond to mirror reflectivities of 99.994% and 99.996%,
respectively.

The photolysis laser (KrF excimer laser, at 248 nm) beam
was perpendicular to the ring down beam and illuminated
5 cm in the middle of the 100-cm-long cell. The ring down
beam passed through the middle of this photolysis volume. The
purge volumes efficiently suppressed contamination of the
mirrors from exposure to corrosive gases such as PNA. The . .
total pressure was varied between 25 and 40 Torr. An FTIR Gas-flow rates were measured using cghbrated mass flow
spectrometer was used to determine the concentrations of PNA’transducers. The linear gas-flow velocity in the reaction cell

L . 1
HNO;3, H,O,, and NQ. The NG radical was monitored at either used for OH kinetics was in the range of—l?JG. cm s this
623 or 662 nm, where its absorption cross sections are<1.5 flow rate was adequate to avoid an accumulation of photoprod-

10717 and 2.2 x 1017 cr? molecule’, 8 respectively. All ucts between photolysis laser pulses, which were 100 ms apart.
experiments. were carried out at room temperature ('ﬁ% Pressures were measured using 100 and 1000 Torr capacitance

K). We calibrated the photon laser fluence in the reactor by manometers.d‘l’hgﬂ:emp?'r:tutred(g]the gas ml the re?cé'%r.' zot?e
detecting NQ that resulted from the photolysis of chlorine was measured with a calibrated thermocouple inserted directly

nitrate (CIONO) at 248 nm. in the gas flow. The thermocouple was retracted during kinetic
( Q) measurements. The flow rate of gases through the CRDS system
was also sufficiently fast, so that the same gas mixture would

v;/]as “S‘?d :n th'.s stydy. In this ETChn'qu:e’ Fhe ring down ?mehof not be exposed to more than one photolysis laser pulse; the
the optical cavity is comparable to the time constant for the pulse rate of the photolysis laser was® Hz.

reaction that changes the concentration of the monitored species.
The ring down profiles in the absence and presence (with
varying concentration of the absorber) are measured. The ratio

of these two profiles contains the information on the time Examples of OH temporal profiles measured in the rate
dependence of the absorber concentration. The analytical efficient studies of reaction 3 are shown in Figure 2. The
expression for the time dependence of the absorber concentrag |oss followed first-order kinetics (i.e., obeyed eq 1) over at
tion, together with the measured ratio of the profiles, is used t0 g5t three of its lifetimes. Least-squares fits to the decay profiles
derive the rate coefficients and yields as described elsevihere. yielded thek' values. PNA, HO,, HNOs, and NG concentra-
2.3.2. Materials.Helium (99.999%), M (>99.99%), and tions that corresponded to the measukedalue were deter-
NO,BF4 (> 95%) were used as supplied. Concentrated hydrogen mined from the ancillary measurements, as described in the
peroxide ¢95% HO,, as determined by ftitration with a  Experimental Section. An example of the measured UV
standard solution of KMng) was prepared by bubbling2N  spectrum of the reaction mixture flowing through the reactor is
through a HO, sample initially at a concentration of 60% for  shown in Figure 3. Based on the independently measured
several days prior to use. Nitric acid (anhydrous) was synthe- concentrations of the HNSand HO; in this mixture and the
sized under vacuum by slowly adding concentrated sulfuric acid reference spectra of these two species, their contribution to the
to 40 g of solid NaN@maintained at 330 K. HN@vapor was  measured spectrum are shown in Figure 3. As shown in this
collected in a glass bubbler immersed in a liquigd éboled example, HO, and HNQ make relatively small €10%)
trap. CIONQ was prepared and used as described previddsly. contributions to the UV absorption in the range of 2490
Peroxynitric acid (PNA) was synthesized using two meth- nm. Thus, the PNA concentration is accurately determined in
ods?8 In the preferred method, PNA was prepared in solution the UV absorption method. Therefore, even if the corrections

OH signal (Arb. Units)

by nitration of 8 cmi of concentrated kD, (>95%) at 273 K
with 3 g of NO,BF4 in a glovebag purged with dry Nin the
second method, PNA was prepared via a dropwise addition of
10 cn® of concentrated KD, to a stirred HNQ@ solution
maintained at OC. This second method had a tendency to leave
behind large concentrations o0&, and HNQ and, therefore,
was less suitable. PNA was introduced into the gas flow by
passing a small flow of helium over the PNA solution while
maintaining the reservoir at a temperature of 273 K. In the
kinetic measurements, the sample gas flow was then passed
through a cold trap immersed in a salt/ice bath to reduce the
gas-phase D, and HNQ concentrations.

The technique of simultaneous kinetics and ring down (SKaR)

3. Results and Discussion
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Figure 3. UV absorption spectrum of a gas-phase PNA sample flowing [PNA] (10" molecule cm )
through the pulsed laser photolysisser-induced fluorescence (PP
LIF) reactor. Spectrum was recorded using a diode array spectrometer 16
with a path length of 114 cm. Also shown are the contributions of (b)
H20,, HNOs;, and NQ to this absorption spectrum. The contributions
due to HO, and HNQ were determined from auxiliary measurements
of their concentrations via mass spectrometry and FTIR absorption.
The NG contribution was determined from its absorption at wave-
lengths longer than 340 nm and auxiliary FTIR measurements. In this
example, the PNA, bD,, HNOs, and NQ concentrations are 1,210,

2.6 x10" 6.1 x10*, and 2x10" molecule cm?, respectively. The
residual upon subtraction of all the contributions is shown at the bottom.
Clearly, the residual is small<(1%) and shows no wavelength-
dependent features.

3 -1
Ko (1075 )

due to HO, and HNQ are uncertain by 20%30%, their
contribution to the uncertainty in the PNA concentratiors £%.
Figure 4a shows examples of the measured first-order rate
coefficient (') vs [PNA] at 296 and 221 K. Figure 4b shows
plots of k' — (ka[H20,] + ks[HNO3] + k¢[NO2] + k7) values vs
[PNA] at 298 K. The corrections applied (T), to account [PNA] (10"° molecule cm™)
for the IO_SS of OH due to reaction with;B,, HNGs, anq NQ, Figure 4. Plots of measured pseudo-first-order rate coefficients for
were typically 5%-25% of the measured value (see Figure 4a). ihe loss of OH in the presence of PNA (and its associated impurities),
The corrections for OH loss due to reaction with@4 and as a function of [PNA]. Panel a shows the data at 298 K (circles) and
HNO; were smaller at lower temperatures. The major correction 221 K (squares). Solid lines are the weighted least-squares fits that
was due to reaction 4 (OH H,0,) and ranged from 4% to  take into consideration the contribution of the impurities, whereas the
~50%; the correction due to reactions 5 and 6 were typically dashed lines represent the fits to the uncorrected data. Panel b shows

<10% and 2%, respectively. Thus, the total correction was ipklsﬁ\gjhi rlg)e]a:;uzzc;v;l?seeselg_lt_,;b?e [2k;,;5(k;[|;|uzr%giotl Ig’f['?g,\l,\?ﬂ A

<25% and the uncertainty in the value it = (ki[H202] +  weighted least-squares fit yields(298 K) = (3.44 + 0.12) x 1032

ks[HNO3] + kg[NO2]) due to the correction was10%. Note cm® molecule! s1.

that the derived value d&; was essentially independent of the

magnitude of the correction for reactions-@, showing that  of the nonlinear least-squares fit. Inclusion of the estimated

the corrections were accurate. N _ systematic errors at ther2evel in determining the concentration
The measured rate coefficient and conditions used in the OH of PNA to the first term in the aforementioned expression will

experiments are summarized in Tables 2 and 3. A pldtsof  |ead toks(T) = (8.8 + 2.6) x 10719T2 exp[(1130+ 20)/T] cm3

(logarithmic scale) vs T/ is shown in Figure 5. The rate  molecule’? s=%. An Arrhenius fit, i.e., a fit of Inks vs 1/T to a

coefficient data shows a slight detectable systematic deviationstraight line using a linear least-squares analysigg tealues

from Arrhenius behavior. However, note that the magnitude of measured at or below 298 K yields

the deviation lies within the absolute accuracy of the individual

rate coefficient measurements. The kinetic data are well- ky(T) = (3.18+ 0.30) x 10 ® x

reproduced over the entire temperature range using the rate

coefficient expression eXF(GQO% cm® moleculets™ (IV)
ky(T) = AT? exr{— R_?I') where the quoted errors are andoa = Agina. This expression
reproduces the data well over this restricted temperature range
= (8.79+£ 0.67) x 10 97% x (Figure 5). Again, inclusion of the estimated systematic errors
1130+ 2 3 1 1 at the 2 level in determining the concentration of PNA into
F{ T ()cm molecule “s = (Ill) the first term in the aforementioned expression will lead to

ks(T) = (3.2+ 1.0) x 10713 exp[(690+ 40)/T] cm® molecule®
The quoted uncertainties are the 2alues from the precision s
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TABLE 2: Summary of the Rate Coefficients for the OH + PNA Reaction at 298 K and Experimental Conditions Used To

Measure Them

gas flow photolysis
pressure velocity? laser fluence [OH]o [PNA]P k3(298 Ky
(Torr)  (cms?) (mJcn?pulsel) (10"molecule cm®) ks (s™)  (10®molecule cm®) kK (s (10-2cm?® molecule* s™)
10 22 0.9-25 0.723.0 0.3-3.9(8) 2206-14000 3.41+ 0.68
14 29 0.4-0.7 0.4-1.8 0.2-1.8(8) 606-5700 3.16+ 0.24
14 30 0.6-2.1 0.:11 470+ 150 0.03-1.9 (11) 346-5600 3.19+ 0.30
14 30 0.9 0.31.8 150+ 25 0.2-2.6 (8) 1006-8800 3.59+ 0.08
14 30 0.4-0.7 0.3-1.2 430+ 55 0.1-3.2(9) 500-9400 3.17+0.10
14 30 0.4-1.0 0.5-1.8 680+ 40 0.3-2.6 (9) 1706-7600 3.03+ 0.08
14 30 0.4-1.0 0.6-2.0 630+ 40 0.3-2.6 (9) 1706-7300 3.17+0.08
14 30 0.1-0.3 0.05-1.0 690+ 50 0.3-3.9(9) 2006-11500 3.05+ 0.12
14 72 0.:20.2 0.03-0.2 400+ 40 0.2-1.5(7) 1206-5600 3.38+0.12
14 26 0.1-0.2 0.05-0.5 280+ 20 0.1-2.1(7) 706-7000 3.37+0.08
14 72 0.:20.2 0.03-0.2 500+ 20 0.2-1.5(7) 1206-5600 3.2%-0.08
14 26 0.1-0.2 0.05-0.5 235+ 30 0.1-2.1(7) 706-7100 3.40+ 0.06
15 50 231 0.3-54 200+ 25 0.04-1.7 (10) 506-6500 3.7+ 0.04
16 51 0.2-0.7 0.09-1.0 290+ 20 0.1-1.4 (9) 706-5000 3.70+£ 0.08!
16 65 1722 0.5-4.0 350+ 30 0.06-1.7 (7) 1106-7400 3.82+ 0.04¢
16 62 0.3 2.222 330+ 20 0.2-1.5(9) 1406-8000 3.27+0.14
17 53 0.71.4 0.4-3.6 290+ 10 0.2-1.3(5) 6006-4600 3.18+ 0.10
91 16 0.4-0.5 0.3-2.0 310+ 10 0.1-3.4 (7) 206-13500 3.65+ 0.04
100 14 0.4-0.5 0.3-2.0 310+ 10 0.4-2.5(8) 1006-7700 3.24+ 0.08
100 36 0.4-0.5 0.3-0.9 310+ 10 0.3-1.6 (5) 506-5000 3.44+ 0.16

2Gas flow velocity was calculated for the center of the reaction cell, where the OH temporal profiles were médsuneioer of PNA
concentrations used iks determination given in parenthesé&)ncertainties are thea2precision of the measurement value®NA source is
HNOy/H,0, instead of NGBF,/H,0,. ¢ Photolysis wavelength, = 193 nm.fIn the presence of % 10" molecules cm?® of NO.
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Figure 5. Plot of theks value (on a logarithmic scale) from this work
versus 1T. Dotted line is a weighted least-squares fit to the equation
ks(T) = AT? exp[~E4(RT)] and yieldsks(T) = (8.79+ 0.67) x 1071°T?
[exp((1130+ 20)/T)] cm® molecule s Solid line is a fit to the data
at T < 298 K (shown in the figure over that range) to an Arrhenius
expression, which yieldis(T) = (3.2 + 0.3) x 1073 exp[(690+ 40)/

T] cm® molecule s71. All the quoted errors ared2precision obtained
via least-squares analyses.

5.0

The experimental conditions were varied during the course
of the kinetic experiments in an effort to identify potential
systematic errors in the rate coefficient determinations. The

the quoted uncertainty is thes2recision of the slope of the
k' vs [PNA] plot. If we include the estimated uncertainty at the
20 level (see Section 3.1, “Error Analysis”) in the determination
of PNA concentration, we obtaiks(298 K) = (3.4 + 1.0) x
107*2 cm® molecule* s

The range of temperatures over which we could accurately
measureks was limited at high temperature by the thermal
decomposition of PNA (and the consequent uncertainties in the
PNA concentration along the UV absorption cell) and at the
low temperatures by condensation of PNA. We have established
that our measured valueslafin the temperature range of 218
335 K were free of problems associated with uncertainties in
PNA concentration and large contributions to the measksed
value by the presence of,8,, HNOs;, and NQ.

In a few experiments, under some specific conditions, the
OH temporal profile was nonexponential and indicated a
regeneration of OH at longer reaction times. Such OH regenera-
tion was only observed when a freshly prepared PNA sample
was first introduced into the reactor. We suspect that the
regeneration was due to the presence of very small concentra-
tions of NO that reacted with HQOradicals formed from PNA
photolysis, reaction 4, or reaction 3b. An NO concentration of
~1 x 10" molecule cm?® is needed to explain the observed
OH temporal profiles. Unfortunately, we were unable to detect
such a small [NO] in our system. The addition of large
concentrations of NO did make the OH temporal profiles
exponential after 10@s. Addition of very small amounts of

majority of the experimental variations were performed at room NO made the profiles nonexponential. In any case, after flushing
temperature (see Table 2). The rate coefficient data wasthe bath gas through the PNA source for a few minutes, the
independent of the following: (i) the linear gas flow velocity OH regeneration was absent and all kinetic data were taken
(v = 10-76 cm s1) and the location of PNA addition to the  under such conditions.

apparatus; (ii) the PNA source, either® + NO,BF; or 3.1. Error Analysis. A major uncertainty in the determination
H>O, + HNO;; (iii) the photolysis wavelength (193 or 248 nm);  of ks is associated with knowing the concentration of PNA in
(iv) the initial OH radical concentration; and (v) total pressure the reactor. We have used UV and IR absorption measurements
(20—100 Torr of helium). This independence is demonstrated to quantify the PNA concentration in our kinetic measurements.
in the plot of allk' values measured at room temperature, as a The UV measurements were performed within the reactor,
function of [PNA] in Figure 4b. A linear least-squares fit of whereas the IR measurements were external to the reactor. The
these data (a total of 168 first-order rate coefficients) yields UV and IR measurements yielded PNA concentrations that were
k3(298 K) = (3.44+ 0.12) x 10~ 12cm® molecule! s71, where within 10% of each other. Molina and Molithand Singer et
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TABLE 3: Summary of the Rate Coefficient for the OH + PNA Reaction, Obtained as a Function of Temperature T)
gas-flow photolysis

pressure velocity? laser fluence [OH]o [PNA]P k¢
T(K) (Torr) (cms?t) (mJcnr?pulse?) (L0"molecule cm®) kr(s™Y) (10 molecule cm®) k (s (10-*2cm® moleculet s
218 19 59 0.41.4 0.02-0.3 0.05-0.29 (5) 1306-3400 7.82+ 0.64
221 20 60 0.9-0.9 0.05-0.5 0.06-0.62 (6) 1106-5600 6.67+ 0.21
224 20 64 0.080.5 0.02-0.1 0.09-0.84 (6) 1006-4000 6.82+ 0.40
224 95 10 0.3-0.3 0.1-0.3 0.06-0.80 (5) 1006-6000 7.59+0.14
230 20 69 0.91.1 0.1-0.7 0.15-0.91 (5) 1206-5600 6.05+ 0.21
232 19 55 0.20.3 0.05-0.4 0.09-1.10(8) 706-6300 6.17+ 0.10
232 20 67 0.50.7 0.05-0.6 0.070.91 (7) 1206-6100 6.49+ 0.19
232 96 11 0.30.4 0.2-0.5 0.13-1.18(8) 1406-8700 6.25+ 0.11
242 15 38 0.10.2 0.02-0.4 0.071.70 (8) 806-9400 5.55+ 0.09
249 16 48 1.31.8 0.8-25 0.56-1.73 (8) 2706-8600 5.16+ 0.04¢
253 15 47 1.71.8 0.3-1.5 320+ 10 0.05-0.45 (8) 5006-2400 4.66+ 0.0
255 14 27 0.40.4 0.04-0.8 440+ 20 0.09-1.90 (11) 1006-8400 457+ 0.10
266 15 33 0.40.4 0.04-0.8 420+ 20 0.40-2.18 (8) 1606-9500 4.35+ 0.06
273 17 48 0.50.5 0.:-1.0 390+ 20 0.04-0.60 (8) 606-2700 4.02+ 0.08
298 10-100 14-72 3.44+ 0.12f
315 13 33 0.50.5 0.06-0.4 140+ 20 0.07-2.68 (8) 206-10000 3.26t 0.05
335 13 44 0.50.6 0.2-15 850+ 25 0.23-2.56 (9) 1306-8500 2.96+ 0.06
335 16 68 0.60.6 0.1-1.3 490+ 30 0.3+0.85 (7) 1306-3000 2.85+ 0.06¢

aGas-flow velocity was calculated for the center of the reaction cell, where the OH temporal profiles were meédsuneder of PNA
concentrations used iy determination given in parenthesés)ncertainties are thes2precision of the measurement valugé#n the presence of
NO added® PNA source is HN@H,O; instead of NGBF4#/H,0,. f Obtained from the slope of the plot of &llvalues at 298 K versus [PNA] (see
Figure 4b).

al? estimated the uncertainty in the UV absorption cross section 1ABLE 4: Reaction Mechanism Used in Simulations

of PNA at 250 nm to be approximatelt10%. (Molina and rate coefficient
Molinal® quoted this to be at thevllevel; we assume this to be (cm® molecule s™)
at the 2 level for the study by Singer et &lwho did not specify reaction k(298 Ky k(532 K¥
their quoted uncertainty.) Uncertainties in the absorption path Thermal Decomposition
length, total pressure, temperature, and flows are all relatively HO,NO, + M — HO,+ NO, + M 0.013 4498
small. The estimated uncertainty (approximat&ly%) in the Hydroxyl Radical Reactions
UV spectral analysis, including uncertainties in thgOpland OH — loss 280ef
HNOs; UV absorption cross sections, leads to an additional OH+ PNA— H,O+ O, + NO; 3.6x 1012 2.1 x 1012
uncertainty in [PNA] of~10%. The calculated most-probable - :% trHN’\IOOB
i i 1 i i — 202 3
O il e o ety PSSP U5 o OIS 2010 2gs dor
' , X OH+ NO; + M — HNO; + M 20x 1012 49x 10
to the measured absorbance, is estimated to2@% at the & OH + HNOs — H,0 + NOs 13%x 1013 5.8x 10°14
level. OH+NO+ M —HONO+ M 8.7x10718e 41x 10
Several experiments were conducted to check the accuracyOH + HONO— H;O + NO 45x 107 8.6x 107
of the measured PNA concentration. In several experiments, HO, Radical Reactions
the PNA concentration at the entrance and exit of the UV HO,+ NO;+M —HONO;+M  25x 10 75x 10
absorption cell were measured using IR absorption while HOz2+NO—OH+ NO, 8.1x 10 5.6x 10
measuring the concentration in the cell via UV absorption: they HO:+HO + M —H0, + O+ M 1.7x 107  7.1x 1075
agreed to withink=10%, implying a lack of a gradient in the NO; Radical Reactions
PNA concentration along the length of the UV absorption cell. NOs  NO—~2NO; 2.6x 1(71; 2.1x 10rﬁ
Therefore, we conclude that the PNA concentration measured N ~ NO2 M= 05 + M 351007 38> 107
g NO; + HO, — OH + NO, + O, 35x 1012 35x 1012

via UV absorption in the reactor is an accurate measure of the o

PHA concentation n the regon where OF temporlprofles - Uress ot e e coeieis ae ke o St o
Werg measured. The PNA.IR band intensities were dete.rmmed,c Pressure-dependent rate coefficients calculated for 15 Torr of helium.
relative to the UV absorption measurements. The relative anda ypjts for this value are's. ° Measured in this study First-order loss
absolute band intensities agreed well with those reported by rate coefficients measured in reaction cell via laser-induced fluorescence
Smith** and by Molina and Molin&® This agreement demon-  (LIF) detection of OH (see text).

strates a self-consistency between the UV and IR measurement§ich leads to the formation of another M@nolecule. The

made in these studies. o loss of OH via reaction 3a will produce yet another NO
The PNA concentration was also indirectly measured by mglecule. Therefore, the loss of one PNA molecule leads to

converting PNA to N@ in the presence of an excess of NO  he formation of three N@molecules. However, the efficiency

(INO] = (1.3-4.0) x 10'® molecule cm®) at ~532 K. A of conversion of PNA to N@will be slightly less than three,
mixture of PNA, whose concentration was measured using UV pacause of secondary chemistry of the OH radical (see the

absorption, and NO was passed through a heatdi82 K) reaction mechanism listed in Table 4). The measured conversion
Pyrex tube. The PNA rapidly decomposed via reactidhto efficiency of 2.5 is in good agreement with that expected from
produce HQ and NQ. The HQ radical formed in the PNA 16 reaction mechanism and the measurg@HHNOs, PNA,
decomposition was converted to OH and NO NO, and NQ concentrations. This agreement adds to our

confidence in the accuracy of the concentration of PNA
HO, + NO— OH + NO, (8) measured via UV absorption.
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TABLE 5: Summary of the Rate Coefficients for the OH + H,0, Reactior®

temperature, number of [H209] [OH]o kst 20
T (K) experiments (10 molecule cnm?) (10" molecule cnm®) ki (s79) (1072 cm?® molecule’t s71)P
254 10 1.2-13.3 0.3-4.7 6006-3200 2.16+ 0.48
266 7 0.78.3 0.3-34 500-1825 1.86+ 0.10
273 6 0.75.75 0.3-25 5506-1550 1.99+ 0.10
298 67 0.8-16.5 0.1-25.0 600-3400 2.00+ 0.08
315 6 2.4-13.3 1.3-6.5 680-3200 2.51+0.10
335 11 0.9-254 1593 550-5800 2.10+ 0.26
356 20 0.5-22.2 0.12.2 635-4900 2.21+0.38

2 Pressure range was 136 Torr and HO, was photolyzed at 248 nmiThe quoted errors ares2recision of the linear least-squares fits of
ks vs [H,0,] data relative to the expressidu = kq[H,0,] + constant® In 42 experiments, kD, was photolyzed at 193 nri.One experiment was
performed at 100 Torr.

TABLE 6: Comparison of OH + HO,NO, Reaction Rate Coefficient Studies

temperature, pressure k3(298 K) A concentration
T (K) (Torr)  (10~*2cm? moleculets™)2 (102 cm® molecule s™?) EJ/R (K) techniqu€ measuremeft reference
218-335 10-100 3.4+£1.0 see text see text PLP/LIF UVIMS/FTIR  this work
298 1 50 relative rate  FTIR Barnes et &l.
268-295  1-300 55+ 14 independent of relative rate  FTIR/GC Barnes et dl.
246-324 3-15 4.0+ 1.6 8.05 (193+ 194) PLP/RF MS Trevor et &f.
240-330 760 5211 (0.59+ 0.04) —(650+ 30) PLP/RF FTIR Smith et &P
4.6 1.3 —380 evaluation Sander et4l.

aUncertainties reported by the authot®LP/LIF, pulsed laser photolysis/laser-induced fluorescence; PLP/RF, pulsed laser photolysis/resonance
fluorescencet UV, ultraviolet absorption spectroscopy; MS, mass spectrometry; FTIR, Fourier transform infrared spectroscopy; and GC,
gas chromatography.Revised in Barnes et &.from the originally reported value of (4.% 1.0) x 1072 cm® molecule! s, using
(OH + propene)= 1.86 x 1072 cm® molecule® s™%.

A check of our methods was also accomplished through
measurements of the rate coefficient for the reaction of OH with
H,O, (reaction 4). The summary of the measured rate coef-
ficients for reaction 4K;) and the conditions under which they
were measured are given in Table 5. These rate coefficients
were measured by monitoring the®} concentration after the
mass spectrometer was calibrated prior to most determinations
of ks. We obtained the value d, in the temperature range of
254-356 K by fitting the Ink, vs 1/T data to a line using a
weighted linear-least-squares methodology:

ky (cm3 molecule™ s'])

ky(T) = (2.94 1.8) x 10 2 x

2||||||||||||||||||||||

eXFJ(——nO?L 15() cm’molecule*s™ (V) 30 35 40 45 50

Our data yieldsks(298 K) = (2.00 & 0.15) x 10712 cm? 1000/T (K'l)
11 i
tmhglez(;ullgvels aﬁgr}ﬁc?ﬁgéegsfi%(ztse (Izimsz;gt(l kr:I(azt?cS e?oerl;e .?;]ese Figu_re 6. Comp_arison of '_[he measurégvalues with _those from the
. X ' previous work; this work (Line B), Barnes et'aliopen triangle), Barnes

values ofk, are in excellent agreement with the value reported et 5114 (solid triangles), Trevor et &k (open squares), and Smith et
by Vaghiiani et af® These measurements were performed in al!2 (solid diamonds). Line A represents the values recommended by
the same system as that used for the determinatidg ahd Sander et al.for atmospheric modeling. Line C represents the Smith
using the same methods and the same conditions as those use®} al. data. Dashed components represent extrapolation beyond the range
to quantify the concentration of 49, i.e., MS determination. ~ ©f the measurements.
Therefore, this agreement further validates our determined 3.2. Comparison ofks(T) with Previous Studies.Graham
concentrations of b0, and, more importantly, establishes the et al® published the first estimate d&(298 K), which was
accuracy of the corrections madektdor the contributions due <3 x 10712 cm® molecule’® s7%; it was based on an indirect
to reaction 4, which was the largest contributor to the correc- analysis of PNA thermal decomposition data. However, the
tions. more-recent “direct” measurementskei{see Table 6 and Figure

As illustrated in Table 2, the precision of the individg298 6) have shown that the reported value of Graham &tsalow.
K) determinations (approximatel5%) is significantly better Our measured value &§(298 K) agrees with those determined
than the reproducibility oks on different sets of determinations  using both relative raté5and absolute methotfs3within the
(+£15%). This uncertainty, combined with our estimated uncer- quoted uncertainty limits. The independencekg298 K) on
tainty in [PNA] of ~20%, leads us to estimate the overall pressure, in the pressure range of—100 Torr (helium),
maximum uncertainty irks(T) to be £30%. We believe that  observed in this work also agrees with a similar lack of pressure
the precision of our measurements, to be conservative, is best-dependence in the pressure ranges-6300 Torr (N) reported
represented by the reproducibility of the measured values of by Barnes et al¥ and 3 and 15 Torr (helium) noted by Trevor
ks. Furthermore, this assignment of the precision accounts for et all® Note that the scatter in the data of Barnes ét*and
the variations in the precisions of the corrections and the Trevor et alt® is quite large and indicates the difficulty in
determinations of the PNA concentrations. measuringks. The precision of these measurements may not
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reflect the real accuracy of their measurements. For example,by Smith et al? to correctk’ were measured in the same study
the method used by Trevor et'@lto deduce their [PNA] value  in the temperature range of 24870 K and the pressure range
was rather indirect and would have led to significant variations of 50—762 Torr of helium. The temperature and pressure
from experiment to experiment. In the experiments where OH dependence of the rate coefficient for reaction 6 has since been
temporal profiles are measured, the largest contributors to therevised:’” However, the revised values are not necessarily the
uncertainty inks are the [PNA] and the contributions to OH  best values to use for correction, because their measured values
loss by reaction with impurities. We have established our of ks, ks, andks should be applicable to their system. The revised
measured [PNA] value by multiple methods and have paid values would increase the magnitude of the corrections by
careful attention to the possible depletion of PNA along the ~30%, i.e., increase the rate coefficient $10%. Even such
length of the reactor. In contrast to thke derived from OH a correction, which may not be appropriate, probably will not
temporal profile measurements, as in the case of Trevor €t al., be enough to completely account for the differences inkghe
Smith et al?2and us, the studies of Barnes et‘dlo not suffer values. Note that even the uncorrected (raw) values of
from the inaccuracies in [PNA] and impurity reactions, because measured in this work would yield values kf that are less
they monitored the fractional depletion of PNA. Barnes étal.  than those reported by Smith et'alTherefore, the discrepancies
had to account for secondary reactions and, thus, were notin our studies may not entirely be due to uncertainties in the
immune to other sources of error. Yet, the reasonable agreemengorrections tak' or the quantification of [PNA].

between the reported values of Barnes eé¢and our study The currently recommended value k{T) for stratospheric
lends support to the quoted accuracykgf modeling is an average of the values reported by Barnes et

There are significant differences between the temperatureal"l4’l5 Trevor et al;® and Smith et al? The recommended
dependence df; reported by Barnes et aft, Trevor et all3 values are included in Figure 6 for comparison. The currently
and Smith et al2 Barnes et al used an adaptation of the fecommendetroom-temperature value & s higher than our
relative rate technique to determikgT) at 268, 278, and 295  Value. However, the values, when extrapolated to 200 K, only
K. They did not observe a statistically significant change in différ by ~15% with our determination. This difference is well
ke(T) over this narrow temperature range. Trevor éfaised a within the quoted, ra}ther I_arge,_ uncertamty._The implications
laser photolysis resonance fluorescence technique to studyOf the .resullts obtamgd in this WOT"* Wh'Ch. reducgs the
reaction 3 at low pressure over the temperature range of 246 Hgtﬁssp;r:grilcnIlsnp(ii(c):r;?ilgr?;?bly' are discussed in Section 4,
324 K. They observed a slightly negative temperature depen- :
dence orks. However, the overall low precision of their kinetic . 3.3. Product I\_/Ieasuremgnts of the OH+ HOZNOZ Reac-
data limited them from defining the temperature dependence;t'on'.The most likely reaction products, Wh'Ch are thermody-
they reported are/R value of —(193 £ 194) K. The authors namically allowed, for the OH- PNA reaction are
attributed the scatter in the data to possible wall reactions of .
OH and PNA in the flow tube. Uncertainties in the MS OH + HO,NG, = H,0 + NO, + O,
determination of [PNA] may also have contributed to the scatter. (AH35gg= —45.8 kcal moTl) (3a)
We expect the uncertainty iB/R to be less than that i,

because the largest sources of erroksiare the determination — HO, + HNO;

of [PNA] and corrections for impurities. This is to be expected (AH3gg= —24.9 kcal moTl) (3b)
because the thermal decomposition of PNA is not very rapid at

and below 298 K and the rate coefficients for the other reactions —H0, + NO;

that contribute to the measured OH loss (ik&, ks, andks) are (AH3g5= —11.1 keal mol) (3c)

not very dependent on temperature over the range of temper-

atures studied. Currently, atmospheric models assume reaction 3a to be the only
Smith et al'? reported a systematic increase kg with significant pathway. Reaction products of reaction 3a are
decreasing temperature in the temperature range of-230 difficult to detect in the laboratory, because of their high
K with a derived E/R value of —600 K, i.e., a negative  background concentrations in a PNA sample and the lack of a
temperature dependence. Our measured temperature dependenggod way to measured-® and Q in a pulse photolysis system.
for ks is in good agreement with that reported by Smith €€al.  |n this work, we have measured the branching ratios for
However, the magnitude of the value reported by Smith et reactions 3b and 3c: reaction 3b through analysis of the OH
al. are systematically higher by30% from our values. At temporal profile in the presence of NO and reaction 3c by direct
present, we do not have an explanation for this discrepancy. measurement of the N@adical. The branching ratio for reaction
One possible source of such a systematic difference is the3a is inferred from these values.
corrections to the measured valuek'ofvhich is the first-order The branching ratio for reaction 3i®g, = kap/(Ksa + ksp +
rate coefficient for a loss of OH, because of the presence of ka)) was determined af = 298 K by following the temporal
H20,, HNOs, and NQ. Smith et alt? stated that their kinetic  profiles of OH in experiments that were identical to the kinetic
data corrections (in all cases) accounted fa80% of the measurements but with NO added to the sample. The addition
measured’ values. This is not much different from the level of NO converts HQ radicals (produced either in the initial
of corrections td< applied in our study. Smith et &.used IR photolysis pulse or through subsequent reactions, e.qg., reactions
absorption to monitor the #, and HNGQ impurity concentra- 3b and 4) to detectable OH radicals via reaction 8. Numerical
tions, as was done in this work. They also used UV absorption simulations of the OH temporal profile using the chemical
to measure the PNA concentration, which is again similar to mechanism outlined in Table 4 and the measured experimental
this work. The main correction tés in our study is due to conditions were then used to estimdtg,. An example of the
reaction 4, with minor contributions from reactions 5 and 6. In measured OH temporal profiles in the presence of NO is shown
the study by Smith et al? the corrections due to reactions 5 in Figure 7. The increase in the OH signal at early times in the
and 6 were somewhat higher, because of the higher i@ presence of NO results from the conversion of Hoduced
NO, concentrations in their experiments. Tkgvalues used in the photolysis of PNA at 248 ni#?:31 The quantum yield for
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Figure 7. OH temporal profile observed following the pulsed
photolysis of a sample that contained PNA (%.1.0'> molecule cm®),

NO (2.3 x 10" molecule cm?), and HO, (1.1 x 10 molecule cm®).
HNO; (2.1 x 10 molecule cm?®) and NQ (2.4 x 10 molecule cm?®)

at 298 K. The lines represent simulations of the OH temporal profiles
using the chemical mechanism given in Table 4 with the branching
ratio for reaction 3bsp) set equal to O (curve a), 0.1 (curve b), 0.2
(curve c), 0.4 (curve d), and 1.0 (curve e). This analysis clearly shows
dg, < 0.1,

0.8

HO; in the 248-nm photolysis of PNA is reported to b@.5.
The rate of rise in the OH signal is determined by the NO
concentration. The best fit to the OH temporal profile is obtained
with @3, = 0. Simulations with several differeidbs, are also
shown in Figure 7 for comparison. We conclude from this
analysis thatbs, is <0.10 and could be zero for the case shown

Jimenez et al.
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Figure 8. Cavity ring down spectroscopy (CRDS) profiles measured
in the determination of the branching ratio for reaction ®J. Panel

200

in the figure. Such profiles at various concentrations of PNA a shows profiles measured in the absence of PNA (solid line) and in

and NO were measured and analyzed to derive an upper limit
of d3, < 0.1.
The yield of NG in reaction 3 (i.e., reaction 3c) was

the presence of PNA (dotted line). Panel b shows the ratio of the two

profiles shown in panel a (solid line); dashed lines are model simulations
(see text for details) (withbsc = 0% (coincident with solid line),
3. = 4% (dotted line), ands. = 20% (dashed line). The time of the

determined using the SKaR technique, as noted earlier. Thephotolysis is marked with an arrow.

measured CRDS profiles in the absence of OH production and
upon OH production via 248-nm photolysis of a mixture of
PNA/HNOs/H,0, are shown in Figure 8a. The concentrations
of PNA, H,O,, HNOs;, and NQ were determined via IR

with HO,NO,, HNOs, NO,, and BNO,, whereas reaction 11a
represents the loss of OH that leads to NfOrmation via
reactions with HGNO, and HNQ. Reaction 12 represents the

absorptions. The reactions that occur in this system include theloss of NQ in this system. The pseudo-first-order rate coefficient

following:
HO,NO, + hv (A = 248 nm)— OH + NO, (2a)
— other products  (2b)
HNO; + hv (4 = 248 nm)— OH + NO, 9)
H,0, + hv (1 = 248 nm)— 20H (20)

and the reactions listed in Table 4. In this systemgK&dlicals

are produced via reaction 5 and also via reaction 3c. This
mechanism can be further simplified to three processes of (i)
the photolytic production of N®that is coincident with the
photolysis laser, (ii) the production of NCas the reactions
proceed, and (iii) the loss of NQvia reactions and physical
removal:

HO,NO, + hv (A = 248 nm)— OH + NO, (2a)
OH— NO, (11a)
— other losses (11b)
NO; — products (12)

Here, reaction 11 represents the loss of OH via its reactions

for the production of N@is equal to the pseudo-first-order OH
loss rate coefficient and is given by

ki, = k[HO,NO,] + k,[H,O,] + k]HNO,] +
kINO,] + k; (VI)

The rate coefficient for the loss of NOwvas measured by
monitoring the NQ concentrations at long times by varying
the time delay between the photolysis and probe (CRDS) laser;
ki, was always<2000 s'. Because this loss is slower than the
time scale of the ring down signal, we could not accurately
quantify this rate coefficient in the SKaR profile. The overall
pseudo-first-order rate coefficient for N@roduction was on
the order of 10 0007¢ (i.e., the same time scale for the ring
down signal); therefore, we use the SKaR method to measure
the NG production kinetics. This method has been described
in detail in a previous publication from our laborat@PyFigure

8b shows the logarithm of the ratio of ring down signals with
and without photolysis. The photolysis event is clearly identified
at~30us. Integration of the differential equation that represents
reactions 2a, 11, and 12 yields the time dependence of the NO
concentration in this system, which is given by

[NO4], = Aexp(—ki t) + B exp(—ki,t) (Vi



Reaction of OH with HGNO,

Here,A andB are constants related to the initial concentrations
of OH and NQ. This temporal profile of N@was included

with the measured ratio profiles (such as that shown in Figure

8b) and the yield of N@in PNA photolysis! to derive the
yield of NOs, as described elsewheteThe calculated lines
for various yields of NQare also shown in Figure 8b. Several

such experiments and analysis were performed to obtain an

upper limit of <0.05 for the NQ yield in reaction 3.
We have measured upper limits fdr;, and 3. Assuming
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