J. Phys. Chem. R001,105,815-822 815

Rate Constants for the Gas-Phase Reactions of Ozone with Isoprere; and #-Pinene, and
Limonene as a Function of Temperature

Victor G. Khamaganov' and Ronald A. Hites*
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The rate constants for the gas-phase reactions of ozone with the biogenic hydrocarbons iscpaede,
f/-pinene, and limonene were measured using the relative rate technique over the temperature raBg@ 242

K and at 760 Torr total pressure. Helium was the diluent gas, and the reactants were detected by on-line mass
spectrometry. The following Arrhenius expressions have been determined for these reactions (in urfits of cm
molecule’s™): isoprene, (10519 x 10725 exp[-(1998 + 63)/T]; o-pinene, (0.4833) x 1075
exp[—(530+ 150)/T]; B-pinene, (1.74539 x 10715 exp[—(1297+ 75)/T]; and limonene, (2.95 () x 10715
exp[—(783 £ 72)/T]. The Arrhenius parameters determined here for the reactions of ozongpitiene

and limonene are the first to be reported.

Introduction Arrhenius parameters determined here for the reactions of ozone

. . with S-pinene and limonene are the first to be reported.
Isoprene and various monoterpenes play an important role

in the chemistry of the lower troposphere and in the chemistry Experimental Section
of the atmospheric boundary layer. These compounds have high
global emission’s (about 1.2 x 102 kg/yr, mostly from
vegetation) and high atmospheric reactivitigghe typical
atmospheric residence time for these compounds is a few hours)
Tropospheric reactions of these compounds with hydroxyl
radicals (OH) during daylight hours, with nitrate radicals @GNO
during nighttime hours, and with ozoned)@hroughout the day
remove these compounds from the atmosphere. Althoug
reactions of these compounds with OH and IN@dicals
primarily determine their atmospheric residence times, reactions
with O3 are also important. For example, reactions of these
biogenic hydrocarbons with ozone can be a source of OH
radicals at nigh?, and reactions of @with some of these
biogenic hydrocarbons are potential precursors of secondary
organic aerosol$Clearly, the quantitative estimation of these
biogenic hydrocarbons’ impact on the lower atmosphere requires
accurate and precise rate constants for their reactions with O
at various temperatures of atmosphere interest.

Most kinetic studies of the reactions of; Wvith biogenic
hydrocarbons have been limited to room-temperature experi-
ments. For example, even though the rate constant for the
reaction of Q with isoprene is well-known at room temperature,
there are only three studies of this reaction as a function of
temperaturé;” and only one of these studfdscluded recom-
mended Arrhenius parameters for this reaction.

In this paper, we will present the results of our rate constant

Apparatus. To measure the rate constants for the reaction
of Oz with biogenic hydrocarbons, an experimental apparatus
based on a relative rate technique was designed and built; see
Figure 1 for a schematic diagram of the experimental setup.
The principal apparatus component was a cylindrical quartz
reactor with a volume of 192 c¢in(5 cm diameterx 10 cm
hIength). The center of the reactor was continuously sampled
through a 10Q:m i.d. deactivated fused silica capillary (J&W
Scientific Inc.) approximately 60 cm long. This capillary entered
the ion source of a mass spectrometer through a septum fitted
to a port of the quartz reactor. To allow temperature control of
the reactor, it was mounted in a gas chromatographic (GC) oven
attached to the mass spectrométeFhe temperature was
monitored by means of two thermocouples at either end of the
reactor.

Reactions were studied using helium as the diluent gas
(99.999% purity, Gas Tech Inc.) under static conditions at
atmospheric pressure, which was measured by a MKS Baratron
manometer. Ozone was produced by flowing (99.998%
purity, Gas Tech Inc.) through a 12 kV discharge; th#G2
mixture was stored in a glass vessel (125tamiume), which
was fitted with a sampling port plugged by an ozone safe
septum.

To prepare the reference/reactant mixture, flows of helium
and the reference compound were directed through another 125-
. e cn® glass vessel for 30 min; see Figure 1. The concentration of
measurements _for the reaction ot @ith ISopréeneé,a- and the reference compound in this vessel was determined by
f-pinene, and limonene. During the course of this study, We \eaqring its flow rate and that of the helium diluent using a

designed and built an experimgntal system to measure the,secalibrated Hewlett-Packard (HP) bubble flow meter. This vessel
rate constants based on the relative rate technique with detection, -« isolated and the reactant compound was injected by an

of the gas-phase components by on-line mass spectrometry. Th%ll-glass, gastight Hamilton syringe through a septum. The

amount of this injection was such that the concentration of

| d*. To Wgom correspondence should be addressed. E-mail: Hitesr@ reference and reactant compounds in the gas phase would be
ndliana.edu.

* Current address: Department of Chemistry, Louisiana State University, about equal to each other. To ensure mixing of the gases, a
Baton Rouge, LA 70803. 60-min waiting period was allowed.
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Figure 1. Experimental setup for measuring rate constants for the gas-phase reactionsitif @kenes using the relative rate technique and with
detection of the reference and reactant compounds by on-line mass spectrometry.

Relative Rate Technique.The method employed in our OH radicals generated in the system. The necessary scavenger
investigation involves measurement of the losses of the reactantconcentration was given by
and reference compounds by reactions 1 and 2

OH
O, + reactant products 1) [scavenger}= (10—50)[alkene |7OHIkene (4)

cavenger
O, + reference— products (2)

) o We found that ethanol and acetaldehyde were the best radical
The rate constant for reaction 1 is givenlgys, and the rate scavengers to use for our experiments.

constant for reaction 2 is given liger. The relationship between Detection of ReactantsThe concentrations of the reactant
_the _concentration of the reactant and the reference compound, ¢ reference compounds were monitored by on-line, electron-
is given by impact mass spectrometry using a quadrupole Hewlett-Packard
[reactan) k [reactant] 5985B mass spectrometer operating in selected ion-monitoring
( ) _ reacln( ) 3) mod_e. Usually, several massed/£ values) were employed to
[reactant] Kei  \[reactant] monitor the reactant and reference compound concentrations

in our experiments. lon currents of thoséz values have been
where [reactang]and [referenceg]are the initial concentrations  found to be linear over the range of concentrations used in this
of the reactant and reference compounds and [reactamd] work. Our main concern about choosing masses to monitor the
[reference] are the corresponding concentrations at time  concentration of the reactant and reference compounds was to
Clearly, a plot of In([reactard]reactant) versus In([referencg] select ones that were unique to a given compound during a
[reference) will have a slope equal to the ratio of the rate kinetic experiment. This means that the selected masses should
constantskeadker. Equation 3 is true if there are no other losses not: (a) overlap between the reference and reactant compounds;
of the reactant and reference compounds except for those by(b) overlap with masses from products of the reaction of ozone
reactions 1 and 2. This may not be the case if an alkene is awith the reactant or reference compounds; (c) overlap with
reactant or reference compound because reactions 1 and 2 havmasses from the OH scavenger; and (d) overlap with masses
OH radicals as intermediates and because OH reacts rapidlyfrom products of the reaction of OH with the scavenger
with an alkene, it can cause additional losses of the alkene. Forcompound.
this reason, it is important to select experimental conditions that We managed to find masses that satisfied all of these
prevent OH from reacting with the alkene. Thus, we performed conditions in all our experiments, but we should point out that
our experiments in the presence of an excess of an organicconditionb was tricky to satisfy because there are numerous
compound that reacts negligibly withs®ut that scavenges any  products from the reaction of an alkene with. @ven for the
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TABLE 1: Rate Constants of the Reference Compounds 12000 — : - T ‘ ‘
Used in This Study o.* A miz = 48
10A (cn? 9000 r ~'3 . ]
10"k (298 K) molecule? EJR 6000 - v M ]
ref compd (cm® moleculet s™) s?) (K) . M
1-butene 9.64 3.36 1744 3000 ¢ M 1
2-methylpropene 11.3 2.70 1632 i : ' St
cis-2-butene 125 3.22 968 +
m/z = 56
2,3-dimethyl-1,3-butadiene 26.5 6.90 1668 9000 | C4Hg . ]
reactions of @ with ethene and propene, the products are not 6000 r

completely knowr?. In general, the procedure was as follows:
We first ran the ozone kinetic experiments with the reactant in

3000 1 E‘ 1

the absence of a reference compound but in the presence of an 3000 ¢ ¥ m/z = 65 1
OH scavenger. Then we set up the mass spectrometer to monitor CgHs 3
as many reactamt/z values as possible. In this case, we adjusted 2500 .
the sensitivity of the mass spectrometer such that we could 2000 | N

]
[

measure allw/z values with a§N > 10 during the reaction of

Abundance (arbitrary units)

interest. In all cases, we used at least folz values. Then, we 1500
calculated the ratiokyky, for all combinations of any two of
monitorednVz values. Given that all of the monitoredz values 9000 1
should be coming from the reactant only (no reference com- 6000 |
pound was present), all of these rate constant ratios should be 3
equal exactly 1. Thus, afvz values that gave a rate constant 3000 1 : \ |
ratio between 0.95 and 1.05 were used to monitor the concentra- ‘ ' ‘ ‘ ‘ ’ '
tion of the reactant compound. It is worth mentioning that the 8000 -C5H8+ m/z =68 |
systematic errors of the measurements of our rate constants were 6000 | .
<5% because this condition was employed in all of our ¢

. 4000 | . 1
experiments. The same strategy was used for the reference . s
compounds as well. In general, we had three or four unique 2000 (g — . &_J
mvz values with which to monitor the concentrations of the 6 8 10 1‘2 1‘4 6 18

reactant and reference compounds. These preliminary experi-
ments were repeated at the lowest and highest experimental
temperatures to ensure the chosgnvalues were temperature Figure 2. Example of raw data from a relative rate experiment for the
independent. reaction of Q with isoprene using 2-methylpropene as the reference

: compound. The mass spectrometer was set to monitonfizealues:
Reference CompoundsTable 1 gives the rate constants as '~ 48, Os miz= 56, 2-methylpropene; an’z = 65, 67, and 68,

a function of temperature for the reference compounds used inisoprene.

this study. These reference compounds were chosen because
of the accuracy of the rate constants and because the magnitudg 55 flushed through the reactor for at least 30 min. At the onset

of the rate constant satisfied the following condition: of an experiment, the reactor was isolated from all gas flows,
k... Jreactant) and the mass spectrometer was set to monit_or five masses
1<~~~ 9 (5) (usually with 340 ms dwell time) to establish a signal baseline.
kefdreference] In this case, at 6.1 min, AL of acetaldehyde was injected by
all-glass syringe such that the scavenger concentration in the
The m/z values to be monitored by the on-line mass reactor was about @5) x 10 molecules/crh A waiting period
spectrometer were selected based on their relatively highabout 2.5 min was allowed to reestablish a signal baseline for
abundance in the mass spectra of the reference or reactanj|| masses.
compounds, on their uniqueness for the two compounds in the At 8.6 min, 5-12 4L of the reactant and reference compounds
reaction chamber (see above), and on a linear response oVe(in helium) were injected together using an all-glass syringe
the concentration ranges used. = _ such that the compound concentration in the reactor was about
Chemicals.The chemicals used, their stated purities, and their (>_5y . 1013 molecules/crf see Figure 2. Note that the mixing
Chemical Abstracts registry numbers (provided by the author) neriod was about 30 s, but tmaz values for the reactant (at
are as follows: isoprene (99%, 78-70-B)pinene (98%, 80-  nyz = 65, 67, and 68) and for the reference compoundr(at
56-8), (t)-f-pinene (98%, 19902-08-0), (1Sy)p-pinene = 56) were measured for an additional 3.5 min to establish a
(99%, 18172-67-3),R)-(+)-limonene (97%, 5989-27-5), 2-me-  good baseline before the injection of ozone at 12.3 min. At this
thylpropene (99%, 115-11-7pis-2-butene (99%, 590-18-1),  time, about 10QiL of an 05O, mixture with about 1% ozone
1-butene (99%, 106-98-9), 2,3-dimethyl-1,3-butadiene (98%, \yas injected using an all-glass syringe; this initiated the reaction.
513-81-5), acetaldehyde (99:%6, 75-07-0), and ethyl glcohol As shown in Figure 2, the signal for ozone (aiz 48)
(99.5+9%, 64-17-5). All of these compounds were obtained from j,creases sharply at 12.3 min and then decreases exponentially
Aldrich Chemicals. as the reaction with isoprene continues. The masses monitored
for isoprene and 2-methylpropene also decrease exponentially.
Data were acquired for about 3.5 min or until the signals for
Figure 2 shows the raw data for a typical kinetic experiment various reactant and reference compoum& values had
for the reaction of @with isoprene using 2-methylpropene as decreased by-25 times. In all cases, the duration of a kinetic
the reference compound. Prior to each experiment, diluent gasrun exceeded the mixing period of the reactants (30 s in the

time (min)

Results and Discussion
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TABLE 3: Summary of the Average Measured Rate
1.0 1 Constant Ratios kreadkref, for the Reaction of O; with
Isoprene
g 08 - no. of no. of
2 T(K) expts Kreadkret T(K) expts KreadKref
é 0.6 1 242 3 1.088:0.193 242 4 0.0570.01P
S 257 3 1.054 0.068 257 5 0.063+ 0.00%
] 273 2 1.146+ 0.15¢ 273 3 0.0814 0.00P
g 041 288 9  1.308:0.073 288 3 0.108:0.017
) 298 6 1.315+ 0.018 298 6 0.119+ 0.00€
£ oo 310 6  1.375:0.072 310 2 0.136+0.00%
324 6 1.42H4 0.072 324 5 0.173+0.018
257 5 0.985+ 0.028 258 1 0.435+- 0.007
0.0 " ‘ T 273 4 1.024+ 0.052 273 1 0.469%- 0.008
0.0 0.2 0.4 0.6 0.8 288 5 1.103+ 0.028 298 8 0.507: 0.008
In([2-methylpropene/[2-methylpropene;]) 298 8 1.144+ 0.024 324 1 0.553+ 0.02¢
310 6 1.214 0.015
Figure 3. Plot of In([isoprenej[isoprene) at m'z = 67 vs In([2- 324 6 1.262+ 0.017

methylpropene][2-methylpropeng] at m/z = 56 for the reaction of

a — .
O3 with isoprene at 298 K. The regression limé £ 0.9994;n = 120) Reference compound: 2-methylpropeM@eference compound:

cis-2-buteneReference compound: 1-butedBeference compound:

is shown. The resulting rate constant ratio is 1.3198.006. 2,3-dimethyl-1,3-butadiene.
TABLE 2: Ranges of Depletion Factors TABLE 4: Summary of the Average Measured Rate
depletion factor range Constant Ratios kreadkrer, fOr the Reaction of Oz with
a-Pinene
reactant reference reactant reference
isoprene  1-butene 1.282.72 1.26-2.56 no. of no. of
2-methylpropene 179136 1.77-8.25 T(K) expts  keadkef  T(K) expts  Keadke!
cis—2-butene 1.141.60 2.0525.5 288 3 9.475+ 0.070 288 5 8.51% 0.183
2,3-dimethyl-1,3-butadiene  1.32.57 1.16-1.84 298 5 9.392+£ 0.081 298 11 7.178 0.294
o-pinene  1-butene 291128 1.16-1.45 310 8 7.369+ 0.098 310 6 5.806& 0.092
2-methylpropene 4.4824.8 1.23-1.90 324 3 5.619+ 0.046 324 7 5.15& 0.315
p-pinene  cis—2-butene 1.261.75 4.5711.2 343 8 5271+ 0.256 343 8 4.552 1.107
. 1-butene 1.661.86 1.28-1.29 363 6 4.265+ 0.093
limonene il_sb_u%églejtene 1%;?3223 iggigg aReference compound: 1-butefiRefernce compound: 2-methyl-
2-methylpropene 8.5842.5 1.171.23 propene.
2 [reactant)/[reactant] or [referencej[reference] TABLE 5: Summary of the Average Measured Rate

Constant Ratios Kreadkrer, for the Reaction of Oz with
above example) by at least a factor of 4. At this time, the reactor S-Pinene

was flushed with the diluent gas, and the baseline signal was no. of no. of

again monitored to correct for any instrumental drift. T(K) expts KreadKref® T(K) expts kreadKref”
Because we performed our experiments under static condi- 298 6 0.179+ 0.005 298 3 2.255 0.082

tions, there were small losses of the reactant and reference 310 2 0.182+ 0.003

compounds due to continuous sampling of the reactor through 324 3 0.203+ 0.003

the capillary into the mass spectrometer. The flow rate through 7 0.208k 0.007
. . . . 363 3 0.211 0.007
the capillary was about 0.03 mL/min, which we calculated using _
geometric parameters of the capillary and which we experi- *Reference compoundtis-2-butenePReference compound: 1-butene.
mentally checked .by moryltorlng.the pressure inside the isolated TABLE 6: Summary of the Average Measured Rate
reactor as a function of time. Given this flow rate, the volume Constant Ratios Keadkrer, for the Reaction of O; with
sampled durig a 4 min experiment was only about 0.12 mL. | jmonene
Since this volume only represents 0.06% of the total volume of

no. of no. of
the reactor, losses of the reactant and reference compounds du€r () expts KeeadKeeft T(K) expts Keead Kot
to the sampling are negligible. This is born out by the lack of 298 11 1722: 0039 298 > 17 878 0.946
change in the data between 8.5 and 12.3 min; see Figure 2. 57 8 16470063 298 3 22043 0.82F
The data obtained between 12.3 and 15.7 min, for masses 354 3 1.619 0.004
56, 65, 67, and 68, were treated to generate relative rate plots, 343 3 1.550+0.003
an example of which is shown in Figure 3. The slope of this 363 3 1.536+0.023
line is the ratio ofkeact0 krer, Which in this case is 1.31% aReference compoundtis-2-butene’Reference compound: 2-me-

0.006. This typical plot demonstrates good linearity and a near thylpropene ‘Reference compound: 1-butene.

zero intercept as required by eq 3. Since a systematic curvature

and/or a nonzero intercept in such a plot might indicate a ) ) ) )
nonozone specific reaction of the reactant and/or the reference'®action of ozone with the four reactants are listed, as a function
compound through secondary reactions, the validity of eq 3 Of temperature, in Tables 3 (for isoprene), 4 (éopinene), 5
should be tested. This we have done by taking data over a wide(for -pinene), and 6 (for limonene). The data for each reaction

range of depletion factors ([reactagifijeactant)), [reference) were fit to t.he Arrhenius equat.ion, anq t.he resulting parameters
[reference) at each temperature. Table 2 lists these depletion are given in Table 7 along with statistically determined 95%
factors for each reactant pair for all of our experiments. confidence intervals. From these rate constant ratios, the rate

The ratio of the reactant to reference rate constants for the constants at 298 K and the Arrhenius parameters were deter-
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TABLE 7: Summary of the Measured Rate Constant Ratios Kreadkrer ) @nd Their Arrhenius Expression

reactant compd ref compd KreadKre KreadKrer @t 298 K0
isoprene 1-butene 3.69 5 50 €Xp[(—306+ 87)M] 1.3140.07
2-methylpropene 3.41f8;§§exp[(—323:: 42)m 1.14+ 0.07
cis-2-Butene 5.02ii;§§exp[(—1110j: 120)] 0.12+ 0.01
2,3-dimethyl-1,3-butadiene 1.37° 030 expl(—295+ 72)/T] 0.51=+0.03
a-pinene 1-butene 0.17°5 0, exp[(1190+ 87)/T] 9.39+ 0.46
2-methylpropene 0.1375 35 exp[(1203+ 303)/T] 7.1840.29
(+)-B-pinene cis-2-butene 0.51f8;ﬁ’exp[(—308¢ 84)T] 0.18+ 0.01
1-butene 2.25+0.19
(—)-p-pinene cis-2-butene 0.18-0.01
limonene cis-2-butene 0.88"023 exp[(199+ 76)/T] 1.724+0.12
1-butene 22.04+1.92
2-methylpropene 17.8% 1.84

aErrors are the 95% confidence limits and do not include estimated systematic BEois include estimated systematic errors.

TABLE 8: Summary of All Measurements of Kakene

1015A 10'Kqyendat 298 K)
alkene temp range (K) (cm® molecule* s™1) EJ/R (K) (cm® molecule* s7%) ref
isoprene 295t 1 12.7 Arnts and G&§
260-294 ~10 ~1900 17.6 Adeniji et al®
278-323 15.4 2139t 427 11.7 Atkinson et alf
240-324 7.8+ 1.6 1913+ 139 12.8+1.2 Treacy et al.
296+ 2 12.24+0.3 Greene and Atkinséh
293+ 2 8.95+ 0.25 Grosjean et &f.
290.7+ 2.1 11.3+3.2 Grosjean and Grosje&n
296+ 2 13.0 Neeb and Moorgét
242-324 10.9%79 1998+ 63 13.0+ 0.8 this work
a-pinene 294 ' 164 Ripperton etl.
298 330+ 60 Japar et a
295+ 1 145 Grimsrud et af
276-324 0.94 726t 172 82 Atkinson et alf
297+ 2 86+ 13 Nolting et al*®
29642 97.14+10.6 Atkinson et at®
288—-363 o,4gj8-f§ 5304 150 84.1+ 7.4 this work
B-pinene 294 65 Ripperton et &l.
295+ 1 36 Grimsrud et al?
296+ 2 21+5 Atkinson et af
297+ 2 14+2 Nolting et alt®
296+ 2 14.84+1.7 Atkinson et al®
296+ 2 16.7+ 2.0 Atkinson et als
29541 12.2+1.3 Grosjean et dft
298-363 1,7{8-@2 12974+ 75 2224+ 1.6 this work
limonene 295+ 1 640 Grimsrud et a®
296+ 2 209+ 22 Atkinson et als
297.3 350 Zhang et &k
296+ 2 201+ 7 Shu and Atkinsot?
298-363 2,950 783+ 72 213.2+14.9 this work

aThe values reported here Bt= 298 K were calculated on the basis of Arrhenius parameters reported by other authors when ab&itate.
levels as indicated include estimated systematic errors of 5%.

mined. These values are given in Table 8 along with their 95% previous investigations. The solid line is the least-squares fit
confidence limits and comparisons to previous measurements.of our data to the Arrhenius equation; the resulting Arrhenius

Isoprene.Figure 4 is an Arrhenius plot of the measured rate parameters are given in Table 8. Our results at room temperature
constants for the reaction of isoprene with ozone; results from are in excellent agreement with those of Atkinson €t ahd
other investigators are also shown. The solid line is the least- Nolting et all®> However, our results are about 15% lower than
squares fit of our data to the Arrhenius equation (these Arrheniusthe more recent Atkinson et #values and significantly lower
parameters are given in Table 8). Rate constants for this reactionthan those of Ripperton et & Japar et alt and Grimsrud et
have been given in eight other papers. Our results at roomal.’® The results of Grimsrud et &.are probably not reliable.
temperature (1000/~ 3.4) are in good agreement with those As suggested by Atkinson et &f.the cause of these problems
of Arnts and Gay? Treacy et al’, Greene and Atkinso#, is probably the presence of secondary reactions. Only one
Grosjean and GrosjedA,and Neeb and Moorgat. Our rate previous study (Atkinson et &).included Arrhenius parameter
constants, as a function of temperature, show an Arrheniusmeasurements (over the temperature range of32@ K); our
dependence that is slightly different than those reported by Arrhenius parameters are somewhat lower than this previous
Atkinson et al8 by Grosjean et ak? and by Adeniji et aP. study.

o-Pinene. The measured rate constants for the reaction of  f-Pinene. The measured rate constants for the reaction of
o-pinene with ozone are plotted in Arrhenius format in Figure ozone with/3-pinene are plotted in Figure 6 along with their
5 along with their 95% confidence limits and results from 95% confidence limits and results from previous investigations.
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Amnts and Gay, 1979 (10)

Adeniji et al., 1981 (5)

Atkinson et al., 1982 (6)

Greene and Atkinson, 1992 (77)
Treacy et al., 1992 (7}

Grosjean et al., 1993 (14)
Grosjean and Grosjean, 1996 (12)
Neeb and Moorgat, 1999 (13)
This work vs 1-butene

This work vs cis-2-butene
This work vs 2-methylpropene
This work vs 2,3-dimethy!

Kisoprene X 10 (cm3 molecule™ sec'1)

10 SRR _1,3-butadiene
® R R x WSS
4
3 T N OO USROS SN |
1 L 1 1 1 i
3.0 3.2 3.4 3.6 3.8 4.0 4.2
10007 (K1)

Figure 4. Arrhenius plot showing the measured rate constants for the reaction of ozone with isoprene (for each reference compound) and rate
constants from other studies. The solid line is the regression of our measured values; the dashed lines are the 95% confidence limits of the regression
The error bars are the 95% confidence limits of our study; these errors do not reflect the uncertainties in the reference rate constants, and they do
not include estimated systematic errors.

40

W
o

Ripperton et al., 1972 (17)
Japar et al., 1974 (18)
Grimsrud et al., 1975 (79)

Atkinson et al., 1982 (6)

Nolting et al., 1988 (15)
Atkinson et al., 1990 (16)

This work vs 2-methylpropene
This work vs 1-butene

[ I XelrduReReNe]

N
o
—

Ko-pinene X 1017 (cm3 molecule 'sec™T)

4 i | i E i

2.8 3.0 3.2 3.4 3.6

1000/T (K1)

Figure 5. Arrhenius plot showing the measured rate constants for the reaction of ozone-pitiene (for each reference compound) and rate
constants from other studies. The solid line is the regression of our measured values; the dashed lines are the 95% confidence limits of the regression
The error bars are the 95% confidence limits of our study; these errors do not reflect the uncertainties in the reference rate constants, and they do
not include estimated systematic errors.

The solid line is the best fit of our data to the Arrhenius equation; excellent agreement with that of Atkinson ef@ut our results
the resulting Arrhenius parameters are given in Table 8. We are significantly higher than the rate constants reported by
performed our measurements using two enantiomefspifiene Atkinson et all® Nolting et al.15> and Grosjean et &t The
[(+)-B-pinene and {)-B-pinene] to check if there were any reason for this large discrepancy is not clear. But because we
steric effects on the reaction. Previous studies had used a racemipaid particular attention to secondary reactions by measuring
mixture of 3-pinene. As expected, we obtained exactly the same the reaction rate over a wide rangefspinene depletion factors
ratio of rate constants (see Table 7) for the two enantiomers. (see Table 2), we are confident that our measurements are not
Thus, all other rate measurements of this reaction were complicated by the secondary chemistry as described Atkinson
performed using-)-5-pinene. et all® Furthermore, our relative rate plots for this reaction
Our rate constant for this reaction at room temperature is in showed good linearity and near nonzero intercepts as required
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Ripperton et al., 1972 (17)
Grimsrud et al., 1975 (19)
Atkinson et al., 1982 (6)
Nolting et al., 1988 (15)
Atkinson et al., 1990 (16)
Atkinson et al., 1990 (vs. a-pinene) (16)
Grosjean et al., 1993 (14) : :
This work vs cis-2-butene %
This work vs 1-butene : :
1 t 1 | ]
2.6 2.8 3.0 3.2 34 3.6

1000/T (K™

Figure 6. Arrhenius plot showing the measured rate constants for the reaction of ozong-piitlene (for each reference compound) and rate
constants from other studies. The solid line is the regression of our measured values; the dashed lines are the 95% confidence limits of the regression
The error bars are the 95% confidence limits of our study; these errors do not reflect the uncertainties in the reference rate constants, and they do
not include estimated systematic errors.

KB-pinene X 1017 (cm3 molecule'1sec'1)

meO OO OD®

Grimsrud etal.,, 1975 (719  |....... R
Atkinson et al., 1990 (716) :
Zvang et al., 1994 (27)

Shu & Atkinson vs cis-2-butene, 1994 (20)
This work vs 2-methylpropene

This work vs 1-butene

This work vs cis-2-butene
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Figure 7. Arrhenius plot showing the measured rate constants for the reaction of ozone with limonene (for each reference compound) and rate
constants from other studies. The solid line is the regression of our measured values; the dashed lines are the 95% confidence limits of the regression
The error bars are the 95% confidence limits of our study; these errors do not reflect the uncertainties in the reference rate constants, and they do
not include estimated systematic errors.

by eq 3. Figure 6 also shows that the results of Ripperton et (see Table 8). The rate constants reported by Grimsrud!®t al.
all” and Grimsrud et & are significantly higher than our and  and by Zhang et &t are significantly higher (by at least a factor
others studies. To date, no Arrhenius parameters have beerof 1.7) than our measurements and those of Atkinson &t al.
reported for the reaction. and Shi and AtkinsoR? The reason for this large discrepancy
Limonene. The rate constants measured in this study for the is not entirely clear. To date, no other Arrhenius parameters
reaction of limonene with ozone are plotted in Figure 7 along have been reported for this reaction.
with their 95% confidence limits and with results from previous Relative Atmospheric Residence TimesWe can use our
investigations. The solid line is the least-squares fit of our data measured rate constants along with some assumed atmospheric
to the Arrhenius equation; the Arrhenius parameters for this ozone concentrations to calculate the residence time of these
fitted line are given in Table 8. Our rate constant at room biogenic hydrocarbons due to this reaction. Seinfeld and Pandis
temperature is in excellent agreement with that of Atkinson et (p 96) suggest that average ozone concentrations are 30 ppb in
all® and in good agreement with that of Shu and AtkirfSon the remote atmosphere, 85 ppb in the rural atmosphere, and
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TABLE 9: Atmospheric Residence Times (in hours) of Four References and Notes
Biogenic Hydrocarbons Due to Reactions with Ozone

Compared to Reactions with the Hydroxyl Radical (1) Guenther, A.; Hewitt, C. N.; Erickson, D.; Fall, R.; Geron, C.;

Graedel, T.; Harley, P.; Klinger, L.; Lerdau, M.; McKay, W. A.; Pierce,

hydroxyl T.; Scholes, B.; Steinbrecher, R.; Tallamraju, R.; Taylor, J.; Zimmermann,
remote ozone rural ozone urban ozone (at9.7x 10 P.J. Geophys. Red.995 100, 8873-8892.
(at 30 ppb) (at 85 ppb) (at 250 ppb) cm3) (2) Atkinson, R.; Arey, JAcc. Chem. Red998 31, 574-585.
- (3) Paulson, S. E.; Orlando, J.Geophys. Res. Lett996 23, 3727
isoprene 26 9.3 3.2 2.8 3730.
o-pinene 4.1 1.4 0.49 5.3 (4) Hoffmann, T.; Odum, J. R.; Bowman, F.; Collins, D.; Klockow,
p-pinene 15 55 1.9 3.6 D.; Flagan, R. C.; Seinfeld, J. H. Atmos. Chenil997, 26, 189-222.
limonene 1.6 0.57 0.19 1.7 (5) Adeniji S. A; Kerr J. A.; Williams M. RInt. J. Chem. Kinetl981,
13, 209-217.

(6) Atkinson, R.; Winer, A. M.; Pitts, J. N. JAtmos. Emiron. 1982
; ; 6, 1017-1020.
250 ppb in the urban atmosphere. Using thesg valueg and ourt (7) Treacy, 3. Hag, M. EL: O'Farrell, D.: Sidebottom, Ber. Bunsen-
rate constants at 298 K, we calculated the residence times due&ses. Phys. Cheni992 96, 422-427. _
to ozone reactions for the four compounds studied here; the _ (8) Anderson, P. N.; Hites, R. A&Znwiron. Sci. Technol1996 30, 301—
results are given in Table 9. For comparison, we have also (9) Atkinson, R.J. Phys. Chem. Ref. Data997, 26, 215-290.

calculated the residence time due to reactions with the hydroxyl (10)OI ﬁrr:jts, R.bR.; Gay, B. W. Jﬂ)’hotochemistry of Sk?me naturally
i i —3 ; ; emitted hydrocarbonsl979 EPA-600/3-79—081, September.
radical, assuming [OH¥ 9.7 x 10° cm~2 and using published (11) Greene, C. R.: Atkinson, Rot. J. Chem. Kinet1992 24, 803

rate constants for these reacti®h@. 1306); these results are  811.
given in the last column of Table 9. These calculations indicate __(12) Grosjean, E.; Grosjean, Dnt. J. Chem. Kinet1996 28, 911-
that isoprene angd-pinene would be lost at about the same rate " (13) Neeb, P.; Moorgat, G. KI. Phys. Cherml999 103 9003-9012.

due to ozone and OH reactions in an urban atmosphere. When (14) Grosjean, D.; Williams II, E. L.; Grosjean, Environ. Sci Technol.

. . 1993 27, 830-840.
the ozone levels are lower, OH reactions predominate for these (15) Nolting, F.. Behnke, W.: Zetzsch, @. Atmos. Chermi988 6, 47—

two compounds. On the other hand, even in a rural atmosphere59. _ '
a-pinene and limonene would be primarily removed by reactions 195()%6)22'““5'7”15_%’;7'?-? Hasegawa, D.; Aschmann S.IN. J. Chem. Kinet.
with ozone, not with OH. (17) Ripperton, L. A.; Jeffries, H. E.; White, Q. Ad. Chem. Series
1972 113, 219-231.
(18) Japar, S. M.; Wu, C. H.; Niki, HEnwiron. Lett. 1974 7, 245.
(19) Grimsrud, E. P.; Westberg, H. H.; Rasmuss$en.J. Chem. Kinet.
_ . Symp. 11975 183
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