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ABSTRACT: Rate constants have been measured at 296 = 2 K for the gas-phase reactions of
camphor with OH radicals, NO, radicals, and O,. Using relative rate methods, the rate con-
stants for the OH radical and NO, radical reactions were (4.6 = 1.2) X 10~'2 cm*® molecule™!
s~ and <3 X 107! cm® molecule™' s7!, respectively, where the indicated error in the OH
radical reaction rate constant includes the estimated overall uncertainty in the rate constant
for the reference compound. An upper limit to the rate constant for the O, reaction of <7 X
1072° cm? molecule™! s~! was also determined. The dominant tropospheric loss process for
camphor is calculated to be by reaction with the OH radical. Acetone was identified and
quantified as a product of the OH radical reaction by gas chromatography, with a formation
yield of 0.29 = 0.04. In situ atmospheric pressure ionization tandem mass spectrometry (API-
MS) analyses indicated the formation of additional products of molecular weight 166 (dicar-
bonyl), 182 (hydroxydicarbonyl), 186, 187, 213 (carbonyl-nitrate), 229 (hydroxycarbonyl-
nitrate), and 243. A reaction mechanism leading to the formation of acetone is presented, as
are pathways for the formation of several of the additional products observed by API-MS.
© 2000 John Wiley and Sons, Inc. Int ] Chem Kinet 33: 56—63, 2001

INTRODUCTION Although the atmospheric chemistry of many of the
C,H,c monoterpene hydrocarbons observed as vege-
Large quantities of nonmethane organic compounds tative emissions has been investigated [11,12], no data
(NMOC) are emitted into the atmosphere from vege- are available concerning the atmospheric chemistry of
tation, and on regional and global scales these vege-camphor, an oxygenated,£monoterpene derivative
tative emissions are estimated to dominate over that is the major compound emitted from Black Sage
NMOC emissions from anthropogenic sources [1—-3]. (Salvia melliferd [13—15] and is also emitted from
Of these vegetative NMOC emissions, worldwide California SagebrushAftemisia californica[15], Eu-
~11% are attributed to monoterpenes [1], and for ropean fir [16], and grassland [17]. Camphor has been
North America~20% are attributed to monoterpenes reported to be present in ambient air at a number of
plus sesquiterpenes [3]. The emissions of these vege-locations throughout the world [18—20]. Accordingly,
tative NMOC have been shown to play an important in this work, we have measured rate constants for the
role in the chemistry occurring on urban [4,5], regional gas-phase reactions of camphor with OH radicals; NO
[5-8], and global [9] scales. In the troposphere, radicals, and Qat 296+ 2 K and have also investi-
NMOC present in the gas phase can undergo photol- gated the products formed from the OH radical reac-
ysis and reactions with OH radicals, W@dicals,and  tion in the presence of NO.
O; [10], with the daytime OH radical reaction being
an important, and often dominant, atmospheric loss
process [10].
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EXPERIMENTAL

Kinetic Studies

Experiments were carried out in a 7600-liter Teflon
chamber, equipped with two parallel banks of black-
lamps for irradiation, at 296 2 K and 740 Torr total
pressure of purified air at5% relative humidity. This
chamber is fitted with a Teflon-coated fan to ensure
rapid mixing of reactants during their introduction into
the chamber. In all experiments, camphor was intro-
duced into the chamber by flowing a stream gfdds
through a Pyrex tube containing solid camphor.

Rate constants for the OH radical and N@dical

reactions were determined using relative rate methods
in which the relative disappearance rates of camphor

and a reference compound, whose OH radical og NO
radical reaction rate constant is reliably known, were
measured in the presence of OH radicals or;x&dl-
icals [21]. Providing that camphor and the reference
compound reacted only with OH radicals or N@d-
icals, then [21]

In([camphor}o) _p,

[camphor]

_ ﬁ[|n<[reference compoungd]\ Dt:l 0

kK, [reference compound

where [camphoy] and [reference compounglare the
initial concentrations of camphor and the reference
compound, respectively, at tinhe= 0, [camphor]and
[reference compoundare the corresponding concen-
trations at timet, D, is a factor to account for any
dilution due to additions to the chamber during the
reactions, and; andk, are the rate constants for re-
actions (1) and (2), respectively.

OH + camphor—— products (2)
NO,
OH

NO. } + reference compoung— products (2)
3

OH radicals were generated by the photolysis of
methyl nitrite (CHONO) in air at wavelengthz300
nm [22], and NO was added to the reactant mixtures
to suppress the formation of ,Gind hence of N©
radicals [22]. The initial reactant concentrations (in
molecule cm? units) were: CHONO, (2.3-2.4)X
104 NO, (1.9-2.1)X 10* ; camphor (0.4-1.3K
10'3 and n-octane (the reference compound)2.4
X 10, Irradiations were carried out at 20% of the
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maximum light intensity for 8—20 min. No additions
were made to the chamber during the OH radical re-
actions, and thereforle, = 0 for these experiments.

For measurement of the N@adical reaction rate
constant, NQradicals were generated in the dark by
thermal decomposition of JDg in the presence of NO
[23,24], and methacrolein was used as the reference
compound. The initial reactant concentrations (in mol-
ecule cm? units) were: camphor, ¥ 10'% methac-
rolein, ~2.4 X 10'%; NO,, 9.6 X 103, and two addi-
tions of N,O; (each addition corresponding to an initial
N,Os concentration in the chamber of 7210 mol-
ecule cm3) were made to the chamber during the ex-
periment. The factob;, to take into account dilution
wasD, = 0.0028 per NO; addition to the chamber.

The concentrations of camphor and the reference
compounds were measured during the experiments by
gas chromatography with flame ionization detection
(GC-FID). For the analysis of campharoctane, and
methacrolein, 100-cfwvolume gas samples were col-
lected from the chamber onto Tenax-TA solid adsor-
bent, with subsequent thermal desorption-&25C
onto a 30-m DB-1701 megabore column held at
—40°C and then temperature programmed to°Z4at
8°C min-1. Based on replicate analyses in the dark, the
GC-FID measurement uncertainties for camphor were
typically <2%. GC-FID response factors for camphor,
acetone (a reaction product; see below), and the ref-
erence compounds-octane and methacrolein were
determined by introducing measured amounts of the
chemicals into the 7600-liter chamber and conducting
several replicate GC-FID analyses [25]. NO and initial
NO, concentrations were measured using a Thermo
Electron Corporation Series 14 chemiluminescent
NO-NOQ, analyzer.

A rate constant, or upper limit thereof, for the re-
action of camphor with Qwas determined in the dark
by measuring the decay rate of camphor in the pres-
ence of a known concentration of, @6]. Cyclohex-
ane was added to the reactant mixture to scavenge any
OH radicals formed in the reaction system. Providing
that any measured loss of camphor was due only to
reaction with Q, then

In([camphor] /[camphoy) = k[O](t — tg (1)
wherek; is the rate constant for the reaction
O; + camphor— products 3)

The initial concentrations of camphor, cyclohexane,
and Q were 1.2X 10 molecule cm3, 7.2 X 104
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molecule cm?, and 5.7X 10* molecule cms3, re- result of the declustering action of the curtain gas on
spectively, and the reaction was monitored for up to the hydrated ions, the ions that are mass analyzed are
3.8 h. The concentrations of camphor were measuredmainly protonated molecular ions ([M- H]*) and

by GC-FID as described above. Ozone concentrationstheir protonated homodimers and heterodimers
were measured by ultraviolet absorption using a Das- [27,28]. The initial reactant concentrations (in mole-
ibi 1003-AH ozone analyzer. cule cnr® units) were: CHONO, (0.3-2.5)x 103

NO, (0.4-2.2)X 10%; and camphor~(0.2—2.4) X

103, Irradiations were carried out for 8.5—-10 min at
Product Studies 20% of the maximum light intensity.

A series of CHONO—-NO-camphor—air irradiations
were carried out as described above to investigate the
products of the OH radical reaction using GC-FID and Chemicals

combined gas chromatograp_hy-mass Spectromelryrpq chemicals used, and their stated purities, were:
(GC-MS) for analyses. The initial reactant concentra- acetone (HPLC grade), Fisher Scientific; camphor

tions (in mc4>|ecu|e CrT units) were;CIjONO, (2.3~ (989%), methacrolein (95%) andoctane (99-%), Al-

2.4) X 10% N30, (1.4—'2.4)>< 1014 and camphor, drich Chemical Company; cyclohexane (high-purity
(O.9—1.8)><_101 : Irradla_tlons were carried out at 20%  solvent grade), American Burdick and Jackson; and
of the maximum light intensity for 15-45 min, re- 5 (=99.0%), Matheson Gas Products. Methyl nitrite

sulting in up to 25% reaction of the initially present and NO, were prepared and stored as described pre-
camphor. The concentrations of camphor and reaction viously [22,23], and NQwas prepared just prior to

products were measured by GC-FID as described use by reacting NO with an excess of. @, in O,

above._ Gas samples were also collected (_)nto Tenax-yiluent was prepared as needed using a Welsbach
TA solid adsorbent for GC-MS analyses, withthermal +_,qa 016 generator.

desorption onto a 60-m DB-5 fused silica capillary
column in a Hewlett Packard (HP) 5890 GC interfaced
to a HP 5970 Mass Selective Detector and operated in
the scanning mode. o o RESULTS

CH;ONO—-NO-camphor—air irradiations were
also carried out in a 7500-L Teflon cham_ber inter_faced OH Radical Reaction Rate Constant
to a PE SCIEX API Il MS/MS direct air sampling,
atmospheric pressure ionization tandem mass spec-The camphor and-octane concentrations measured
trometer (API-MS). The chamber contents were sam- by GC-FID during the CHONO—-NO-camphors-
pled through a 25-mm diametar 75-cm length Pyrex ~ Octane—air irradiations are plotted in accordance with
tube at~20 L min-* directly into the APl mass spec- Ed. () in Figure 1. A reasonable straight-line plot is
trometer source. The operation of the API-MS in the observed, and a least-squares analysis yields a rate
MS (scanning) and MS/MS [with collision-activated ~constant ratio at 296 2 K of
dissociation (CAD)] modes has been described pre-
viously [27,28]. Use of the MS/MS mode with CAD ¢ (OH + camphor¥,(OH + n-octane)
allows the “daughter ion” or “parent ion” spectrum of — 0534+ 0.079
a given ion peak observed in the MS scanning mode '
to be obtained [27,28]. The positive ion mode was
used in these API-MS and API-MS/MS analyses, with where the indicated error is two least-squares standard
protonated water hydrates {8 (H,0),) generatedby  deviations. This rate constant ratio is placed on an ab-
the corona discharge in the chamber diluent gas beingsolute basis by use of a rate constgrfor the reaction
responsible for the protonation of analytes. lons are of the OH radical withn-octane at 296 K of 8.6 ¥
drawn by an electric potential from the ion source 102 cm® molecule® s * (+20%) [11], resulting in a
through the sampling orifice into the mass-analyzing rate constark, at 296+ 2 K of
first quadrupole or third quadrupole. In these experi-
ment_s_, the API-MS instrument was operateq unc_ier k,(OH + camphor)= (4.6 + 1.2)
conditions that favored the formation of dimer ions in % 10-12 cnf moleculel <
the ion source region [27,28]. Neutral molecules and '
particles are prevented from entering the orifice by a
flow of high-purity nitrogen (“curtain gas”), and as a where the indicated error is two least-squares standard
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Figure 1 Plot of Eq. (I) for the gas-phase reaction of the

OH radical with camphor, witm-octane as the reference

compound.

deviations combined with the estimated overall uncer-
tainty in the rate constaiks.

NO; Radical Reaction Rate Constant

GC-FID analyses of camphor and methacrolein in a
reacting NQ—N,O;—NO,—camphor—methacrolein—
air mixture showed that while up to 60% consumption
of methacrolein occurred<5% of the camphor re-
acted. This leads to an upper limit to the rate constant
ratio at 296+ 2 K of

ky(NO; + camphor)k,(NO; + methacrolein)
< 0.06.

Using a rate constark, for the reaction of the NQ
radical with methacrolein at 296 K of (33 1.0) X
10-%5 cm? molecule ! s71 [29] leads to an upper limit
for the rate constark; at 296+ 2 K of

k,(NO; + camphor)< 3 X 10-16
cm® molecule! s 1,

O; Reaction Rate Constant

The measured maximum loss of gas-phase camphor in
the presence of 5.X 10" molecule cm? of O; over

a period of 3.8 h was<2%, and within the analytical
uncertainties. Assuming a maximum loss of camphor
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due to reaction with Qof 5% leads to an upper limit
to the rate constarit; at 296+ 2 K of

ks(O5 + camphor)< 7 X 10-2° crm® molecule! ¢ .

Products of the OH Radical Reaction

GC-FID and GC-MS analyses of irradiated
CH;ONO—-NO-camphor—air mixtures showed the
formation of acetone, which was identified by match-
ing its GC retention time and mass spectrum with
those of an authentic standard. While acetone also re-
acts with the OH radical [30], corrections for second-
ary reactions of acetone with the OH radical were
<1% and were ignored. A plot of the amounts of ac-
etone formed against the amounts of camphor reacted
is shown in Figure 2, and a least-squares analysis
leads to a molar formation yield of acetone from
camphor of 0.29+ 0.04, where the indicated error
is two least-squares standard deviations combined
with estimated overall uncertainties in the GC-FID
response factors for camphor and acetone+6f6
each.

API-MS and API-MS/MS analyses of irradiated
CH;ONO—-NO-camphor—air mixtures were also car-
ried out. API-MS/MS “daughter ion” and “parent ion”
spectra were obtained for peaks observed in the API-
MS analyses. Product ion peaks were identified based
on the observation of homo- or hetero-dimerions (e.g.,
[Mc + My + H]*, where M. and M are camphor and
a product, respectively) in the API-MS/MS “parent

10

10" x [Acetone], molecule cm?

T
1

T
2

3
102 x [Camphor] reacted, molecule cm™

Figure 2 Plot of the amounts of acetone formed against
the amounts of camphor reacted with the OH radical.
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ion” spectra and consistency of the API-MS/MS
“daughter ion” spectrum of a homo- or hetero-dimer 93
ion with the “parent ion” spectra of the constituent ! 108
[Mc + H]* and [M: + H]* ion peaks [27,28].
API-MS/MS “parent ion” spectra of the 153 u pro-
tonated camphor ion peak showed the presence of di-
mer ions at 211, 305, 319, 335, 339, 366, 382 and 396
u, with the 305 u ion peak being the protonated cam-
phor dimer ion and the 211 u ion peak being attributed
to [camphor+ acetonet+ H]*. The remaining dimer
ion peaks are attributed to the presence of products of

153
214
0 -
168

molecular weight 166, 182, 186, 213, 229 and 243. 46
API-MS/MS “daughter ion” spectra of these dimer ion 20 79
peaks were consistent with the formation of these sug-
gested products, as shown for example in Figure 3 for LN\J\h)\

T T T

50

the 335 u ion peak showing the presence of the pro- 0

tonated molecular weight 182 product at 183 u. The

products of molecular weight 213, 229, and 243 must m/z

contain a nitrogen atom and are hence anticipated to Figure 4 API-MS/MS CAD “daughter ion” spectrum of

be organic nitrates, RONO[M + H]* ion peaks of the 214 u ion peak observed in the API-MS spectra of irra-

these products were also present at 214, 230, and 244iated CHONO-NO-camphor—air mixtures. The fragment

u, and API-MS/MS “daughter ion” spectra of these [M ion at 168 u F:orresponds to a loss ofy@nd the fragmgnt

+ H]* peaks each showed fragment ions from a loss 1" & 46 u is attributed to ND leading to the tentative

of NO, and the presence of a fragment ion at 46 u |dent|f_|cat_|on of this molecular weight 213 product as an
2 ) ) ! . .~ organic nitrate.

(NO,*), consistent with their assignment as organic

nitrates (see, e.g., Figure 4 for an API-MS/MS “daugh-

ter ion” spectrum of the 214 u ion peak). In addition, was consistent with an organic nitrate of molecular

the API-MS spectra indicated a product ion peak at weight 187.

188 u whose API-MS/MS “daughter ion” spectrum

60 |

Relative Intensity (%)

T
100 150 200

DISCUSSION

183
100 4 Our measured upper limits to the rate constants for the
reactions of camphor with NQradicals and @are
consistent with literature data for other ketones not
containing unsaturatedt C=c-~ bonds [30-32], in
that no reaction of Qwith such ketones has been ob-
60 served [30—-32] and the N@adical reactions are very
slow [30,32]. Our measured rate constant for the OH
radical reaction is a factor of 2.2 lower than the value
165 of 9.9 X 1022 cm® molecule® s calculated using
the estimation method of Kwok and Atkinson [33].
. 335 Our measured rate constants, or upper limits thereof,
can be combined with ambient atmospheric concen-
0 L ;“h. 11 J JL trations of OH radicals, NQradicals, and @to pro-
50 100 150 200 250 300 350 vide I|_fet|mes of camphorwﬂh_respect to each of these
chemical loss processes. Using tropospheric concen-
Figure 3 API-MS/MS CAD “daughter ion” spectrum of trations of: OH radicals, a 24-h average of k0.0

3 . i -
the 335 u ion peak observed in the API-MS spectra of irra- rr}olecule cm [3;4’3?]' N% radl.cals, a 24-n a\r/]erage
diated CHONO—NO-camphor—air mixtures. The 335 u © 2.5 X 10° molecule cm? [36]; and Q, a 24-h av-

ion is attributed to a protonated dimer of (campHomo- erage of 7x 10" molecule cm? [37], the calculated
lecular weight 182 product), and the fragment ions at 153 lifetimes of camphor due to reaction with OH radicals,

and 183 are then [campher H]* and [182+ H]*, respec-  NO; radicals, and @are 2.5 days>150 days, and
tively. >230 days, respectively. Clearly, reaction with the

80

153

40

Relative Intensity (%)

20 109

m/z
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OH radical is the dominant chemical loss process for spectively. The formation of these products is illus-
camphor in the troposphere. trated in Scheme | for the structure RGECCH,R’,
In the presence of NO (such that organic peroxy where RCHCCC'HR'’ could, for example, be
radicals dominantly react with NO), the products of
the OH radical-initiated reaction are acetone in29 (0)
4% vyield, together with products of molecular weight
166, 182, 186, 187, 213, 229, and 243. The products CH3
of molecular weight 166 and 182 have formulas of
C,0H140, and GH,,0,, respectively (note that cam-
phor is GH,0 and of molecular weight 152), and we
suggest these are a dicarbonyl and a hydroxydicar-
bonyl, respectively. The molecular weight 213 and H
229 products have formulas of,1,:0(ONG,) and
C,H150,(ONO,), respectively, and are attributed to a The molecular weight 166 dicarbonyl products are ex-
carbonyl-nitrate and a hydroxycarbonyl-nitrate, re- pected to include

CHO HC(O)
CHO
o O o

but not weight 186, 187, and 243 are consistent with formulas
of CoH1,0, CgH1:0(ONG,), and GoH;;05(ONG,),
respectively, but whether or not these are primary
(first-generation) products or arise from subsequent re-
actions of first-generation products is not presently
known.
0 The formation of acetone is anticipated to occur
after initial H-atom abstraction from the tertiary
C—H bond, as shown in Scheme Il. H-atom abstrac-
N 0 tion from this tertiary C—H bond is predicted to be
significant, being calculated to account for 47% of
the overall reaction [33]. Given the factor of 2 dis-
because alkoxy radicals of structuf&(0" )C(=0)— crepancy in the prediction of the overall OH radical
decompose rapidly [11,30]. As shown in Scheme |, reaction rate constant (see above), it is entirely possi-
the formation of the molecular weight 182 and 229 ble that acetone [plus its co-product(s)] is the dominant
products indicates the occurrence of an alkoxy radical product formed subsequent to this H-atom abstraction
isomerization reaction. The products of molecular channel.
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OH + RCH,CCCHR' — s H,0 + RCH,CCCHR'
(MW 152) ¢02
RCH,CCCH(OO)R'

e

RCH,CCCHO)R' + NO,

isomerizaicy w\z

RCH,CCCH(ONO,)R'
(MW 213)

RCHCCCH(OH)R' RCH,CCC(O)R' + HO,
¢Oz MW 166)
RCH(OO)CCCH(OH)R'

NO
RCH(ONO,)CCCH(OH)R'
(MW 229)

NO, + RCH(O)CCCH(OH)R'

isomerizati)oV \Oi

RCH(OH)CCC(OH)R' RC(O)CCCH(OH)R' + HO,
‘Oz (MW 182)
RCH(OH)CCC(O)R' + HO,
(MW 182)
Scheme |
[0} o
CHj CH;j
OH + —_— + HO
NO +> NO,
(¢}
CHj
o
decompositionl

0
CH;,
(CHg)z'c)iJ:\L
0

lo:

NO ‘k’ NO,
(0]
CH;
(CHz)y
CH;C(O)CH; | <— |
O- 0

+

0
CH;

—» — & CH;3C(0)CH,CH,C(0)CH,CO

o L~ proDUCTS
Scheme Il
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