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The formation yields of 2- and 3-pentyl nitrate from the reactions of 2- and 3-pentyl peroxy radicals with NO
have been measured at room temperature over the pressure rangé4sIorr of Nb + O,, using the OH
radical-initiated reaction afi-pentane to generate the pentyl peroxy radicals. The influence of 2- and 3-pentyl
nitrate formation from the reaction of 2- and 3-pentoxy radicals with, M@s investigated by conducting
experiments with the initial CEDNO (the OH radical precursor) and NO concentrations being varied by a
factor of 5-10. From experiments carried out with low initial @@NO and NO concentrations, the measured
yields of 2-pentyl nitrate and 3-pentyl nitrate, defined as ([pentyl nitrate] formae)&htane] reacted), each
increase with increasing total pressure, from 1410.09% and 1.14 0.10%, respectively, at 5% 1 Torr

of O, to 5.484+ 0.51% and 4.0& 0.31%, respectively, at 73F 4 Torr of N, + O,.

Introduction constant ratio¥yk; of kiyk; < 0.10 for the CHO,® radical
reactio?® and kipk; < 0.05 for the GHsO.* radical reac-
tion?* were obtained for these temperature and pressure condi-
tions.

Reaction 1 is believed to occur as shown in Scherfig> ¢
and theoretical calculations of organic nitrate formation from

The reaction of organic peroxy (R® radicals with NO, a
key reaction in the atmospheric degradation of volatile organic
compounds, proceeds by two pathways.

RO,"+ NO— RO + NO, (1a) reaction 1 have been carried out recently by Barker and co-
workerg®26 and Zhang et a? Barker et aP® could only
RO," + NO (+ M) — RONG, (+ M) (1b) reproduce the experimental data of Atkinson et &r the

formation of 2-pentyl nitrate from the 2-pentyl peroxy NO

Reaction 1a leads to the formation of the corresponding alkoxy reaction using unrealistically low amounts of energy transferred

radical plus N@, with photolysis of NQ in the troposphere ~ Per collision (25 cni).26 Zhang et ak’ propose that the.
|ead|ng to Q formation. In contrast, reaction 1b forming the intermediate ROONO* Species occurs In two non|nterc0nvertlng

Organic nitrate is a sink for Npand radicalS, |eading to a COI’]fOI’meI’S, Only one of which can isomerize to form the nitrate

decrease in @formation? An accurate know|edge of Organic RONOZ Zhang et aF.7 then predict that nitrate formation yleldS

nitrate formation from reaction 1 (i.e., dy/ky) is therefore do not extrapolate to zero with decreasing pressure but rather
needed for modeling ozone formation in the atmosphére. asymptotically approach nonzero values. Considering that the
While there have been a number of studies of organic nitrate Only experimental data concerning the pressure dependence of

formation from the reactions of organic peroxy radicals with Organic nitrate yields from reaction 1 over a pressure range
NO,4-24 the majority of these have been carried out at room representative of the troposphere are from studies conducted

temperature and atmospheric presufe:?12-17.20.21 Fyrther- ~20 years agd;'? additional experimental studies are clearly

more, while several studies of alkyl nitrate formation from alkyl heeded®27In this work, we have reinvestigated the formation
peroxy radical reactions with NO have been carried out at Of 2- and 3-pentyl nitrate from the reactions of 2- and 3-pentyl
temperatures and pressures other than room temperature anBeroxy radicals with NO at 29% 1 K and 51-744 Torr total
atmospheric pressufé?11.18.19.2224 the only pressure-dependent  Pressure of B + O,. The OH radical-initiated reaction of

organic nitrate yield data reported to date are those of Atkinson N-pentane was used to generate the pentyl peroxy radicals (RH

et al71%for the formation of alkyl nitrates from the OH radical- = N-pentane)

initiated reactions ofi-pentan€, n-heptané, 2,2-dimethylpro-

panel® 2-methylbutané® and 3-methylpentad& over the OH+RH—H, 0O+ R (2)
temperature and pressure rangez80—340 K and~55—740

Torr. Percival and co-worket%?* have also investigated the R+ O, (+ M) — RO, (+ M) A3)

reactions of CHO,® and GHsO,® radicals with NO over the
respective temperature ranges +3®0 and 203298 K at E . tal Method
100—-200 Torr total pressure, but only upper limits to the rate xpenmental viethods
The majority of experiments were carried out in a 5870 L
T Part of the special issue “David M. Golden Festschrift". Teflon-coated, thermostatted evacuable chamber at29K
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SCHEME 1
RO, + NO === ROONO" =—™ RO + NO,
RONO,” < RONO,

experiments were carried out ina7000 L volume Teflon
chamber, equipped with two parallel banks of black lamps for
irradiation, at 294 1 K and 735 Torr total pressure of purified
air at~5% relative humidity. Both chambers contained Teflon-
coated fans to ensure rapid mixing of reactants during their
introduction into the chamber. Hydroxyl radicals were generated
by the photolysis of methyl nitrite (C4#DNO) in the presence

of O, at wavelengths>300 nm&-810131420213nd NO was

included in the reactant mixtures to suppress the formation of

O3 and hence of N@radicals.

Two series of experiments were carried out, with the initial
n-pentane concentration being in the range (223%9) x 103
molecule cm® for both series of experiments but with the initial
CH3ONO and NO concentrations (which were equal in each
experiment) being~2.4 x 10 molecule cm?® each in the
“high-NOy” experiments and (1:24.8) x 10'® molecule cm?3
each in the “low-N@ experiments. The reactant mixtures were
irradiated for 16-60 min at 20% of the maximum light intensity
in the~7000 L Teflon chamber, resulting in up to 30% reaction
of the initial n-pentane, and for 20120 min in the 5870 L
evacuable chamber, resulting in maximum reaction of the initial
n-pentane ranging from 25 to 27% at 74044 Torr to 41
48% at 51102 Torr total pressure. The concentrations of

Aschmann et al.

The chamber was then pressurized withtdbl ~745 Torr and

the analyses repeated, collecting samples for analysis from the
5-L bulb (as described above) as well as directly out of the
chamber. The measured concentrations-pentane agreed to
within 2% and those of 2- and 3-pentyl nitrate agreed to within
4%, showing that the sample collection procedure from the
evacuable chamber at subambient pressures was valid. Calibra-
tions of the GC-FID response factors fepentane and 2- and
3-pentyl nitrate were carried out as described previotfshith
estimated overall uncertainties in the GC-FID response factors
for n-pentane and the pentyl nitrates &5% each. Three
independent calibrations were conducted over a two month
period during each of the two series of experiments, and during
each series of experiments, the GC-FID response factors for
the pentyl nitrates vs that forpentane (the important calibration
parameter for the yield measurements) agreed to within 3.3%.
The standard of 2-pentyl nitrate containe@0% of the isomeric
3-pentyl nitrate, and we therefore assumed, consistent with
predictions using the effective carbon number conégftat
2-pentyl nitrate and 3-pentyl nitrate have identical GC-FID
response factors.

The chemicals used, and their stated purities, wgventane
(99+%), Aldrich Chemical Co.; 2- and 3-pentyl nitrate, Fluo-
rochem., Inc.; and NO (99.0%), Matheson Gas Company.
Methyl nitrite was prepared as described by Taylor P aind
stored at 77 K under vacuum.

Results and Discussion

A series of CHONO—NO—n-pentane-N,—O; irradiations
were carried out in &7000 L volume Teflon chamber at 735
Torr total pressure and in a 5870 L evacuable chamber-at 51

n-pentane and 2- and 3-pentyl nitrate were measured duringz44 Torr total pressure, with three or four experiments being

the experiments by gas chromatography with flame ionization
detection (GC-FID). For the analysis fpentane, gas samples
were collected from the chamber into a 10CFasmlume gastight,
all-glass syringe and transferredwa 1 cni gas sampling valve
onto a 30 m DB-5 megabore column, initially held-a25 °C

and then temperature programmed to 2@at 8 °C min~%

conducted at each pressure apart fromt51 Torr where two
experiments were carried out with triplicate GC-FID analyses
after a single irradiation period. Because 2- and 3-pentyl nitrate
also react with OH radicals, the measured 2- and 3-pentyl nitrate
concentrations were corrected for secondary reactions with OH
radicals® with this correction increasing with the extent of

For the analysis of 2- and 3-pentyl nitrate, gas samples of 100 reaction® The room-temperature rate constants used in the

cm?3 volume were collected from the chamber onto Tenax-TA

calculation of these corrections were (in units of #0cm?

solid adsorbent, with subsequent thermal desorption (with the molecule? s71) n-pentane, 3.88! 2-pentyl nitrate, 1.782 and

heating block at~250 °C) onto a 30 m DB-1701 megabore
column, initially held at—40 °C and then temperature pro-
grammed to 200C at 8°C min™.

3-pentyl nitrate, 1.022 with the rate constants of Atkinson et
al32 for 2- and 3-pentyl nitrate measured relative to that for
cyclohexane being reevaluated using the most recent recom-

Experiments in the 5870 L evacuable chamber were carried mendation for the cyclohexane reaction rate consfaiihe

out with the diluent gas being2N O, mixtures with an Q partial
pressure of 156t 5 Torr, except for experiments at 5# 1
and 100+ 2 Torr, where the diluent gas was al},@nd for the
“high-NOy” experiments at 202 2 Torr, where the @partial
pressures were 102 1 Torr. The concentrations ofFpentane

and 2- and 3-pentyl nitrate in the evacuable chamber were
measured during the experiments by GC-FID as described
above. Gas samples were collected from the chamber into an

attached evacualés L Pyrex bulb which was then pressurized
to 740-745 Torr with N, (obviously, pressurization was not
necessary for experiments conducted ~af40 Torr total

maximum corrections were 18% for 2-pentyl nitrate and 11%

for 3-pentyl nitrate.

The formation of 2- and 3-pentyl nitrate can also occur from

the reactions of 2- and 3-pentoxy radicals with N@eaction

4)6
RO + NO, (+ M) — RONO, (+ M) (4)

Reaction 4 must therefore be considered as an additional
pathway to reaction 1b for 2- and 3-pentyl nitrate formation. 2-

pressure). The samples for GC-FID analyses were then obtainednd 3-Pentoxy radicals react with MQ@eaction 4) and with

from this 5 L bulb at atmospheric pressure.

Control experiments were carried out with measured amounts

of n-pentane and 2- and 3-pentyl nitrate (corresponding to
n-pentane and 2-+ 3-pentyl nitrate concentrations in the
chamber of (2.42.5) x 1018 and (1.2-2.2) x 10" molecule
cm~3, respectively) being introduced into the chamber at 100

or 300 Torr total pressure and analyzed using this procedure.

NO, to form 2- and 3-pentyl nitrite, and also react with, O

RO+ NO (+ M) — RONO (+ M) (5)
unimolecularly decompose and unimolecularly isomerize (through
a six-member transition state)as shown for the 2-pentoxy
radical.
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CH,CH(O)CH,CH,CH; + O, — 06
CH,C(O)CH,CH,CH, + HO, (6) YA

737 + 4 Torr 499 + 2 Torr

CH,CH(O")CH,CH,CH, — CH,CHO + CH,CH,C'H, (7) 0.5 o~

CH,CH(O")CH,CH,CH, — CH,CH(OH)CH,CH,C'H, (8)

04 300 + 2 Torr

The isomerization reaction is not feasible for the 3-pentoxy
radical. On the basis of literature dat&33and the theoretical
falloff calculations of Somnitz and Zelln&rfor the decomposi-
tion and isomerization reactions of pentoxy radicals, at 297 K
the respective rates of the,@eaction, decomposition, and
isomerization (in st) for the 2-pentoxy radical are 45 10°,
~3 x 10 and 2.5x 1C° at 740 Torr of air and 1.5 10%,
~2.5x 10 and~9.3 x 10*at 50 Torr of Q. The rates of the
O, reaction and decomposition (in*3 for the 3-pentoxy radical
at 297 K are, respectively, 4.5 10* and 3.3x 10* at 740 Torr
of air and 1.5x 10* and~1.4 x 10* at 50 Torr of Q. The 0.1 A
2-pentoxy radical is therefore removed via reactions86 O 51+ 1 Torr
significantly more rapidly than is the 3-pentoxy radical (via
reactions analogous to 6 and 7), by a factordf at both 50
Torr of O, and 740 Torr of air. 0 4', é 1'2

The reactions of 2- and 3-pentoxy radicals with N@action
4) are probably at the high-pressure limit at 50 Torr gf3&»¢ 10" x [n-Pentane] reacted, molecule cm™
and at a given N@concentration, the contribution of reaction  Figure 1. Plot of the amounts of 2-pentyl nitrate formed in the “low-
4 to the formation of both 2 and 3-pentyl nitrate will therefore NO,” experiments, corrected for reaction with OH radicals (see text),
increase with decreasing pressure. This is expected both in arﬁggL”dSt;thteh2”\1/%ghssﬂtfgt‘;lf‘tarféisr‘j?ecée(f_‘r‘é‘fg‘ r%';'egagiﬁﬁea}izﬁg The
a_bsolute sense as V\_/ell as relative to pentyl nitrate formation 2-pentyl nitrate data at 10ﬁp2, 201+ 2, 300 2, 499+ 2, ang 737
via reaction 1b, wh_lch decreases W|_th decreasm_g_ Pressure.; s 1o have been displaced vertically byx510%, 1.0 x 10, 1.5
However, for any given set of experimental conditions, the , 10114 2.0 x 101, and 2.5x 10" molecule cm?, respectively, for
formation of 2-pentyl nitrate from the reaction of the 2-pentoxy clarity.
radical with NQ (reaction 4) is significantly less important than
the formation of 3-pentyl nitrate from the reaction of the being more pronounced at lower total pressures. Our 2- and
3-pentoxy radical with N@ Hence, the 2-pentyl nitrate data 3-pentyl nitrate formation yields from the experiments carried
are expected to be less affected by the occurrence of reaction 4ut with the lower initial CHONO and NO concentrations are
than are the 3-pentyl nitrate data. For example, with a constanttherefore expected to be less affected by pentyl nitrate formation
NO, concentration of 2.4« 1013 molecule cm® throughoutan  from reaction 4.
experiment, a room-temperature rate constant for reaction 4 of Figure 1 shows plots of the amounts of 2-pentyl nitrate formed
3.8 x 10711 cm?® molecule® s71,37 and estimated fractions of  in the “low-NO’ experiments, corrected for reaction with OH
H-atom abstraction from the 2- and 3-positionsnipentane radicals, against the amountsrepentane reacted with the OH
by OH radicals (see below},reaction 4 is calculated to result  radical at the various total pressures studied, including those at
in 2- and 3-pentyl nitrate yields frompentane, ([pentyl nitrate]  atmospheric pressure in the Teflon chamber. The formation
formed/jp-pentane] reacted), of 0.2% and 0.4%, respectively, yields of 2- and 3-pentyl nitrate (defined as [pentyl nitrate
at 740 Torr total pressure of air, and 0.5% and 1.1%, formed]/[n-pentane reacted]) and the combined yields of-2-

@) v AA

A
0.3 1 6k 201+2Torr

IBP

]
02¢ A u
m " 100 + 2 Torr

(@)

10" x [2-Pentyl nitrate]_,,, molecule cm™

0.0

respectively, at 50 Torr total pressure 0.0 3-pentyl nitrate obtained by least-squares analyses of the data
Our measured 2- and 3-pentyl nitrate formation yields in the are listed in Table 1, together with corresponding data from
experiments at total pressures of ¥¥244 Torr using initial our previous studied?13 Figures 2 and 3 show plots of the
CH3ONO and NO concentrations 6f2.4 x 10 molecule cm? 2-pentyl nitrate and 3-pentyl nitrate formation yields from
(“high-NOy” experiments) were consistently higher than the n-pentane as a function of pressure at room temperature (298
yields from the experiments with a factor of20 lower initial + 4 K) from the present and previdus!e studies.
CH3ONO and NO concentrations (“low-NO experiments). As evident from Table 1 and Figures 2 and 3, our present 2-
However, at all pressures studied in the “low-Néxperiments, and 3-pentyl nitrate formation yields are consistently lower than

the 2- and 3-pentyl nitrate yields were unaffected by a factor our previous dat&;’ by up to~35% for 2-pentyl nitrate at-50

of 2 variation in the initial CHONO and NO concentrations.  Torr total pressure. There is closer agreement between the
The ratios of the 2-pentyl nitrate yields from the “high-NO present and previofs$ yields for 3-pentyl nitrate than for
experiments relative to those from the “low-N@xperiments 2-pentyl nitrate, and this may be due, at least in part, to the
were 1.41+ 0.41 at 106-102 Torr, 1.27+ 0.25 at 20+202 presence of small interfering GC peaks in the analyses of
Torr, 1.35+ 0.38 at 300 Torr, 1.12 0.22 at 498-499 Torr, 2-pentyl nitrate in both this and our previédsvork. It should

and 1.05+ 0.49 at 737744 Torr, and the corresponding ratios be noted that our previous pressure-dependent data from

of the 3-pentyl nitrate yields were 1.390.25 at 106-102 Torr, a single experiment carried out at each pressure (and temper-
1.414 0.20 at 203202 Torr, 1.35+ 0.19 at 300 Torr, 1.24 ature) studied. The present 2- and 3-pentyl nitrate yields at
0.17 at 498-499 Torr, and 1.13%# 0.17 at 737744 Torr, where atmospheric pressure of air are in good agreement with those
the indicated errors are two least-squares standard deviationsfrom our 1995 study?

Although the error limits are large, there may be a trend with ~ Our present 2- and 3-pentyl nitrate formation yields from the
the effect of higher initial CEONO and NO concentrations OH radical-initiated reaction offi-pentane at 2974 1 K are
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TABLE 1: Pentyl Nitrate Formation from the OH Radical-Initiated Reaction of n-Pentane at 298+ 4 K, from the Present and
Previous®”.13Works

10713 x initial concentration

(molecule cm?) nitrate molar formation yield (98)

P (Torr)° T (K) CHs;ONO NO 2-pentyl 3-pentyl 2+ 3-pentyl  3-/2-pentyl nitrate ratio reference
735 299+ 2 2.40-2.64 1.56-3.62 7.08£0.86 4.63+0.55 11.7+1.3 0.66+ 0.08 6
740 300+ 2 1.56 2.39 7.36:0.12 5.17+£0.32 125+0.3 0.69+ 0.06
505 300+ 2 1.42 2.36 5.45-0.59 3.78+0.46 9.23+ 0.99 0.70+ 0.06 7
352 300+ 2 1.42 242 5.25-0.90 3.65t 0.42 8.90+ 1.29 0.70+ 0.06 7
155! 300+ 2 1.36 2.36 3.32:0.09 2.11+0.22 5.42+ 0.27 0.63+ 0.06 7
153 300+ 2 0.61 2.36 2.95-0.42 2.09+0.29 5.03+ 0.57 0.70+ 0.12 7

5n 300+ 2 0.28 2.39 1.92-0.36 1.33+0.45 3.24+ 0.70 0.73+£0.21 7

561 300+ 2 0.36 2.36 1.76:0.35 1.20+0.17 2.96+ 0.49 0.69+ 0.08 7
740 296+2 21 16-19 6.12+1.06 4.66+-0.49 10.8-1.5 0.72+0.09 13
74C° 296+2 21 16-19 6.36+0.68 4.29+0.21 10.6-0.8 0.68+ 0.07 13
737+ 4 297+ 1 2.4-4.8 2.4-4.8 548+ 0.51 4.07+0.31 9.55+ 0.73 0.74+ 0.06 this work
499+ 20 297+1 2.4-48 2.4-48 445+ 0.58 3.18+0.34 7.63+ 0.86 0.74+ 0.07 this work
300+ 20 297+1 2.4-4.8 2.4-48 2.95+0.32 2.26+0.20 5.21+0.51 0.81+ 0.06 this work
201+ 20 297+1 2.4-48 2.4-48 2.24+0.26 1.76+0.15 3.98+ 0.40 0.82+ 0.07 this work
100+ 2¢ 29741 2.4-4.8 2.4-48 1.67+£0.31 1.50+0.22 3.18+ 0.47 0.89+ 0.12 this work

51+ 19 297+1 1.2-24 1.2-24 1.10+£0.09 1.11+0.10 2.21+0.18 1.01+ 0.04 this work

2 |ndicated errors are two least-squares standard deviations. Additional combined uncertainties in the GC-FID response rigutotsiierand
the pentyl nitrates are estimated to h&%. ® Diluent gas was air unless noted otherwis©btained from least-squares analysis of the 3-pentyl
nitrate concentrations against the 2-pentyl nitrate concentrations (both corrected for reaction with OH radicals), constrained to pas® through th
origin. Indicated errors are two standard deviatigiBiluent gas was @ ¢ Diluent gas was M+ O,, with 590+ 40 Torr Q.. f Diluent gas was N
+ O, with 150+ 5 Torr O,.
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Figure 2. Plot of the 2-pentyl nitrate formation yield from the OH  Figure 3. Plot of the 3-pentyl nitrate formation yield from the OH
radical-initiated reaction af-pentane as a function of pressure at 298 radical-initiated reaction afi-pentane as a function of pressure at 298

+ 4 K. O, Atkinson et al& [, Atkinson et al.? A, Atkinson et al}* @, + 4 K. O, Atkinson et al8 O, Atkinson et al? A, Atkinson et al}* @,
this work. The dashed straight line and the solid curve are for illustrative this work. The solid and dashed straight line is for illustrative purposes
purposes only. only.

well represented by the empirical expressions shown as the solid3-pentyl nitrate data are more susceptible to artifact formation
curve in Figure 2 and the solid straight line in Figure 3; the via reaction 4, especially at lower total pressures, and it is
dashed straight line in Figure 2 for 2-pentyl nitrate also gives possible that our measured 3-pentyl nitrate yields at the lower
a good representation of the datazat00 Torr pressure. For  pressures were affected to some extent by formation from
both 2- and 3-pentyl nitrate, our yield data show no evidence reaction 4, even in the “low-NQ experiments (and similarly

for leveling off at low pressure, although nonzero intercepts for 2-pentyl nitrate, but to a lesser extent). This is suggested by
are not ruled out, especially for 3-pentyl nitrate where the yield the increasing formation yield ratio of (3-pentyl nitrate/2-pentyl
can be linearly extrapolated to a value~ef.0% at zero pressure  nitrate) with decreasing total pressure (Table 1).

(linear least-squares analyses lead to extrapolated zero-pressure Our measured pentyl nitrate yields at the two lowest pressures
intercepts of 0.96+ 0.28% for 2-pentyl nitrate and 0.9F% studied here can be corrected for the formation of pentyl nitrates
0.12% for 3-pentyl nitrate, where the indicated errors are two via reaction 4, assuming that the (3-pentyl nitrate/2-pentyl
least-squares standard deviations). As discussed above, thaitrate) yield ratio from the reaction of the pentyl peroxy radicals
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TABLE 2: Rate Constant Ratios, kip/(kia + Kip), for the
Reactions of 2- and 3-Pentyl Peroxy Radicals with NO at

J. Phys. Chem. A, Vol. 110, No. 21, 2008621

method® gives reasonably reliable partial rate constants for the
reaction of OH radicals witm-pentane.

297 + 1 K Obtained from the Present Work
Kip/(Kia + Kip)?
2-pentyl peroxy 3-pentyl peroxy

Our present data provide a more comprehensive data set than
previously available for the formation of 2- and 3-pentyl nitrate
from the corresponding pentyl peroxy radiealNO reactions

pressure (TorP)

as a function of pressure at room temperature. In particular, the

737+ 4 0.0964+ 0.009 0.116+ 0.009 . . . . . .

499+ 2 0.078+ 0.011 0.09%= 0.010 2-pentyl nitrate yields obtained in this work and presented in

300+ 2 0.052+ 0.006 0.065+ 0.006 Table 1 and Figure 2, and the corresponding rate constant ratios

20142 0.039+ 0.005 0.050+ 0.005 kin/(kia + Kip) given in Table 2, are expected to have only a

10042 0.029+ 0.006 0.043t 0.007 minor contribution from the potentially confounding reaction
51+1 0.019+ 0.002 0.032+ 0.003

of 2-pentoxy radicals with Ng&) and these data should be useful
a Calculated from the measured 2- and 3-pentyl nitrate yields from for testing theoretical models of the reactions of R@adicals

this work listed in Table 1, using the estimatéftactions of H-atom with NO.

abstraction from the 2- and 3-position €groups inn-pentane of 57%

and 35%, respectively. The indicated errors are two least-squares

standard deviations and do not include uncertainties in the fractions of

H-atom abstraction from the 2- and 3-position Gjfoups inn-pentane.

5N, + O, or O, (see Table 1 for details).
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