
Environmental
Science
 Processes & Impacts
rsc.li/espi

ISSN 2050-7887

Volume 27
Number 6
June 2025
Pages 1485–1732 

PAPER
Ayomide A. Akande and Nadine Borduas-Dedekind
The gas phase ozonolysis and secondary OH production 
of cashmeran, a musk compound from fragrant volatile 
chemical products

Themed issue: Indoor Environment



Environmental
Science
Processes & Impacts

PAPER

Pu
bl

is
he

d 
on

 2
3 

O
kt

ob
er

 2
02

4.
 D

ow
nl

oa
de

d 
on

 0
4.

12
.2

02
5 

00
:2

4:
22

. 

View Article Online
View Journal  | View Issue
The gas phase oz
Department of Chemistry, University of Briti

borduas@chem.ubc.ca; Tel: +1 604-822-443

† Electronic supplementary informa
https://doi.org/10.1039/d4em00452c

Cite this: Environ. Sci.: Processes
Impacts, 2025, 27, 1504

Received 26th July 2024
Accepted 12th October 2024

DOI: 10.1039/d4em00452c

rsc.li/espi

1504 | Environ. Sci.: Processes Impac
onolysis and secondary OH
production of cashmeran, a musk compound from
fragrant volatile chemical products†

Ayomide A. Akande and Nadine Borduas-Dedekind *

Fragrant personal care products are a subset of volatile chemical products (VCPs), an emerging source of

outdoor pollutants capable of impacting air quality. Fragrant molecules, such as musks, are used in

perfumes and have been found in aquatic organisms, water bodies, indoor air, and urban environments.

Considering the distribution of musk-smelling compounds, there is a need to constrain their

atmospheric fate indoors and outdoors. Here, we used a Vocus proton-transfer-reaction time-of-flight

mass spectrometer to quantify the atmospheric oxidative fate of cashmeran, a bicyclic musk compound,

detected in a commercial perfume alongside galaxolide, astratone and rosamusk. Cashmeran

concentrations rose up to 0.35 ppbv representing a mass yield of 0.33 ± 0.04% of the perfume. We

determined the second order rate constant of the cyclo-addition of O3 with cashmeran to be (2.78 ±

0.31) × 10−19 cm3 molec−1 s−1 at 293 ± 1 K in N2. This rate constant corresponds to an 85 day lifetime

against 20 ppbv of O3. Then, we repeated the ozonolysis experiments in air with 20% O2 and measured

significant secondary OH concentrations up to 5.1 × 105 molec cm−3. Consequently, the lifetime of

cashmeran in our experiment was shortened to 5 h. Thus, the oxidation of fragrant molecules, like

cashmeran, could alter the oxidative capacity of indoor air via the production of secondary OH radicals.

Furthermore, our results show that cashmeran is long-lived and could serve as a VCP tracer in urban air.
Environmental signicance

Musk-smelling compounds, like cashmeran, are emitted from fragrant volatile chemical products. Using a Vocus mass spectrometer, we quantied the lifetime
of cashmeran against 20 ppbv of O3 to be 85 days. However, in the presence of O2, cashmeran reacts with O3 to produce secondary OH radicals up to 5.1 × 105

molec cm−3, potentially inuencing the oxidative capacity of indoor air.
1 Introduction

Volatile chemical products (VCPs), including personal care
products, cleaning agents, paints, and pesticides, have been
identied as an emerging source of anthropogenic volatile
organic compounds (VOCs) in urban air.1–3 These VOCs are
precursors to ground-level O3 and secondary organic aerosols
(SOA), impacting air quality.4–6 Additionally, VOCs can cause or
aggravate respiratory diseases, headaches, and irritation of the
eyes and nose.7,8 To understand and predict the sources of VCPs
to the atmosphere, specic VOCs have been identied as tracers
for different VCP categories.2 For example, D5-siloxane and
limonene have been identied as reliable tracers for personal
care products and fragrant VCPs, respectively.2,9–11
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Synthetic musk compounds are a group of molecules
synthesized specically for their distinctive musky fragrance,
commonly used in personal care products marketed for
men.12,13 These compounds are classied into four categories
Fig. 1 Chemical structures of select synthetic musk compounds.
Musk compounds detected in the commercial perfume used in this
study are shown in black (top row), while other musk compounds
reported in Table 1 are shown in grey (bottom row).
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Table 1 Reported literature on the presence and concentrations of synthetic musk compounds in various environments. Compounds with the
highest concentrations in each study are shown here. Concentrations of nitro musks have also been included, where detecteda

Molecule Media Description N Location Concentration range (ref.)

Cashmeran Air Indoor air 20 Ontario, Canada 0.028–160 ng m−3 (ref. 15)
Air from wastewater treatment plant 32 Ontario, Canada n.d – 7.3 ng m−3 (ref. 15)
Air from cosmetic plant 5 Taiwan 420–1000 ng m−3 (ref. 34)
Air from women's sport centre 10 Izmir, Turkey 16.90 � 6.7 ng m−3, mean (ref. 31)
Air from a primary school classroom 10 Izmir, Turkey 84.5 � 35.2 ng m−3, mean (ref. 31)

Aquatic Surface waters 10 Ontario, Canada n.d – 0.71 ng L−1 (ref. 15)
Wastewater treatment plants effluent 3 Ontario, Canada 76–9600 ng L−1 (ref. 15)
Surface waters from rivers 34 Portugal n.d – 104.4 ng L−1 (ref. 35)
Carp sh species 13 Lake Chaohu, China 0.24–7.69 ng g−1 (dry weight) (ref. 13)
Seafood 10 Tarragona, Spain n.d – 11.2 ng g−1 (dry weight) (ref. 36)
Sediment samples 12 Kadicha river, Lebanon n.d – 94.22 ng g−1 (dry weight) (ref. 37)

Human Human blood 108 Vienna, Austria n.d – 89 ng L−1

Galaxolide Air Air from cosmetic plant 5 Taiwan 1000–1600 ng m−3 (ref. 34)
Indoor air 20 Ontario, Canada 0.3–18 ng m−3 (ref. 15)
Air from women's sport centre 10 Izmir, Turkey 144.0 � 60.5 ng m−3, mean (ref. 31)
Air from a primary school classroom 10 Izmir, Turkey 267.3 � 56.0 ng m−3, mean(ref. 31)
Outdoor air, summer 19 Ontario, Canada n.d – 2.1 ng m−3 (ref. 15)
Air from wastewater 10 Northern Germany 5.2–407.2 ng m−3 (ref. 24)

Particulate
matter

PM2.5 from women's sport centre 10 Izmir, Turkey 0.94 � 0.52 ng m−3, mean (ref. 31)
PM2.5 from a primary school classroom 10 Izmir, Turkey 2.50 � 0.94 ng m−3, mean (ref. 31)
Indoor dust 55 China 0.40–577 ng g−1 (ref. 32)
House dust 10 Kumamoto, Japan 84–1600 ng g−1 (ref. 33)

Aquatic Seafood 10 Tarragona, Spain 17.1–367.3 ng g−1 (dry weight) (ref. 36)
Carp sh species 13 Lake Chaohu, China 3.63–28.9 ng g−1 (dry weight) (ref. 13)
Sediment samples 12 Kadicha river, Lebanon n.d – 81.13 ng g−1 (dry weight) (ref. 37)
Surface waters from rivers 34 Portugal n.d – 379.2 ng L−1 (ref. 35)
Surface waters 10 Ontario, Canada n.d – 243 ng L−1 (ref. 15)

Precipitation Snow samples 42 Beijing, China 2.2–205.9 ng L−1 (ref. 30)
Human Human blood 108 Vienna, Austria n.d – 6900 ng L−1

Human adipose 49 New York, USA 12–798 ng g−1 (lipid weight) (ref. 38)
Human milk 54 Basel, Switzerland 55.02 � 57.87 ng g−1 (lipid weight), mean

(ref. 29)
Tonalide Air Air from cosmetic plant 5 Taiwan 610–960 ng m−3 (ref. 34)

Indoor air 20 Ontario, Canada 0.09–17 ng m−3 (ref. 15)
Air from women's sport centre 10 Izmir, Turkey 39.5 � 14.7 ng m−3, mean (ref. 31)
Air from a primary school classroom 10 Izmir, Turkey 59.6 � 13.5 ng m−3, mean31

Air from wastewater 10 Northern Germany 0.3–65.1 ng m−3 (ref. 24)
Particulate
matter

PM2.5 from women's sport centre 10 Izmir, Turkey 1.34 � 0.71 ng m−3, mean (ref. 31)
PM2.5 from a primary school classroom 10 Izmir, Turkey 1.19 � 0.37 ng m−3, mean (ref. 31)
Indoor dust 55 China n.d – 120 ng g−1 (ref. 32)
House dust 10 Kumamoto, Japan n.d – 220 ng g−1 (ref. 33)

Aquatic Seafood 10 Tarragona, Spain n.d – 16.0 ng g−1 (dry weight) (ref. 36)
Carp sh species 13 Lake Chaohu, China 1.88–22.9 ng g−1 (dry weight) (ref. 13)
Sediment samples 12 Kadicha river, Lebanon n.d – 64.58 ng g−1 (dry weight) (ref. 37)
Surface waters from rivers 34 Portugal n.d – 60.6 ng L−1 (ref. 35)
Surface waters 10 Ontario, Canada n.d – 41 ng L−1 (ref. 15)

Precipitation Snow samples 42 Beijing, China 6.5–754.1 ng L−1 (ref. 30)
Human Human blood 108 Vienna, Austria n.d – 290 ng L−1

Human adipose 49 New York, USA 8–134 ng g−1 (lipid weight) (ref. 38)
Human milk 54 Basel, Switzerland 13.97 � 9.96 ng g−1 (lipid weight), mean

(ref. 29)
Astratone Air Air from wastewater 32 Ontario, Canada n.d – 0.084 ng m−3 (ref. 15)

Particulate House dust 10 Kumamoto, Japan n.d – 220 ng g−1 (ref. 33)
Celestolide Air Air from cosmetic plant 5 Taiwan 230–310 ng m−3 (ref. 34)

Air from wastewater 10 Northern Germany 0.01–1.7 ng m−3 (ref. 24)
Musk
Xylene

Air Air from a primary school classroom 10 Izmir, Turkey 9.89 � 2.76 ng m−3, mean (ref. 31)
Particulate
matter

Indoor dust 55 China n.d – 55.5 ng g−1 (ref. 32)

Precipitation Snow samples 42 Beijing, China 4.4–16.1 ng L−1 (ref. 30)
Human Human blood 152 Heidelberg, Germany 10–1183 ng L−1 (ref. 26)

Human milk 54 Basel, Switzerland 2.93 � 6.17 ng g−1 (lipid weight) (ref. 29)

This journal is © The Royal Society of Chemistry 2025 Environ. Sci.: Processes Impacts, 2025, 27, 1504–1516 | 1505
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Table 1 (Contd. )

Molecule Media Description N Location Concentration range (ref.)

Musk
Ketone

Particulate
matter

Indoor dust 55 China n.d – 203 ng g−1 (ref. 32)
House dust 10 Kumamoto, Japan n.d – 390 ng g−1 (ref. 33)

Aquatic Surface waters from rivers 34 Portugal n.d – 78.2 ng L−1 (ref. 35)
Precipitation Snow samples 42 Beijing, China 6.7–43.2 ng L−1 (ref. 30)
Human Human blood 152 Heidelberg, Germany 10–518 ng L−1 (ref. 26)

Human milk 54 Basel, Switzerland 1.60 � 2.77 ng g−1 (lipid weight) (ref. 29)

a N is the number of samples and n.d refers to ’not detected’.
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according to their structures: nitro-musks, polycyclic musks,
macrocyclic musks, and alicyclic musks (see Fig. 1 for exam-
ples).14 Due to their high molecular weights ranging from 206 to
297 g mol−1 (ref. 15) and their vapour pressures less than 71 Pa
at 293 K, musk compounds can be classied as semi-volatile
organic compounds.16 There is growing interest in studying
musk compounds because of their ubiquity in personal care
products and their persistence in the environment.17,18 For
instance, ∼4000 tons of polycyclic musks were used worldwide
in 2000,19 and they are emerging environmental contami-
nants.20 Indeed, synthetic musk compounds have been detected
in aquatic systems,21–23 wastewater treatment plants,15,24 aquatic
organisms,13,22 human blood,25,26 human adipose tissue,27

human breast milk,28,29 outdoor air,15 precipitation,30 indoor
air,14,31 and indoor dust32,33 (Table 1).

Cashmeran is a commonly used bicyclic musk and accu-
mulates in aquatic organisms due to its lipophilic nature. A
study on een aquatic species from Lake Chaohu, China,
found cashmeran to be present in 54% of the samples analyzed
from the 15 aquatic species and to accumulate in the shes' gills
and livers preferentially.13 Another study in Tarragona, Spain
observed cashmeran in 3 out of 10 seafood species (Hake, Sole,
and Cod) with concentrations of about 10 ng g−1.36 Further-
more, cashmeran was detected in 67%, 100%, 100%, and 88%
of the 37 surface water samples taken from the Portuguese
rivers: Ave, Leca, Antuã, and Cértima, respectively with
concentrations up to 104.4 ng L−1.35 Additionally, cashmeran
was the most abundant among ve polycyclic musk
compounds, galaxolide, cashmeran, celestolide, tonalide, and
amberlan, detected in sediments collected along the Kadicha
river basin in Lebanon, with concentrations up to 94.22 ng g−1

(Table 1).37 Moreover, cashmeran poses a potential risk to the
aquatic environment due to bioaccumulation.39

Cashmeran has a vapour pressure of 1 Pa at 25 °C,40 and so
cashmeran has also been detected in indoor air with offline
techniques. Cashmeran was detected in air sampled from
a primary school classroom and in window lm samples
collected from 10 offices in Turkey with average concentrations
of 84.5 ± 35.2 ng m−3 and 18.3 ± 8.92 ng m−2 respectively.14,31 It
was also detected in all samples collected from 10 homes and 10
offices in Ontario, Canada with concentrations up to 160 ng
m−3.15 Furthermore, nitromusks have been identied as endo-
crine disruptors, but exposure to cashmeran is unlikely to cause
any estrogen, androgen, or thyroid modalities.26,41 The detection
1506 | Environ. Sci.: Processes Impacts, 2025, 27, 1504–1516
of cashmeran in different environments indicates its emission
from a range of fragrant products, including perfumes.

Here, we provide the rst gas-phase real-time measurements
of synthetic musk compounds from a commercial perfume
using the Vocus proton-transfer-reaction time-of-ight mass
spectrometer. We investigated the atmospheric ozonolysis of
cashmeran which we identied as a major component of the
perfume. We measured the lifetime of cashmeran under N2 and
in air to investigate the mechanism of OH radical and SOA
production. Overall, we propose that cashmeran, and by
extension other synthetic musk compounds, are long-lived
atmospheric compounds and can be used as VCP tracers for
fragrant products.

2 Methods
2.1 Chemicals

A leading brand of a musk-smelling commercial perfume
marketed for men was purchased from Amazon, Canada, and
used here. Cashmeran (96%) was obtained from Toronto
Research Chemicals. 1,3,5-Trimethylbenzene (98%), cyclo-
hexane (99.9%) and acetonitrile (HPLC Plus, $99.9%) were
purchased from Sigma-Aldrich and used without further puri-
cation. A solution of 350 mM of cashmeran was prepared by
dissolving the solid in a 70 : 30 mixture of ultrapure Milli-Q
water (resistivity of >18.2 MU cm, PURELAB Option Q-7
system) and acetonitrile. An organic solvent was necessary to
dissolve cashmeran and acetonitrile was chosen for its low m/z
ratio and lower sensitivity on the Vocus.

2.2 Experimental setup

Experiments were carried out in a dark 8 m3 Teon smog
chamber (Ingeniven LLC) covered by black-out curtains (see
Fig. S1 and S2†).42 1/400 OD uorinated ethylene propylene
(FEP)43,44 (Cole-Parmer LLC) tubing was used to connect the
instruments to the middle of the chamber via stainless steel
gaugeable 1/4 in. ttings (Swagelok). The instruments pulled
a total of 9 L min−1 from the chamber during each experiment.

Either N2 or particle-free air was used in this study. The
particle-free air was supplied from an oil-less air compressor
and passed through a particle lter, a water separator, and
a dryer unit. For additional particle ltration, two particle lter
cartridges (Parker Balston) were placed in line. To generate N2,
the particle-free air was fed into a nitro pack generator (Parker
This journal is © The Royal Society of Chemistry 2025
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Balston, Model 76-97) which removes O2, CO2, hydrocarbons,
and particles from 0.01 microns.

To clean between experiments, 400–900 ppbv of excess O3

was le in the bag for an additional 12 h in batch mode to
drive complete oxidation of any remaining VOCs. The
chamber was then emptied at a ow of 20 L min−1, and
because of a pulley system, the chamber was able to be
completely deated. Next, the chamber was relled with N2 or
particle-free air, and continuously purged for 24 h. Aer this
cleaning procedure, the Vocus and a scanning mobility
particle sizer (SMPS) were used to conrm that background
signals of cashmeran and particles had been reached before
the start of an experiment. To deep clean the smog chamber
and to remove any accumulated organic matter on the walls,
we pressure washed (Echo, MS-21H) the chamber with Milli-Q
water and dried the chamber by purging with compressed air
at 20 L min−1 for 72 h.
2.3 Instrumentation

2.3.1 Vocus 2R PTR-ToF-MS. The proton-transfer-reaction
time-of-ight mass spectrometer (PTR-ToF-MS, Vocus 2R (Tof-
werk AG/Aerodyne Research, Inc.)45 was used to identify the
musk compounds reported in this study as well as follow their
kinetics and products of oxidation. The Vocus has a mass
resolving power of m/Dm > 10 000 and uses hydronium ions
(H3O

+), generated via a plasma discharge method, as its reagent
ion.45,46 The Vocus was operated under optimized conditions
with a dri pressure of 2.1 mbar, an ion source voltage of 427 V,
an ion source current of 2 mA, an E/N ratio of 131 Td, a reagent
ion ow rate of 20 sccm, and a molecular reactor temperature of
60 °C. The Vocus pulled at 6 L min−1 from the chamber, with
100 sccm subsampled into the instrument's focusing ion
molecular reactor (FIMR). Mass spectra were recorded from 7 to
406 m/z with a single ion signal of 2.70 mV × ns and 1 Hz time
resolution. A polytetrauoroethylene (PTFE) lter (Savillex) was
placed in front of the Vocus inlet to ensure that only gas-phase
molecules were being sampled during the kinetics experiments.
Data obtained were processed using either Tofware (Aerodyne/
Tofwerk) v3.2.5 within Igor (Wavemetrics) Pro v8 or Tofware
v3.3.0 within Igor Pro v9.

2.3.2 Scanning mobility particle sizer. A scanning mobility
particle sizer (SMPS, Model 3938, TSI Inc., Shoreview, MN) was
used to quantify the number and size distribution of particles.
The SMPS operated with a total scan time of 1 min and
measured particle sizes ranging from 10–300 nm in diameter.
The SMPS sampled at a ow rate of 1 L min−1 and a sheath air
ow rate of 10 L min−1 with an inlet impactor of 0.071 cm. Data
acquired by the SMPS was processed using Matlab
(MathWorks).

2.3.3 O3 generator and trace gas analyzers. O3 was gener-
ated by passing a ow of 1 L min−1 of particle-free air through
a UV lamp O3 generator (Jetlight Company, Model 610). The
concentration of O3 was monitored with an O3 analyzer (either
iQ Series 49, Thermo Scientic, or Model 205 Dual Beam, 2B
Technologies) with a time resolution of 1 min. In addition,
a 42iQ NO–NO2–NOx analyzer (Thermo Scientic) was used to
This journal is © The Royal Society of Chemistry 2025
ensure there were no nitrogen oxides (NO, NO2, NOx) in the
chamber.

2.3.4 GC-MS for conrmation of cashmeran in perfume. To
independently conrm the identity of cashmeran within the
commercial perfume, we used a separate gas chromatograph
coupled to a mass spectrometer (GC-MS) (Model 5957B, Agilent
Technologies). The GC-MS operated with a standard HP-5ms
column: 30 m long with an inner diameter of 0.25 mm and
0.25 mm lm thickness. The oven temperature was initially
ramped at 20 °C min−1 for 7 min, then 5 °C min−1 for 16 min,
and nally at 25 °C min−1 for 5 min. The oven's initial and nal
temperatures were 20 °C and 280 °C respectively, with a total GC
runtime of 28 min. Cashmeran (m/z 206.2) eluted at 11.6 min
(see Fig. S3†).

2.3.5 UV/vis spectrometer. To determine the absorption
spectra of cashmeran, we measured the absorbance of the dis-
solved cashmeran (350 mM) in a water : acetonitrile (70 : 30)
solution with a double-beam UV/vis spectrophotometer (Carry-
5000, Agilent). The measurements were baseline corrected
using a solution of water:acetonitrile (70 : 30).

2.4 Analysis of musk-smelling compounds in perfume

2.4.1 Calibration of musk compounds. Volumes ranging
from 2 to 10 mL of a commercial perfume were injected into the
8 m3 dark chamber using a syringe, through a gently heated U-
shaped glass tube with N2. The compounds were monitored by
the Vocus and the particles by the SMPS. The Vocus signal atm/z
207.1743 (C14H23O

+) was calibrated for cashmeran by injecting
known concentrations of the commercially pure compound into
the chamber with a glass syringe via a U-shaped glass tube and
using a heat gun (see Fig. S2 and S4†). The injections were done
every 10 min with N2.

The obtained sensitivity of 4115 cps ppb−1 for cashmeran
(Fig. S4†) was then applied to galoxolide, rosamusk and astra-
tone (Fig. 1). We acknowledge that applying the obtained
sensitivity of cashmeran to the other musk compounds is an
approximation considering their different functional groups,
potential fragmentation, molecular weight, and the trans-
mission efficiency posed by PTR-MS.47,48

2.4.2 Mass yield in perfume analysis. Next, we quantied
the mass yield of the musk compounds in the perfume across
three experiments. First, the perfume's total mass was calcu-
lated using its density of 0.83 g cm−3, and volume injected (2 to
10 mL) during each experiment. The mass of the four identied
musk compounds was then obtained from their estimated
mixing ratios and divided by the perfume's total mass to get the
mass yields. (see S8 and Table S2†).

2.5 Ozonolysis of cashmeran

2.5.1 Chemical kinetics. During a typical ozonolysis
experiment, the pre-cleaned chamber was rst lled with N2 or
particle-free air (depending on whether secondary OH radical
production was being suppressed or studied, respectively). Pure
cyclohexane (0.33 ppmv) was added to study secondary OH
radical production as it is a known OH probe.49 Next, 10–15 mL
of a 350 mM cashmeran solution dissolved in water :
Environ. Sci.: Processes Impacts, 2025, 27, 1504–1516 | 1507
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Fig. 2 The time series of musk compounds following the injection of
10 ml of perfume into the 8 m3 smog chamber was measured by the
Vocus. Cashmeran, galaxolide, astratone, and rosamusk were identi-
fied in the commercial perfume. We used the sensitivity of cashmeran
at m/z 207.1743 (4115 cps ppb−1) to convert the Vocus signals of
galaxolide m/z 259.2056, astratone (m/z 271.1904), and rosamusk (m/
z 199.1693) into mixing ratios. Note that the concentration of rosa-
musk was multiplied by a factor of 10 for scaling.
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acetonitrile (70 : 30) was introduced into the chamber with
a syringe via either the U-shaped glass tube or a 3-neck round
bottom ask, and heated gently with a heat gun with a ow of N2

(see Fig. S2†). When the signal of cashmeran steadied aer 1
hour, excess O3 between 400 and 1000 ppbv was introduced into
the chamber, and the reaction was allowed to proceed in batch
mode (Fig. S8†). O3 was typically added over a period of 1 to
1.5 h before the O3 generator was stopped, ensuring a large
excess of O3 compared to the analyte for pseudo-rst order
kinetics. The large O3 excess was necessary (1) to operate under
pseudo-rst order reaction kinetics, and (2) to accelerate the
reaction rate to reasonable experimental times (less than 18 h).

The change in concentration of cashmeran due to reactions
with O3 and OH radicals is given by eqn (1). The integrated rate
law is given by eqn (2).

�d½C14H22O�
dt

¼ kO3
½O3�½C14H22O� þ kOH½OH�ss½C14H22O� (1)

ln
½C14H22O�t
½C14H22O�0

¼ ��kO3
½O3� þ kOH½OH�ss

�
t (2)

where [C14H22O]t is cashmeran's signal at time t, [C14H22O]0 is
cashmeran's signal at time 0 s, kO3

and kOH are the second order
rate constants of cashmeran with O3 and OH radicals, respec-
tively, in cm3 molec−1 s−1, [O3] is the average concentration of
O3 inmolec cm−3, [OHss] is the steady-state concentration of OH
radicals in molec cm−3, and t is the time in seconds.

The rate constant, kO3
, of cashmeran with O3 was determined

from experiments strictly under N2, to prevent OH radical
production and to simplify eqn (2). The experiments were
conducted in triplicate at temperatures of 292 K and 293 K
(Fig. 3).

2.5.2 Quantication of OH radical concentrations
2.5.2.1 Predicted rate constant of cashmeran with OH radicals

from a structure–activity relationship model. The integrated rate
law, eqn (2), was used to estimate the production of secondary
OH radicals during the experiments in air. Cashmeran's rate
constant with OH radicals, kOH, was theoretically predicted
using the Atmospheric Oxidation Program for Microso
Windows (AOPWIN) from the United States Environmental
Protection Agency Estimations Program Interface suite (EPI-
WEB 4.1).50 AOPWIN employs structural–activity relationships
to estimate gas-phase rate constants between organic molecules
and common oxidants such as O3 and OH radicals50 (see S9†).
The ozonolysis experiments in the presence of O2, were carried
out between 290 and 295 K. Since the rate constant is
temperature-dependent according to the Arrhenius equation,
there is an additional uncertainty in our reported concentra-
tions, but one that would fall within the standard deviation of
our reported rate constants.

2.5.2.2 Estimated OH radical production using TMB as
a probe. In addition, 0.4 pptv of 1,3,5-trimethylbenzene (TMB)
was introduced to an experiment conducted in particle-free air
to estimate the concentration of secondary OH radicals
produced.51,52 TMB reacts slowly with O3 (k(1,3,5-trime-
thylbenzene + O3) = 2.20 × 10−21 cm3 molec−1 s−1)53,54), but
rapidly with OH radicals (k(1,3,5-trimethylbenzene + OH
1508 | Environ. Sci.: Processes Impacts, 2025, 27, 1504–1516
radicals) = 5.53 × 10−11 cm3 molec−1 s−1).52 Therefore, its
decrease in concentration can be attributed solely to reactions
with OH radicals.55 Finally, attempts at measuring the OH
radical rate constant with cashmeran using TMB and the rela-
tive rate method were complicated by photolysis chemistry
(Fig. S16†) and particle production, and so we opted to estimate
OH radicals via AOPWIN.

2.5.3 Wall loss experiment. Cashmeran was observed to be
steady in the chamber beyond 8 h (Fig. S5†). Additionally, we
ran a purging experiment at 14 L min−1 and found cashmeran
to follow the theoretically determined rst-order rate decay.
Both observations indicate minimal wall chemistry participa-
tion for the duration of the ozonolysis kinetics experiments
(Fig. S6 and Table S1†).

2.5.4 Minimizing SOA formation. Secondary organic aero-
sol (SOA) formation was monitored by the SMPS and observed
during ozonolysis of cashmeran in particle-free air only (not in
N2). The SOA in particle-free air was due to the presence of
cashmeran since no aerosol formation was observed in the
presence of cyclohexane and O3 (Fig. S10†). To minimize the
production of SOA and the addition of a partitioning sink for
cashmeran, we used an average of (0.30± 0.13) ppbv cashmeran
throughout our experiments in air.
3 Results and discussion
3.1 Cashmeran detected in a commercial perfume

First, we analyzed a commercial musk-smelling perfume with
the Vocus to identify the emitted VOCs. We identied four
structurally different musk compounds: cashmeran at m/z
207.1743, galaxolide at m/z 259.2056, astratone at m/z 271.1904,
and rosamusk at m/z 199.1693 (Fig. 1 and 2). Cashmeran was
This journal is © The Royal Society of Chemistry 2025
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Fig. 3 The kinetics traces of cashmeran as a function of time are
colour-coded by the O3 concentration. The data was pre-averaged by
1 minute intervals. The rate constant was determined to be (2.78 ±
0.31) × 10−19 cm3 molec−1 s−1. No wall loss corrections were neces-
sary for the 8000 L chamber (see Fig. S5†). The rate constant was
calculated by dividing the slope by the concentration of O3.
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the most prominent musk compound detected by the Vocus
with a calibrated signal of up to 0.35 ppbv (Fig. 2). Since the
Vocus only provides molecular formula information, we needed
to conrm that the signal at m/z 207.1743 and the chemical
formula C14H23O

+ corresponded to cashmeran. To do so, we
injected the commercial perfume into a GC-MS and matched
the retention time on the GC to an internal standard of cash-
meran (Fig. S3†). Furthermore, the fragmentation patterns of
cashmeran in the perfume and the cashmeran standard were
identical (Fig. S3†). We therefore conrmed the presence of
cashmeran in the fragrance.

Next, cashmeran's sensitivity (Fig. S4†) was applied to gal-
axolide, astratone and rosamusk, resulting in concentrations of
up to 0.07 ppb, 0.01 ppb, and 0.003 ppb, respectively. Moreover,
we determined the mass yield of each musk compound in the
perfume (in triplicate, Fig. S7†). We report the mass yield of
cashmeran, galaxolide, astratone, and rosamusk to be (0.33 ±

0.04)%, (0.08 ± 0.03)%, (0.02 ± 0.01)%, and (0.003 ± 0.001)%
respectively (Table S2†). Together, these musk compounds
account for ∼0.43% of the perfume's mass, with cashmeran as
the dominant compound by an order of magnitude.

For comparison, the observed concentration of cashmeran
in the musk-smelling commercial perfume was 45 times higher
than concentrations measured in air sampled from homes and
offices, where levels reached up to 160 ng m−3 (Table 1).15 The
higher concentrations reported in our study are consistent with
our experiments capturing the emissions directly from the
perfume. The fragrant component of personal care products is
an important source of VOCs indoors, yet product labels do not
include fragrant VOC emissions.56
3.2 Ozonolysis of cashmeran

3.2.1 Chemical kinetics under N2. Since cashmeran was the
dominant musk compound in the perfume observed by the
Vocus, we focused on its chemical kinetics to gain insights into
its atmospheric fate. First, we introduced cashmeran and then
an excess of O3 into our 8 m3 smog chamber prelled with N2,
and monitored its decay with the Vocus (Figure S8†). Of note,
the kinetic experiments were conducted under N2 to precisely
measure the rate constant of the initial [4 + 2] cyclo-addition
reaction of O3 to cashmeran's C–C double bond. This step is
rate-limiting.57,58 We determined a rate constant of (2.78 ± 0.31)
× 10−19 cm3 molec−1 s−1 at a temperature of 293 ± 1 K under
dry conditions (RH < 10%) in triplicate experiments (Fig. 3).
This rate constant obtained in N2 translates to a lifetime of 211
days against 8 ppbv of O3, the average O3 concentration
observed indoors during eld campaigns HOMEChem59 and
CASA.60 The lifetime of cashmeran drops to 85 days against 20
ppbv of O3, which is the Canadian maximum long-term expo-
sure limit of O3 indoors over 8 h.61 Clearly, cashmeran has
a long atmospheric lifetime against O3.

Additionally, we compared the ozonolysis rate constant ob-
tained here with the estimated output from AOPWIN/US EPA
EPI Suite, a quantitative structure–activity relationship model.50

The model estimates the rate constant of cashmeran with O3 to
be 1.14× 10−17 cm3 molec−1 s−1 at 298 K, which is two orders of
This journal is © The Royal Society of Chemistry 2025
magnitude faster than our reported rate constant, (2.78 ± 0.31)
× 10−19 cm3 molec−1 s−1 in N2. This overestimation is likely due
to the electron-decient moiety of the a,b-unsaturated ketone
that is not accurately accounted for in the predicted calculation.
The carbonyl group in cashmeran pulls electron density away
from the R–C]C–R through a mesomeric effect, causing the
C–C double bond to be less nucleophilic than a C–C double
bond in a saturated molecule. This 2-order of magnitude over-
estimation by EPI Suite could be corrected by accounting for
substituents on the C]C moiety.

3.2.2 Production of secondary OH radicals from cashmer-
an's oxidation with O3. Next, we looked at the fate of cashmeran
under atmospherically relevant conditions by repeating the
ozonolysis experiments in particle-free air in the presence of O2.
Several alkenes, including 1,3-butadiene, a-pinene, isoprene,
cyclohexene and 2,3-dimethyl-2-butene, have been shown to
generate OH radicals as a secondary byproduct during
ozonolysis.57,62–64 The yields of OH radicals ranged from 0.08 for
1,3-butadiene to 1.00 for 2,3-dimethyl-2-butene.58 Given that
cashmeran is a bicyclic alkene, we hypothesized that it also had
the potential to generate OH radicals as a secondary product.

To assess the formation of OH radicals in the chamber, we
added cyclohexane as an OH radical probe,49 despite the fact
that cyclohexane is not detected by the Vocus. Instead, we
monitored with the Vocus the production of C6H11O

+, most
likely cyclohexanone, a known oxidation product of cyclohexane
and OH radicals.65 Cyclohexanone increased with signals up to
1.2 × 104 counts s−1 in all experiments under air (Fig. 4). Next,
we carried out a control experiment without cashmeran to verify
that OH radical production originated from the ozonolysis of
cashmeran. Indeed, no cyclexanone was observed without
cashmeran nor in the absence of O2 (Fig. 4). Thus, cashmeran
and likely other large alkenes used in fragrances, can produce
OH radicals and so the next step was to quantify the amount of
OH radicals produced.
Environ. Sci.: Processes Impacts, 2025, 27, 1504–1516 | 1509
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Fig. 5 The decay slope of cashmeran is plotted as a function of time
during ozonolysis in the presence of O2. The markers and linear fit are
colour-coded with the estimated concentration of OH radicals
produced within each reaction (Table 2). Four experiments are plotted
and runs 3 & 4 are distinguished by open and filled markers. All data
was pre-averaged by 1 minute interval.

Fig. 4 The production of C6H11O
+ (m/z 99.0804), cyclohexanone,

was measured during ozonolysis experiments in air and in N2 to
monitor the production of secondary OH radicals. Cyclohexanonewas
produced only in experiments in air, indicating the role of O2 in
secondary OH chemistry. The ozonolysis experiments were carried
out at varying concentrations of cashmeran and each trace is colour-
coded with the concentration of cashmeran used.
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3.2.3 Estimation of secondary OH radicals produced
3.2.3.1 Estimating OH radical production from estimating kOH.

Considering the relatively long lifetime of cashmeran with O3

and its ability to produce OH radicals as a secondary product,
we sought to quantify the relative contribution of each oxidant
to the fate of cashmeran. We determined the OH radicals
concentration from the integrated rate law of cashmeran
reacting with both O3 and OH radicals (eqn (2)). To make this
calculation, we used the theoretical rate constant output from
the US EPA EPI Suite estimation model, kOH, = 1.08 × 10−10

cm3 molec−1 s−1 and our measured O3 rate constant, kO3
,= 2.78

× 10−19 cm3 molec−1 s−1. Using eqn (2), we calculated the
steady-state concentration of OH radicals in our triplicate
experiments in the presence of O2 (Table 2). The average
concentration of OH radicals produced was (3.29 ± 1.60) × 105

molec cm−3 (Fig. 5 and Table 2). This value is comparable with
indoor steady-state indoor OH concentration such as 1.7 × 105

molec cm−3 predicted in indoor air,66 and measured up to 1.8 ×

106 molec cm−3 in a classroom.67 While ozonolysis reaction can
Table 2 Estimated OH radicals concentration from experiments in
particle-free air. The experimentally determined rate constant of
cashmeran with O3, 2.78 × 10−19 cm3 molec−1 s−1, and the theoretical
rate constant of cashmeran with OH radicals, 1.08 × 10−10

cm3 molec−1 s−1, were used to make these calculations

Experimental
runs

O3 concentration
(molec cm−3)

Estimated OH radicals
concentration
(molec cm−3)

1 9.75 × 1012 4.25 × 105

2 1.06 × 1013 5.05 × 105

3 1.14 × 1013 1.87 × 105

4 1.10 × 1013 1.99 × 105

1510 | Environ. Sci.: Processes Impacts, 2025, 27, 1504–1516
occur solely via the addition of O3 to cashmeran's C–C double
bond, reactions with OH can proceed via two pathways: the
addition of OH to the C–C double bond and the abstraction of
a hydrogen atom.68–70 Thus, the reaction of cashmeran with OH
radicals is less affected by the electron-decient moiety of the
a,b-unsaturated ketone compared to its reaction with O3. This
rationale supports our use of the US EPA EPI Suite estimated
rate constant of cashmeran's reaction with OH radicals despite
the model's overestimation of the compound's rate constant
with O3.

3.2.3.2 Estimating OH radical production using TMB as
a probe. To further constrain this calculated OH radical
concentration, we measured the concentration of OH radicals
by monitoring the decay of a reference compound, 1,3,5-tri-
methylbenzene which has a well constrained rate constant with
OH radicals of 5.53 × 10−11 cm3 molec−1 s−1 (Fig. S11 and
S12†).52 We estimated the steady-state concentration of OH
radicals produced to be 1.58 × 105 molec cm−3.52 TMB was
chosen as the reference compound since its reaction with O3 to
form secondary OH will not compete with the ozonolysis of
cashmeran; indeed TMB's rate constant with O3 is 2 orders of
magnitude slower at 2.20× 10−21 cm3 molec−1 s−1.53,54 Never-
theless, we recognize that TMB could react with secondary OH
from cashmeran ozonolysis, generating more OH radicals and
increasing the overall OH concentration. Therefore, the re-
ported OH concentrations are an upper bound.

3.2.3.3 Overall secondary OH radical production. The agree-
ment between the calculated value using kOH from EPI suite,
(3.29 ± 1.60) × 105 molec cm−3, and the TMB experimental
method, 1.58 × 105 molec cm−3, suggests that the expected
secondary OH radical production is indeed on the order of 105

molec cm−3 during ozonolysis of cashmeran.
We calculated the OH molar yield (similar to eqn (S1)†) from

the ozonolysis of cashmeran to be 0.004%, assuming the lowest
This journal is © The Royal Society of Chemistry 2025
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estimate of one OH radical produced per cashmeran molecule.
Although this yield is small, it increases the decay rate of
cashmeran in air by an order of magnitude compared to in N2,
indicating that OH radicals govern the atmospheric fate of
cashmeran (Fig. S8†).
Fig. 7 Organic aerosol number concentration (dN/d logDp) plot as
a function of size and time from the SMPS for two experiments con-
ducted under air at 292 K and 438 ppbv of excess O3. The top and
bottom graphs differ only in the concentration of cashmeran used.
3.3 Oxidation products

3.3.1 Gas phase. We detected the formation of C14H23O2
+

as the key oxidation product during ozonolysis in both air and
N2 (Fig. 6 and S14†). We conrmed that this product was in the
gas phase by having a PTFE lter in front of the inlet throughout
all our measurements. This chemical formula suggests that the
oxidation product is cashmeran with one additional oxygen
atom. The linear correlation between cashmeran and C14H23O2

+

indicates that this product is likely a rst-generation product
(Fig. 6). The signal of C14H22O2 was quantied using the cali-
bration factor of cashmeran (4115 cps ppb−1) (Fig. S4†). Based
on the sensitivity of cashmeran, we calculated the yield of the
ozonolysis product, C14H22O2 to be 13%.

During ozonolysis of alkenes, the electrophilic O3 molecule
attacks the C]C bond and undergoes a cyclo-addition forming
the primary ozonide.71,72 The ozonide is an transient molecule
with excess internal energy and quickly dissociates by breaking
the O–O–O bond. This dissociation leads to the formation of the
criegee intermediate, which can rearrange as well as act as an
oxidant.73 We propose that the C14H23O2

+ product is likely an
epoxide via a dioxolane intermediate (see Fig. S13† for proposed
structure).74

We observed the trace of C14H23O2
+ in the absence of cash-

meran to determine whether it was being formed as an artifact
(see Fig. S15†). While there was a slight increase in its signal, it
was quickly removed at approximately 50 ppbv of O3. Thus, we
conclude that this artifact does not signicantly affect the
quantication of the oxidation product detected at the same m/
z. However, we acknowledge that the oxidation product
Fig. 6 The evolution of C14H22O2 over time during the ozonolysis of
cashmeran in air follows a linear correlation indicative of a first-
generation product. The same plot was obtained under N2 (Fig. S14†).

This journal is © The Royal Society of Chemistry 2025
(C14H23O2
+) may fragment into cashmeran in the Vocus. If this

fragmentation occurs, it implies that our reported rate is
slightly lower than the true ozonolysis rate constant, indicating
that we are providing a lower bound for the rate constant.

3.3.2 Particle phase. In addition to the gas phase
measurements, we connected the scanning mobility particle
sizer (SMPS) to the chamber to monitor the size and number
concentrations of SOA during ozonolysis of cashmeran (see
Section 2.3.2). We observed no signicant particle formation in
N2 studies (Fig. S9†). However, particle formation under air was
dependent on the concentration of cashmeran used, the
temperature of the experiment, and the concentration of O3.

To illustrate the dependence of SOA production on cash-
meran concentrations, we compared two experiments con-
ducted under air at the same temperature (292 K) and with
excess O3 (438 ppb), but with different cashmeran concentra-
tions: 0.26 ppbv and 0.19 ppbv (Fig. 7). At 0.26 ppbv of cash-
meran, we observed the onset of aerosol formation with a rapid
increase in size and number concentrations. We calculated
a number concentration of 3.24 × 106 #/cm3 with total aerosol
mass concentration of 3.82 × 102 mg m−3. In contrast, no
signicant aerosol formation was observed at a lower cash-
meran concentration of 0.19 ppb. The total particle number and
mass concentrations measured were 1.40 × 105 #/cm3 and 19.3
mgm−3, respectively, at this lower concentration. The formation
of SOA indoors from fragrant products has been observed in
previous studies and was attributed to the presence of terpenes
Environ. Sci.: Processes Impacts, 2025, 27, 1504–1516 | 1511
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like limonene.75–78 However, our ndings indicate that large
compounds, like cashmeran, in these products could also affect
the aerosol mass indoors.

Additionally, to minimize the formation of secondary
organic aerosols (SOA), we determined the threshold mixing
ratio for cashmeran at 292 K to be 0.19 ppbv. Above this
concentration, we anticipate aerosol formation, as demon-
strated in Fig. 7. Importantly, this concentration is lower than
what we detected during the perfume analysis in Fig. 2. Thus,
we demonstrate that the frequency and quantity of fragrant
products used can impact indoor aerosol levels.
4 Atmospheric implication

We constrained the atmospheric fate of cashmeran, a dominant
musk-smelling ingredient in perfumes, by investigating its fate
against atmospheric oxidation. First, we determined the rate
constant for the rate-limiting addition of O3 to the C–C double
bond in cashmeran to be (2.78 ± 0.31) × 10−19 cm3 molec−1 s−1

at ambient temperature in N2. Cashmeran's lifetime in the
presence of 20 ppbv of O3, typical of indoor air,61 would be 85
days. Moreover, the ozonolysis of cashmeran produced up to 5.1
× 105 molec cm−3 of OH radicals, a concentration comparable
to typical steady-state levels indoors.66 These OH radicals, in
turn, oxidize cashmeran at much faster rates, leading to a life-
time of 5 h under the maximum OH concentrations of 5.1 × 105

molec cm−3 measured.
Furthermore, cashmeran will partition to surfaces, whether

they be aerosols or indoor surfaces due to its low volatility, slow
reactivity, and potential to form secondary organic aerosols. As
a semi-volatile compound, we anticipate that cashmeran will
sorb to the clothing and to diverse surfaces commonly found
indoors, including carpets, upholstery, dust particles, and
walls, aer being emitted from a perfume.79–82 Also, we expect
the rate of sorption to the fabric on which it was applied to vary
depending on the type of fabric and polarity of the molecule.74,83

For example, as a polar molecule, cashmeran is likely to adsorb
more readily to natural bers like cotton and linen than to
synthetic materials like polyester.84 Similar to other semi-
volatiles, cashmeran may then undergo heterogeneous surface
chemistry with indoor oxidants like O3 and OH radicals or re-
volatilize into the gas phase.74,85 Photodegradation may also
play a role in determining the fate of this molecule, given its
Fig. 8 The fate of cashmeran emitted frommusk-smelling fragrances
is depicted against O3 and OH radicals produced during the reaction.
Other compounds measured from the musk fragrance included gal-
axolide, rosamusk and astratone.

1512 | Environ. Sci.: Processes Impacts, 2025, 27, 1504–1516
absorption at 320 nm (see Fig. S16†). Overall, taking typical
indoor O3 and OH radical concentrations, we would expect 99%
of cashmeran's fate to be governed by OH radicals.

Importantly, we identify the ability of cashmeran, and likely
of other alkene VCPs to generate secondary OH radicals during
ozonolysis. The ozonolysis of cashmeran is slow due to the
electron-poor double bond in the a,b-ketone, which results in
a lower OH yield of 0.004% compared to electron-rich
compounds like 1,3-butadiene (8%), cyclohexene (68%), pro-
pene (0.33%), a-pinene (76%), 2-butanol (70%), and 2,3-
dimethyl-2-butene (100%). Yet, fragrant VCPs may still impact
the oxidative capacity of indoor environments.58,86,87 This yield
of OH radicals from cashmeran ozonolysis decreases the life-
time of cashmeran by an order of magnitude (Fig. 8).

Finally, since cashmeran is relatively long-lived, it can spread
throughout our environment (Table 1). Cashmeran is also
a synthetic compound and is therefore indicative of anthropo-
genic activity. In addition, cashmeran is specically emitted
from fragrant personal care products. Based on this collective
evidence, we propose that cashmeran, and likely similar musk
compounds, are potential VCP tracers in urban air. Since
cashmeran uniquely originates from perfumes, it can be added
to the growing list of human-emitted chemical tracers like D5-
siloxane in air quality studies.2,88
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