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Abstract

The bimolecular rate constants, kOH+geraniol, (231758)� 10�12 cm3molecule�1 s�1 and kO3þgeraniol
, (9.372.3)�

10�16 cm3molecule�1 s�1, were measured using the relative rate technique for the reaction of the hydroxyl radical (OH)

and ozone (O3) with 2,6-dimethyl-2,6-octadien-8-ol (geraniol) at (29773)K and 1 atmosphere total pressure. To more

clearly define part of geraniol’s indoor environment degradation mechanism, the products of the geraniol+OH and

geraniol+O3 reactions were also investigated. The identified geraniol+OH and geraniol+O3 reaction products were:

acetone, hydroxyacetaldehyde (glycolaldehyde, HC(QO)CH2OH), ethanedial (glyoxal, HC(QO)C(QO)H), and 2-

oxopropanal (methylglyoxal, CH3C(QO)C(QO)H). The use of derivatizing agents O-(2,3,4,5,6-pentafluorobenzyl)hy-

droxylamine (PFBHA) and N,O-bis(trimethylsilyl) trifluoroacetamide (BSTFA) were used to propose 4-oxopentanal as

the other major geraniol+OH and geraniol+O3 reaction product. The elucidation of this other reaction product was

facilitated by mass spectrometry of the derivatized reaction products coupled with plausible geraniol+OH and

geraniol+O3 reaction mechanisms based on previously published volatile organic compound+OH and volatile organic

compound+O3 gas-phase reaction mechanisms.
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1. Introduction

Work-related asthma (WRA) has increasingly
become one of the most commonly reported
respiratory diseases in the U.S (NIOSH, 2004).
The reason for the increases in WRA has been
partially attributed to the presence of volatile
organic compounds (VOCs) (Dales and Raizenne,
e front matter Published by Elsevier Ltd.
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2004; Weisel, 2002; Wieslander et al., 1997; Zhang
and Smith, 2003). Experimental evidence has
implicated that several initiator species such as
ozone (O3), hydroxyl radical (OH), and nitrate
radical (NO3) are present indoors converting VOCs
that are present (i.e. emissions from cleaning
products, air fresheners) into other oxygenated
organic compounds such as aldehydes and ketones
(Sarwar et al., 2002; Weschler, 2001; Weschler and
Shields, 1997a, b). In a recent paper by Jarvis et al.,
chemicals with these carbonyl substructures were
associated with the potential to cause WRA (Jarvis
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et al., 2005). Before attributing a particular VOC or
group of VOCs to the effect of WRA, identification
and quantification of organic compounds present in
the indoor environment are necessary to determine
occupant exposures. Additionally, the mechanisms
from which these are emitted or formed must also
be understood to provide guidance for structure-
based chemical selection. With this knowledge, new
compounds may be synthesized that incorporate
environmentally and technically beneficial molecu-
lar structures. The information gained from the type
of research presented here can lead to more
beneficial use of these and similar compounds in
the future.

Oxygenated organic compounds, such as ethers,
alcohols, and esters, are also becoming more
prevalent in the indoor environment as they are
substituted for other chemicals in consumer pro-
ducts. While several OH+oxygenated organic and
O3+oxygenated organic bimolecular rate constants
are well known, the details of their reaction
mechanisms are limited (Atkinson, 1989; Atkinson,
1994). A few recent studies of the products from
OH+oxygenated organic reactions have illustrated
the complexity of their gas-phase reaction mechan-
isms (Bradley et al., 2001; Smith et al., 1992, 1995;
Veillerot et al., 1996; Wallington et al., 1993; Wells,
2004, 2005; Wells et al., 1996; Wyatt et al., 1999).
These investigations are needed to support OH and
O3 reaction mechanism patterns based on chemical
structure–reactivity relationships (Boethling and
Mackay, 2000).

One such compound of interest is 2,6-dimethyl-
2,6-octadien-8-ol (geraniol, Structure 1) a volatile
organic alcohol that is a significant component of
indoor cleaner emissions and a component of the
rose oil scent (Nazaroff and Weschler, 2004).

In the work presented here, the rate constants
for the geraniol+OH radical reaction and the
geraniol+O3 reaction have been measured using
the relative rate method. Some products of these
reactions (geraniol+OH and geraniol+O3) are also
reported. Neither the OH rate constant, nor the
respective reaction mechanisms for OH+geraniol
have been reported previously. The geraniol+O3

rate constant and reaction mechanisms were pre-
H3C H3C

H3C

OH

I II

Structure 1. 2,6-dimethyl-2,6-octadien-8-ol.
viously studied by Nunes et al. (Nunes et al., 2005)
and those results will be compared with the results
of this study.

2. Experimental methods

2.1. Apparatus and materials

Experiments to measure the gas-phase rate
constant of the OH+2,6-dimethyl-2,6-octadien-8-
ol (geraniol, Structure 1) reaction were conducted
with a previously described apparatus (Atkinson
et al., 1981; Orji and Stone, 1992; Veillerot et al.,
1996; Williams et al., 1993). A brief description is
provided here. Reactants were introduced and
samples were withdrawn through a 6.4-mm Swage-
lok fitting attached to a 80–110L Teflon film
chamber. Compressed air from the National In-
stitute for Occupational Safety and Health
(NIOSH) facility was passed through anhydrous
CaSO4 (Drierite, Xenia, OH) and molecular sieves
(Drierite, Xenia, OH) to remove both moisture and
organic contaminants. This dry compressed air was
added as a diluent to the reaction chambers and
measured with a 0–100Lmin�1 mass flow controller
(MKS, Andover, MA). Analysis of this treated
compressed air by gas chromatography/mass spec-
trometry revealed that if contaminants were present
they would be below the part per trillion range. The
filler system was equipped with a syringe injection
port facilitating the introduction of both liquid and
gaseous reactants into the chambers with the
flowing air stream. All reactant mixtures and
calibration standards were generated by this system.
Irradiations were carried out in a light-tight
chamber housing surrounding 5-mil FEP Teflon-
film chambers (80–110L), which contained the
following mix of lamps: six Philips TL40W/03;
one GE F40BL; two QPANEL (Cleveland, OH)
UV351 and seven QPANEL UV340. This lamp
mixture approximates solar radiation from 300 to
450 nm.

All reaction kinetic samples were quantitatively
monitored using an Agilent (Palo Alto, CA) 6890
gas chromatograph with a 5973 mass selective
detector (GC/MS) and Agilent ChemStation soft-
ware. Gas samples were cryogenically collected
employing an Entech 7100 (Simi Valley, CA)
sampling system utilizing the following trap and
temperature parameters: 50mL of chamber con-
tents were collected onto Trap 1 (packed silanized
glass beads) at �150 1C. After sample collection
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Trap 1 was heated to 230 1C and the sample
transferred under a flow of ultra high purity helium
(UHP He) onto Trap 2 (packed silanized glass
beads) cooled to �30 1C. Trap 2 was then heated to
180 1C and the sample transferred under a UHP He
flow onto Trap 3, a silanized 0.53mm i.d. tube
cooled to �160 1C which was subsequently heated
to 220 1C to inject the sample onto an Rtx-VRX
(Restek, Bellefonte, PA) GC column (0.25mm i.d.,
30-m long, 1.4 mm film thickness). These series of
cryogenic trap manipulations reduced the back-
ground water level, ensured consistency of replicate
samples, and improved the chromatograph peak
shapes. The GC temperature program used was:
initial temperature of 45 1C held for 8min after
sample injection then increased 10 1Cmin�1 to
220 1C and held for 4min. The Agilent 5973 mass
selective detector was tuned using perfluorotributyl-
amine (FC-43). Full-scan electron impact (EI)
ionization spectra were collected from m/z 35 to
650. Preliminary compound identifications from the
Agilent 6890/5973 GC/MS data sets were made by
searching the NIST 98 Mass Spectral Library.

Identification of reaction products was made
using O-(2,3,4,5,6-pentafluorobenzyl)hydroxyl-
amine (PFBHA) to derivatize carbonyl products,
while alcohol and carboxylic acid products were
derivatized using PFBHA and N,O-bis(trimethyl-
silyl)trifluoroacetamide (BSTFA) (Fick et al., 2003;
Yu et al., 1998). Experimental methods for reaction
product identification were similar to methods used
for kinetic experiments, except the reference com-
pound was excluded from the reaction mixture. An
additional port was added to the Teflon chamber to
facilitate the injection of ozone.

Derivatized reaction products were analyzed
using a Varian (Palo Alto, CA) 3800/Saturn 2000
GC/MS system operated in both the EI and CI
modes (Yu et al., 1998). Compound separation was
achieved by a J&W Scientific (Folsom, CA) DB-
5MS (0.32mm i.d., 30-m long, 1 mm film thickness)
column and the following GC oven parameters:
60 1C for 1min then 20 1Cmin�1 to 170 1C, then
3 1Cmin�1 to 280 1C and held for 5min.

Samples were injected in the splitless mode, and
the GC injector was returned to split mode 1min
after sample injection, with the following injector
temperature parameters: 60 1C for 1min then
180 1Cmin�1 to 250 1C and held to the end of the
chromatographic run (Yu et al., 1998). The Saturn
2000 ion trap mass spectrometer was tuned using
FC-43. Full-scan EI ionization spectra were col-
lected from m/z 40 to 650. Acetonitrile was the
chemical ionization reagent used for all CI spectra.
When possible, commercially available samples of
the identified products were derivatized and subse-
quently analyzed to verify matching ion spectra and
chromatographic retention times.

Hydroxyl radicals, which are among the primary
oxidizing radicals in the indoor environment
(Sarwar et al., 2002; Sexton et al., 2004; Weschler
and Shields, 1996; Weschler and Shields, 1997a, b),
were generated from the photolysis of methyl nitrite
(CH3ONO) in the presence of nitric oxide (NO) in
air (Atkinson et al., 1981). CH3ONO was prepared
in gram quantities using the method of Taylor et al.
(1980) and stored in a lecture bottle at room
temperature. The CH3ONO purity (495%) was
verified by GC/MS. Ozone was produced by
photolyzing air with a mercury pen lamp in a
separate Teflon chamber. Aliquots of this O3/air
mixture were added to the Teflon reaction chamber
using a gas-tight syringe.

All compounds were used as received and had the
following purities: from Sigma-Aldrich (Milwaukee,
WI): cyclohexane (99.9%), hexane (99%), limonene
(99%), geraniol (98%), cis-cyclooctene (95%),
myrcene (90%), acetonitrile (99.93%), BSTFA
(99+%), PFBHA hydrochloride (98+%), glyco-
laldehyde dimer (98%), glyoxal (40% in water) and
methyl glyoxal (40% in water); from Fisher
Scientific (Fairlawn, NJ): methanol (99%); from
Spectrum Analytical (New Brunswick, NJ): methyl-
ene chloride (99.5%). Nitric oxide (99+% pure)
was obtained as a 4942 ppm mixture in nitrogen
from Butler Gases (Morrisville, PA). Helium (UHP
grade), the carrier gas, was supplied by Amerigas
(Sabraton, WV) and used as received. Experiments
were carried out at (29773)K and 1 atm pressure.

2.2. Experimental procedures

The experimental procedures for determining the
geraniol+OH and geraniol+O3 reaction kinetics
were similar to those described previously (Bradley
et al., 2001; Wells, 2004; Wyatt et al., 1999).

(1)

ReferenceþOH or O3�!
kRef

Products (2)

The rate equations for reactions 1 and 2 are
combined and integrated, resulting in the following
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equation:

ln
½Geraniol�0
½Geraniol�t

� �
¼

kOHþGeraniol or kO3þGeraniol

kRef

� ln
½Ref �0
½Ref �t

� �
. ð3Þ

If reaction with OH or O3 is the only removal
mechanism for geraniol and reference, a plot of
ln([geraniol]0/[geraniol]t) versus ln ([Ref]0/[Ref]t)
yields a straight line with an intercept of zero.
Multiplying the slope of this linear plot by kRef

yields kOH+geraniol (Fig. 1) or kO3þgeraniol
(Fig. 2).

The OH rate constant experiments for geraniol
employed the use of two reference compounds:
limonene and myrcene. The use of two different
reference compounds with different OH rate con-
stants or O3 rate constants aids to ensure the
accuracy of the geraniol+OH rate constant or
geraniol+O3 rate constant and demonstrates that
other reactions are not removing geraniol.

For the geraniol+OH kinetic experiments the
typical concentrations of the pertinent species in the
80–110 L Teflon chamber were 0.5–0.9 ppm (1.3–
2.2� 1013molecule cm�3) geraniol, 0.1–0.3 ppm (1.7–
6.9� 1012molecule cm�3) reference, 10 ppm (23�
1013molecule cm�3) CH3ONO, and 0.6 ppm
(1.4� 1013molecule cm�3) NO in air. The gas-phase
mixtures were allowed to reach equilibrium before
initial species concentration ([X]0) samples were
Fig. 1. 2,6-dimethyl-2,6-octadien-8-ol (geraniol) relative rate plot with

OH+geraniol rate constant, kgeraniol+OH, measured is (23174)� 10�12
collected. Typically, three photolysis intervals of
3–5 s each were used on the reaction mixture for a
combined total photolysis time of approximately
9–15 s. The total ion chromatogram (TIC) from the
Agilent 5973 mass selective detector was used to
determine geraniol and reference concentrations.

For the geraniol+O3 kinetic experiments the
typical concentrations of the pertinent species in the
80–110 L Teflon chamber were 0.5–0.9 ppm (1.3–
2.2� 1013molecule cm�3) geraniol, 0.1–0.3 ppm
(2.2–6.9� 1012molecule cm�3) reference. Cyclohex-
ane (297 ppm, 7.3� 1015molecules) was added to
the geraniol+O3 reaction product experiments to
scavenge OH radicals (Paulson et al., 1999). The
gas-phase mixtures were allowed to reach equili-
brium before initial species concentration ([X]0)
samples were collected. Typically, three or four
injections of ozone resulting in an O3 concentration
of 20–40 ppb in the reaction chamber were used.
Ozone was injected into the chamber and allowed to
reach equilibrium for approximately 45min before
the samples were collected. The ozone concentration
was measured using a thermo-electron UV photo-
metric ozone analyzer Model 49C. The injections of
ozone took place over a 2 day period. Samples were
collected at the end of the day, the chamber was
allowed to sit overnight and samples were collected
the following morning. These samples were com-
pared to the previous samples to ensure losses were
minimal. The TIC from the Agilent 5973 mass
myrcene (&) and limonene (m) as reference compounds. The

cm3molecule�1 s�1.
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Fig. 2. 2,6-dimethyl-2,6-octadien-8-ol (geraniol) relative rate plot with myrcene (’) and cis-cyclooctene (n) as reference compounds. The

O3+geraniol rate constant, kgeraniolþO3
, measured is (9.370.10)� 10�16 cm3molecule�1 s�1.
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selective detector was used to determine geraniol
and reference concentrations.

To determine possible chromatographic interfer-
ences from reference+OH reaction products, both
geraniol and the reference compounds were reacted
with the OH radical in separate experiments and
analyzed as described previously (Wells, 2004). No
chromatographic interferences were observed. All
measurements were duplicated. A relative standard
deviation (the data set standard deviation divided
by the data set average) of approximately 3.4% was
achieved with the described sampling methods
utilizing the Agilent 6890/5973 GC/MS system.

Derivatization of the carbonyl reaction products
was initiated by flowing 15 to 25L of chamber
contents at 3.8 Lmin�1 through an impinger con-
taining 3mL of acetonitrile and 200 mL of 0.02M
PFBHA in acetonitrile to derivatize the carbonyl
reaction products to oximes (Yu et al., 1998) with
no effort to prevent acetonitrile evaporation during
sample collection. The sample was removed from
the impinger and allowed to sit for a 24 to 48 h time
period in the dark. The reacted solutions were
gently blown to dryness with UHP N2, reconstituted
with 100 mL of methanol, and then 1 mL of the
reconstituted solution was injected onto the Varian
3800/Saturn 2000 GC/MS system. The derivatiza-
tion of hydroxy groups (either alcohol or carboxylic
acid) was achieved by subsequent addition of 20 mL
of commercially available BSTFA to the PFBHA
oximes reconstituted with 100 ml of hexane:methyl-
ene chloride (1:1). These PFBHA/BSTFA solutions
were heated to approximately 60 1C for 45min to
complete the silylation and then 1 mL of the solution
was injected into the Varian 3800/Saturn 2000 GC/
MS system (Yu et al., 1998).

3. Results

3.1. Geraniol+OH reaction rate constant

The OH rate constant for geraniol (Structure 1)
was obtained using the relative rate method
described above. The plot of a modified version of
Eq. (3) is shown in Fig. 1. The ln ([Ref]0/[Ref]t) term
is divided by the respective reference rate constant
(limonene (164741)� 10�12 cm3molecule�1 s�1

and myrcene (215754)� 10�12 cm3molecule�1 s�1)
(Atkinson, 2003) and multiplied by
10�12 cm3molecule�1 s�1, resulting in a unitless
number. This yields a slope that is equal to the
OH+geraniol rate constant, kOH+geraniol, divided
by 10�12 cm3molecule�1 s�1. This modification al-
lows for a direct comparison of the two reference
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compound/geraniol data sets. The slope of the line
shown in Fig. 1 yields an OH bimolecular rate
constant, kOH+geraniol, of (23174)� 10�12

cm3molecule�1 s�1. The data points at the origin
are experimental points because pre-irradiation,
t ¼ 0, data showed no detectable loss of geraniol
or reference. The error in the rate constant stated
above is the 95% confidence level from the random
uncertainty in the slope. Incorporating the uncer-
tainties associated with the reference rate constants
(725% for limonene and myrcene) used to derive
the geraniol+OH rate constant yields a final value
for kOH+geraniol, of (231758)� 10�12 cm3

molecule�1 s�1 (Atkinson, 2003). The geraniol+OH
rate constant, kOH+geraniol, has not been previously
reported. The observed rate constant is comparable
to a k(calc)OH+geraniol ¼ 180� 10�12 cm3mole-
cule�1 s�1, calculated using the Environmental
Protection Agency’s rate constant calculation soft-
ware, AOPWIN v1.91 (US Environmental Protec-
tion Agency, 2000).

3.2. Geraniol+O3 reaction rate constant

The O3 rate constant for geraniol (Structure 1)
was obtained using the relative rate method
described above. The plot of a modified version
of Eq. (3) is shown in Fig. 2. The ln ([Ref]0/[Ref]t)
term is divided by the respective reference rate
constant (cis-cyclooctene (3.870.95)� 10�16 cm3

molecule�1 s�1 and myrcene (4.771.2)� 10�16

cm3molecule�1 s�1) (Atkinson, 2003) and multi-
plied by 10�16 cm3molecule�1 s�1, resulting in a
unitless number. This yields a slope that is equal to
the O3+geraniol rate constant, kO3þgeraniol

, divided
by 10�16 cm3molecule�1 s�1. This modification al-
lows for a direct comparison of the two reference
compound/geraniol data sets. The slope of the line
shown in Fig. 2 yields an O3 bimolecular rate
constant, kO3þgeraniol

, of (9.370.10)� 10�16

cm3molecule�1s�1. The data points at the origin
are experimental points because pre-irradiation,
t ¼ 0, data showed no detectable loss of geraniol
or reference. The error in this rate constant is the
95% confidence interval from the random uncer-
tainty in the slope. Incorporating the uncertainties
associated with the reference rate constants (725%
for myrcene and cis-cyclooctene) used to derive the
geraniol+O3 rate constant yields a final value for
kO3þgeraniol

, of (9.372.3)� 10�16 cm3molecule�1 s�1

(Atkinson, 2003). The observed rate constant can be
compared with a kðcalcÞO3þgeraniol

¼ 8:6� 10�16
cm3 molecule�1 s�1, calculated using the Environ-
mental Protection Agency’s rate constant calcula-
tion software, AOPWIN v1.91 (US Environmental
Protection Agency, 2000) and a rate constant of
approximately 4� 10�16 cm3molecule�1 s�1 deter-
mined from results of Nunes et al. (Nunes et al.,
2005).

3.3. Geraniol+OH and geraniol+O3 reaction

products

The reaction products observed from the gera-
niol+OH reaction (hydrogen abstraction or OH
addition) and the geraniol+O3 addition to the
carbon–carbon double bond are listed in Table 1.
The geraniol+OH and geraniol+O3 reaction prod-
ucts observed and positively identified using the
pure compound for verification by derivatization
were: acetone, hydroxyacetaldehyde (glycolalde-
hyde, CH(QO)CH2OH), ethanedial (glyoxal,
HC(QO)C(QO)H), and 2-oxopropanal (methyl-
glyoxal, CH3C(QO)C(QO)H). Structures and
ions used to identify these compounds are listed in
Table 1. Elucidation of the other major reaction
product, 4-oxopentanal, was facilitated by mass
spectrometry of the derivatized reaction product
coupled with plausible geraniol+OH and geraniol
+O3 reaction mechanisms based on previously
published volatile organic compound/OH and
volatile organic compound+O3 gas-phase reaction
as described below (Atkinson, 1989; Bradley et al.,
2001; Smith et al., 1992, 1995; Veillerot et al., 1996;
Wallington et al., 1993; Wells, 2004; Wells et al.,
1996; Wyatt et al., 1999).

Derivatization of nonsymmetric carbonyls using
PFBHA or PFBHA/BSTFA typically resulted in
multiple chromatographic peaks due to geometric
isomers of the oximes. Identification of multiple
peaks of the same oxime compound is relatively
simple since the mass spectra for each chromato-
graphic peak of a particular oxime are almost
identical. Typically, the PFBHA-derivatized ox-
imes’ (generic structure: F5C6CH2ONQC(R1)(R2))
mass spectra included an ion at m/z 181
([CH2C6F5]

+ fragment) with a large relative in-
tensity (440%) and a [PFBHA oxime+181]+ ion
(due to reactions in the ion trap mass spectrometer)
(Yu et al., 1998). In most cases, the m/z 181 ion
relative intensity for the chromatographic peaks
due to geraniol+OH and geraniol+O3 reaction
product oximes was either the largest or one of the
largest in the mass spectrum and was used to
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Table 1

Molecular structure of some geraniol+OH and geraniol+O3 reaction products

Retention time (min) Name Molecular weight (amu) Structure CI ions observed

7.6 Acetone 58 O

CH3H3C

254

10.2 O

HO

10.5
Hydroxyacetaldehyde
(glycolaldehyde)

60 256

24.9 Ethanedial (glyoxal) 58

O

O 449
25.2

26.1 2-oxopropanal (methylglyoxal) 72

O

O 463

30.0 4-oxopentanal 100 CH3

O
O

491
30.3
30.7
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generate selected ion chromatograms (Yu et al.,
1998). The mass spectra of compounds that were
additionally derivatized with BSTFA contained m/z

73 ions from the [Si(CH3)3]
+ fragments (Yu et al.,

1998). The product data are described below.
The following chronological chromatographic

retention time results and mass spectra data were
observed utilizing PFBHA or PFBHA/BSTFA
derivatization and the Varian 3800/Saturn 2000
GC/MS system. The reaction products’ chromato-
graphic peak areas were a function of the initial
geraniol concentration and were observed only after
OH initiation of geraniol/methanol/methyl nitrite/
NO/air mixtures or addition of O3 to geraniol/
methanol/air. Derivatization experiments per-
formed in the absence of geraniol, but in the
presence of all other chemicals in the reaction
chamber (methanol/methyl nitrite/NO/air) did not
result in any of the data reported below except for
small amounts (as noted by chromatographic peak
areas) of acetone, 2-oxopropanal, and ethanedial.
Acetone was also observed in pre-photoinitiated
geraniol+OH or pre-ozonated geraniol+O3 deri-
vatization samples. However, the acetone, 2-oxo-
propanol, and ethanedial oxime peak areas
increased significantly, between 30% and 70%, with
geraniol+OH or geraniol+O3 reaction initiation,
indicating that acetone, 2-oxopropanal and ethane-
dial are likely products of the geraniol+OH and
geraniol+O3 reactions.

3.4. Acetone

Acetone was identified using the Agilent 6890/
5973 GC/MS system and PFBHA derivatization
method described above. The acetone oxime
(PFBHA ¼ C(CH3)2) was observed at approxi-
mately 7.6min employing the Varian 3800/Saturn
2000 GC/ion trap mass spectrometer system de-
scribed above. Acetone oxime was synthesized to
confirm this chromatographic assignment. Acetone
oxime was observed in pre-photolysis samples, but
the peak area increased upon initiation of geraniol
+OH reaction indicating acetone as a geraniol
+OH reaction product. Acetone was also identified
as a geraniol+O3 reaction product.
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3.5. Hydroxyacetaldehyde (glycolaldehyde,

CH(¼O)CH2OH)

The chromatographic peaks for the oxime ob-
served at 10.2 and 10.5min were observed as a
reaction product of geraniol+OH and had ions at
m/z (relative intensity) 181 (100%), 195 (16%), 226
(11–24%), and 238 (45%). Using acetonitrile for
chemical ionization, an M+1 ion of m/z of 256 was
observed for the PFBHA-derivatized sample. The
glycolaldehyde oxime was synthesized by heating
the glycolaldehyde dimer in the gas phase (Magner-
on et al., 2005) to confirm this chromatographic
assignment. This carbonyl compound was also
observed as a geraniol+O3 reaction product.
3.6. Ethanedial (Glyoxal, HC(¼O)C(1¼O)H)

The chromatographic peaks for the oxime ob-
served at 24.9 and 25.2min were observed as a
reaction product of geraniol+OH and had ions at
m/z (relative intensity) 181 (100%) and 448 (25%).
The m/z 448 ion is the result of a double PFBHA
derivatization indicating a reaction product with a
molecular weight of 58. Using acetonitrile for
chemical ionization, an M+1 ion of m/z of 449
was observed for the PFBHA-derivatized sample.
The PFBHA-glyoxal oxime was synthesized to
confirm this chromatographic assignment (Yu et
al., 1998). This carbonyl compound was also
observed as a geraniol+O3 reaction product.
3.7. 2-Oxopropanal (Methylglyoxal,

CH3C(QO)C(QO)H)

The single peak for the oxime observed at
26.1min was observed as a reaction product of
geraniol+OH and had ions at m/z (relative
intensity) 181 (100%) and 265 (31%). The m/z

462 ion is the result of a double PFBHA derivatiza-
tion indicating a reaction product with a molecular
weight of 72. Using acetonitrile for chemical
ionization, an M+1 ion of m/z of 463 was observed
for the PFBHA-derivatized sample. The PFBHA-
methylglyoxal oxime was synthesized to confirm
this chromatographic assignment (Yu et al., 1998).
The second chromatographic peak for PFBHA-
methylglyoxal overlaps with the 25.2min peak of
PFBHA-glyoxal. This carbonyl compound was also
observed as a geraniol+O3 reaction product.
3.8. Oxime at retention time 30.0, 30.3 and 30.7 min

The oxime observed with a chromatographic
peak at a retention time of 30.0, 30.3 and 30.7min
had ions of m/z (relative intensity) 82 (16–23%),
181 (65–100%), 262 (15–20%), 263 (17–22%), 278
(34–51%), 279 (76–100%), and 490 (11–17%) as
seen in Fig. 3A. The m/z 490 ion is the result of a
double PFBHA derivatization indicating a reaction
product with a molecular weight of 100. Using
acetonitrile for chemical ionization, an M+1 ion
of m/z of 491 was observed for the PFBHA-
derivatized sample as seen in Fig. 3B. A propo-
sed geraniol+OH reaction product assignment
of 4-oxopentanal (see Table 1) was made based
upon the observed data. This carbonyl compound
was also observed as a geraniol+O3 reaction
product.

4. Discussion

OH reacts with geraniol by H-atom abstraction
or OH addition to the carbon–carbon double bonds
(Atkinson, 1989; Atkinson and Aschmann, 1993).
The ‘‘reactive structure’’ of geraniol can be drawn as
shown in Structure 1. The sites labeled I and II
identified in Structure 1 contribute approximately
97%, to the calculated geraniol+OH rate constant
of 180� 10�12 cm3molecule�1 s�1 (US Environmen-
tal Protection Agency, 2000) which is slower than
the measured value reported here (231758)� 10�12

cm3molecule�1 s�1.
Ozone reacts with geraniol by addition to the

carbon–carbon double bond (sites I and II, Struc-
ture 1). The measured value reported here
(9.372.3)� 10�16 cm3molecule�1 s�1 can be com-
pared to both the calculated geraniol+O3 rate
constant using Environmental Protection Agency’s
rate constant calculation software, AOPWIN v1.91
is 8.6� 10�16 cm3molecule�1 s�1 (US Environmen-
tal Protection Agency, 2000) and the calculated rate
constant �4� 10�16 cm3molecule�1 s�1 from data
of by Nunes et al. (Nunes et al., 2005).

For the geraniol+OH reaction the experimental
parameters were set to minimize side reactions and
highlight the primary OH hydrogen abstraction and
OH addition step. The geraniol concentration was
kept low and the photolysis times were as short as
possible. Additionally, nitric oxide (NO) was added
to facilitate the generation of OH and to minimize
O3 and NO3 radical formation preventing other
possible radical reactions. The possible mechanistic
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PFBHA derivatized product of geraniol plus ozone (30.3 minutes) Molecular weight = 490
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Fig. 3. PFBHA derivatized product of geraniol (30.3min) (A) electron ionization spectrum (B) acetonitrile chemical ionization spectrum.
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steps leading to product formation are described
below.

4.1. Acetone

The geraniol+OH reaction mechanism has sev-
eral potential pathways leading to acetone
(OQC(CH3)2) formation. OH can react with
geraniol by addition to site I to carbon (C3),
producing the radical, (CH3)2C( � )CH(OH)
CH2CH2C(CH3)QCHCH2OH. Subsequent addi-
tion of oxygen to the radical leads to decomposition
and formation of the peroxyradical, (CH3)2COO �
and the radical OHC( � )CHCH2CH2CQ(CH3)
CHCH2OH. The (CH3)2COO � radical can then
react with NO to form NO2 and acetone. Acetone
product formation from the geraniol+O3 reaction
has a similar mechanistic pathway to that of the
geraniol+OH reaction.

4.2. Hydroxyacetaldehyde (glycolaldehyde)

OH can react with geraniol by addition to site II
to carbon (C6), producing the radical (CH3)2CQ
CHCH2CH2C(CH3)(OH)CH( � )CH2OH. Subse-
quent addition of oxygen to the radical leads to
decomposition and formation of the peroxyradical,
CH2(OH)CHOO � and the radical (CH3)2CQ
CHCH2CH2C(CH3)(OH)( � ). The CH2(OH)
CHOO � radical can then react with NO to form
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Fig. 4. Proposed reaction mechanism for geraniol+OH showing formation of acetone, glycolaldehyde and 4-oxopentanal.
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NO2 and glycolaldehyde. Glycolaldehyde product
formation from the geraniol+O3 reaction is similar
to that of the geraniol+OH reaction.

4.3. 4-oxopentanal

The chromatographic peak proposed to be 4-
oxopentanal based on mass spectral data was the
largest product peak observed in the PFBHA
derivatization experiments from the geraniol+OH
and geraniol+O3 reactions (Fig. 3). In the geraniol
+OH reaction, 4-oxopentanal is likely formed from
OH addition to sites I and II, as seen in
Fig. 4. OH can add to either side of the double
bond. If OH adds to both double bonds as described
above resulting in acetone and glycolaldehyde, the
resulting product is the radical OHC( � )CHCH2

CH2C( � )(CH3)(OH). This radical reacts with O2 to
form HO2 and 4-oxopentanal OQCHCH2

CH2C(CH3)QO. 4-oxopentanal product formation
from the geraniol+O3 reaction is expected to be
similar to that of the geraniol+OH reaction.
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The reaction products: acetone, hydroxyacetalde-
hyde, ethanedial, 2-oxopropanal, and 4-oxopenta-
nal appear in both the geraniol+OH and the
geraniol+O3 reactions. Ozone/alkene reactions
can produce steady state OH radical concentrations
which would explain the observation of these
products in both reactions (Paulson et al., 1999).
However, addition of a large concentration of
cyclohexane (297 ppm) to scavenge OH radicals in
the geraniol+O3 reaction mixture effectively elim-
inates the geraniol+OH side reaction.

In a recent paper (Nunes et al., 2005), the authors
specifically noted the absence of 4-oxopentanal as a
reaction product of geraniol and ozone. Fig. 3
shows a mass spectrum of a PFBHA derivatized
product of geraniol believed to be 4-oxopentanal.
Also in the same paper, the authors listed cyclohex-
anone as a geraniol+O3 reaction product. Cyclo-
hexanone was also observed in this study, however,
a more likely explanation of its presence is not as a
geraniol+O3 reaction product but as a result of the
addition of cyclohexane as an OH radical scavenger
(Paulson et al., 1999).

5. Conclusions

In order to investigate the detailed gas-phase
chemistry of 2,6-dimethyl-2,6-octadien-8-ol (gera-
niol, Structure 1), the hydroxyl (OH) radical
reaction rate constant, ozone reaction rate constant
and respective reaction mechanisms were investi-
gated. The OH radical can either abstract hydrogen
or add to the carbon–carbon double bond of
geraniol. A bimolecular rate constant, kOH+geraniol,
of (231758)� 10�12 cm3molecule�1 s�1 was mea-
sured using the relative rate technique. Ozone is
expected to add to the carbon–carbon double bond
of geraniol and a geraniol+O3 rate constant,
kO3þgeraniol

, of (9.372.3)� 10�16 cm3molecule�1 s�1

was measured.
The identification of the geraniol+OH and

geraniol+O3 reaction products was facilitated by
the use of derivatizing agents PFBHA and BSTFA.
While many geraniol+OH reaction products were
proposed based on previously published VOC/OH
reaction mechanisms, reaction products such as
acetone, hydroxyacetaldehyde, ethanedial, and 2-
oxopropanal were positively identified using the
observed experimental data. The major reaction
product, 4-oxopentanal, was proposed based on
mass spectral data from the PFBHA and BSTFA
experiments and published mechanisms. The struc-
tures of the identified reaction products indicate
that the carbon–carbon double bonds (geraniol+O3

and geraniol+OH) play important roles in the
formation of reaction products.

Approximate indoor environment concentrations
of the hydroxyl radical (1.23� 105molecules cm�3)
and ozone (4.92� 1011molecules cm�3) have been
previously estimated by Sarwar (Sarwar et al.,
2002). Using the geraniol+OH and geraniol+O3

rate constants reported here pseudo-first order rate
constants of 0.10 and 1.64 h�1 were determined,
respectively. Comparing these values to a typical
indoor air exchange rate of 0.6 h�1, the geraniol
+O3 reaction is expected to be the most likely
indoor environment loss mechanism for geraniol
(Wilson et al., 1996).

Disclaimer. The findings and conclusions in this
report are those of the authors and do not
necessarily represent the views of the National
Institute for Occupational Safety and Health.
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