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Abstract. Biogenic volatile organic compounds (BVOCs) are major precursors of secondary organic aerosol (SOA) and new

particle formation (NPF), and therefore play an important role in the climate system, altering the abundance of cloud con-

densation nuclei (CCN). Ozonolysis of the most atmospherically abundant monoterpene, α-pinene, generates RO2 radicals

which undergo autoxidation, resulting in the formation of oxygenated organic molecules (OOMs) with low volatility, an es-

sential step in nucleation and early particle growth. However, quantitative interpretation of widely used mass spectrometric5

OOM measurements remains limited by reagent-ion selectivity and the lack of authentic monomeric standards, an issue that

is particularly important for hydroperoxides and peroxy acids, which constitute a significant fraction of autoxidation products.

Here, we synthesize two α-pinene-derived monomeric OOM standards, peroxy norpinonic acid (PNPA; C9H14O4) and peroxy

pinonic acid (PPA; C10H16O4), and confirm their structures by 1H and 13C NMR. We then evaluate their detectability using

a MION-Orbitrap operated with nitrate (NO3
– ) and uronium (CH5N2O+) chemical ionization and compare these gas-phase10

schemes to heated electrospray ionization (H-ESI). NMR shows that freshly prepared standards are dominated by peroxy acids

and contain only a fraction of the corresponding carboxylic acids, whereas Orbitrap measurements consistently yield substan-

tially lower peroxy-to-carboxylic-acid ratios. These ratios vary strongly across ionization modes, with greater apparent peroxy

acid loss under harder (de)protonation and improved, though still incomplete, preservation under softer nitrate and uronium

adduct formation, indicating that the decomposition originates during ionization.
::::::::
Together

::::
with

:::
the

:::::
paired

::::::::
temporal

:::::::
profiles

::
of15

::
the

:::::::
peroxy

:::
and

:::::::::
carboxylic

::::
acid

:::::::
signals,

:::
the

:::::
results

:::
are

:::::::::
consistent

::::
with

::::::::::::::::::
ionization-associated

:::
loss

::
of

:::::::
peroxy

:::
acid

:::::::::::
functionality.

Notably, uronium provides significantly higher sensitivity for these moderately oxygenated compounds, complementing ni-

trate’s strong selectivity toward highly oxygenated
::::::
organic molecules (HOMs). Together, our results suggest that peroxy acids

formed via α-pinene autoxidation may be systematically under-quantified by commonly used mass spectrometric approaches,

with implications for
::::::
possible

:::::::::::
implications

::
for

:::::::::
molecular

:::::::::::
assignments,

:::::::::::::::
oxygen-to-carbon

:
(O:Cassignments

:
)
:::::
ratios, volatility-20

basis-set derivations, and inferred atmospheric process rates of nucleation and early particle growth.
:::
The

::::::
broader

:::::::::::
atmospheric

::::::::
magnitude

:::
of

::::
these

::::::
effects

:::::::
remains

::
to

::
be

::::::::::
established.

:
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1 Introduction

Biogenic volatile organic compounds (BVOCs) are key precursors of secondary organic aerosol (SOA) (Hodzic et al., 2016),25

a major component of atmospheric particulate matter (Zhang et al., 2007; Hallquist et al., 2009; Jimenez et al., 2009) with

profound implications for climate (IPCC, 2021) and human health (HEI, 2025; IHME, 2025). New particle formation (NPF),

where molecules form thermodynamically stable clusters through nucleation and continue to grow to larger sizes (Kulmala,

2003), is the dominant source in terms of aerosol particle number concentration across most of the troposphere (Yu and Luo,

2009; Gordon et al., 2017) and contributes significantly to the particle and cloud condensation nuclei (CCN) budget in the30

continental boundary layer (Reddington et al., 2011; Fountoukis et al., 2012; Matsui et al., 2013; Lupascu et al., 2015; Posner

and Pandis, 2015; Cai et al., 2016). Monoterpenes and particularly α-pinene (C10H16) emitted by trees contribute significantly

to global BVOC emissions (Sindelarova et al., 2022) and have therefore become central to studies of SOA and NPF.

Upon reaction with atmospheric ozone, α-pinene ozonolysis is initiated, leading to the formation of peroxy radicals (RO2) (Ehn

et al., 2014; Kurtén et al., 2015) which can undergo autoxidation. In this process, consecutive intramolecular H-shifts followed35

by rapid O2 additions produce increasingly oxygenated organic molecules (OOMs), often containing hydroperoxide [ – OOH]

or peroxy acid [ – (C –– O)OOH] functionalities. Their volatility can decrease to the regime of (extremely) low volatility organic

compounds ((E)LVOC), enabling condensation onto existing molecular clusters or sufficiently large particles, or even direct

participation in nucleation driven solely by ELVOC interactions in the case of highly oxygenated organic molecules (HOMs)

(Ehn et al., 2014; Kirkby et al., 2016; Tröstl et al., 2016; Bianchi et al., 2019).40

OOMs govern key stages of continental boundary layer NPF: covalently bound dimers serve as the main nucleators driving
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cluster formation (Kirkby et al., 2016; Elm et al., 2017; Bianchi et al., 2019), while OOM monomers drive early particle growth

due to their higher concentrations and low saturation vapor pressures (Tröstl et al., 2016; Qi et al., 2018; Stolzenburg et al.,

2018).

The primary technique for measuring OOMs is chemical ionization (CI) mass spectrometry using nitrate (NO3
– ) as reagent45

ion, with the CI-APi-TOF being an especially prominent instrument (Bianchi et al., 2019). However, nitrate chemical ion-

ization mass spectrometers (CIMS) are less sensitive towards less oxygenated analytes (Riva et al., 2019b), which are still

decisive for particle growth, especially at lower temperatures (Stolzenburg et al., 2018). Orbitrap mass spectrometry coupled

with the multischeme chemical ionization inlet (MION) is an emerging and promising technique (Rissanen et al., 2019; Riva

et al., 2019a; Cai et al., 2024). The ultra-high resolution (> 100,000), fast polarity and reagent switching, and multi-pressure50

scheme of the MION-Orbitrap enable the measurement of the full distribution of precursor molecules and their progressively

oxygenated reaction products in atmospheric environments (Rissanen et al., 2019; Cai et al., 2024; Shcherbinin et al., 2024).

Two key challenges remain. First, any ionization reagent is inherently selective, making complete capture of all molecu-

lar species unattainable. Continued development of reagents with broader coverage is therefore essential. Second, authentic

monomeric OOM standards, particularly those featuring peroxy acid functionalities, are not commercially available. The ab-55

sence of suitable OOM standards critically constrains both the study of their detection by CIMS and the development of robust

and precise calibration methods (Alage et al., 2024). Because their ionization efficiencies remain unknown, quantitative inter-

pretation of OOM concentrations in the atmosphere, and thus accurate model representation, remains severely limited. While

the synthesis of OOM dimers has been demonstrated (Kenseth et al., 2020, 2023; Li et al., 2024), only a few studies have

attempted OOM monomer synthesis, successfully producing α-pinene-derived monoperoxypinic acid (Steimer et al., 2018)60

and hydroxy hydroperoxides (Mettke et al., 2022).

In this study, we synthesized two OOM monomers derived from α-pinene ozonolysis with molecular formulas C9H14O4 and

C10H16O4, referred to as peroxy norpinonic acid (PNPA) and peroxy pinonic acid (PPA), respectively (structures depicted in

Fig. 1). They represent the corresponding peroxy acids of norpinonic acid (NPA; C9H14O3) and pinonic acid (PA; C10H16O3),

which are major oxidation products of α-pinene (Wilson et al., 1972; Hatakeyama et al., 1989; Kavouras et al., 1999; Yu et al.,65

1999). Both standards contain four oxygen atoms , classifying them
:::
and

:::
are

::::::::
therefore

::::::::
classified as moderately oxygenated

molecules (MOMs). Notably, the presence of peroxy acid functional groups may render our synthesized MOM standards

valuable proxies also for HOMs
:::::
Their

::::::
peroxy

::::
acid

::::::::::
functionality

::::::
makes

::::
them

:::::
useful

::::::
model

::::::::::
compounds

::
for

:::::::
probing

:::
the

::::::::
detection

::
of

:::::::::::::::::::
peroxy-acid-containing

::::::::::::::
α-pinene-derived

::::::::
oxidation

::::::::
products,

::::::::
including

::::::
HOMs,

:::
but

::::
they

::::::
should

:::
not

::
be

::::::
treated

::
as

::::::::::
quantitative

::::::
proxies

:::
for

:::
the

::::::
broader

::::
and

::::
more

::::::
highly

::::::::::::
functionalized

:::::
HOM

:::::::::
population. We confirmed their structures via 1H and 13C NMR70

(nuclear magnetic resonance) spectroscopy and subsequently investigated their detection with a MION-Orbitrap operated with

nitrate (NO3
– ) and uronium (CH5N2O+) (Shcherbinin et al., 2025). The gas-phase ionization was also compared to heated

electrospray ionization (H-ESI). We show that
::::
these

::::
two

:
peroxy acids exhibit strong variability in their instrument response

across different ionization schemes, indicating that their abundance may be substantially underestimated in atmospheric studies.

:::::::
Whether

::::::::::
comparable

:::::::
response

:::::::
behavior

::::::
occurs

:::
for

::::
more

::::::
highly

::::::::::
oxygenated

::::::::::
atmospheric

::::::
peroxy

::::
acids

:::::::
remains

::
to

::
be

::::::::::
established75

::::
using

:::::::::
additional

::::::::
authentic

::::::::
standards.

:
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(a)      peroxy norpinonic acid        PNPA
           C9H14O4
           186.0892 u

(b)      peroxy pinonic acid         PPA
           C10H16O4
           200.1049 u
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Figure 1. Synthesized oxygenated organic molecule (OOM) monomers: (a) peroxy norpinonic acid (PNPA; C9H14O4; exact mass 186.0892u)

and (b) peroxy pinonic acid (PPA; C10H16O4; exact mass 200.1049u).

2 Materials and methods

2.1 Synthesized OOM standards

Figure 1 presents the molecular structures of our synthesized OOM monomers along with their full names, abbreviations,

chemical formulas, and exact masses. Peroxy norpinonic acid (PNPA; C9H14O4) and peroxy pinonic acid (PPA; C10H16O4)80

exhibit exact masses of 186.0892 u and 200.1049 u, respectively. They were synthesized according to the procedure outlined

in Appendix A, measured with 1H and 13C NMR (Bruker AC 400 MHz NMR spectrometer), and immediately prepared for

and transferred to the mass spectrometric experimental setup.

2.2 Laboratory experiment

Figure 2 schematically illustrates the experimental setup comprising two pathways. In pathway (a), the synthesized standards85

were dissolved in deuterated chloroform (sample concentration: ∼ 75mgmL−1) and introduced into an evaporator (solution

volume: 0.6mL), which was temperature-regulated to 20 °C by water circulating through its double wall from a thermal bath

(Thermo Fisher Scientific Inc., Fisherbrand Isotemp 4100 R20F). A continuous stream of 2Lmin−1 clean and dry compressed

air was directed over the sample. The resulting vapor was diluted with 18Lmin−1 of air in a sheath-flow configuration and

transferred into the MION2 (Karsa Oy), where alternating gas-phase chemical ionization with nitrate (NO3
– ) and uronium90

(CH5N2O+) reagent ions at atmospheric pressure was performed. Analyte ions were subsequently measured using an Orbitrap

Exploris MX mass spectrometer (Thermo Fisher Scientific Inc.) with a mass resolution of 180,000 (at m/z 200). The sample

lines were kept as short as possible, with the PTFE tube connecting
:::::::::
practicable.

::
A
:::

70mm
::::
long,

::
6mm

:::::::
diameter

::::::
PTFE

::::
tube

::::::::
connected

:
the evaporator to the stainless steel inlet measuring 70

:
a
::::
260mm

::::
long,

::
6mm

:::::::
diameter

:::::::
stainless

:::::
steel

::::::
transfer

:::::
tube.

::::
This

::::
tube

:::
was

:::::::
centered

::::::
within

:::
the

:::::
front

:::
side

::
of
:::

the
:::::::::::
downstream

:::::::
stainless

::::
steel

::::::::::
sheath-flow

::::
inlet

::::::::
assembly,

::::::
which

::::
was

:::
240mm95
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Figure 2. Laboratory experimental setup illustrating two independent approaches: (a) sample evaporation and gas-phase chemical ionization

at atmospheric pressure using the multischeme chemical ionization inlet (MION2), and (b) liquid sample introduction and heated electro-

spray ionization (H-ESI). Orbitrap mass analyzer schematic adapted with permission from Thermo Fisher Scientific Inc. Abbreviations: TC:

temperature controller; NO3
– : nitrate; CH5N2O+: uronium.

::::
long

:::
and

:::
24mm

:
in
::::::::
diameter. In pathway (b), the synthesized standards were dissolved in acetonitrile (sample concentration:

5×10−3 mgmL−1), filtered, and drawn into a syringe (solution volume: 0.4mL). The sample solution was delivered at a flow

rate of 20µLmin−1 through the capillaries into the H-ESI source, where ionization occurred prior to introduction into the

Orbitrap.

The Orbitrap mass spectrometer was operated in negative polarity for nitrate and H-ESI measurements, and in positive polarity100

for uronium measurements, with a full scan range of 50–750m/z, the RF Lens set to 70%, standard AGC Target settings, and

a maximum injection time of 100ms. For MION2, the ion transfer tube temperature was set to 100 °C, whereas for H-ESI it

was set to 320 °C. For H-ESI, the vaporizer temperature was 75 °C and the ion spray voltage was 2300V. Mass calibration was

performed using the Pierce FlexMix Calibration Solution (Thermo Fisher Scientific Inc.). Inter- and intra-sample variability

were evaluated by repeating the synthesis and experimental procedures multiple times. PNPA was synthesized three times,105

yielding a total of six experimental repetitions. PPA was synthesized once and analyzed across three experimental repetitions.

The experiments were also repeated with pure pinonic acid (PA) and commercial meta-Chloroperoxybenzoic acid (mCPBA

(C7H5ClO3); ≤ 77% assay; remainder predominantly meta-Chlorobenzoic acid (mCBA) (C7H5ClO2) and water), each con-

ducted three times.
:::::::
Between

:::::::::::
experiments,

:::
the

:::::::::
evaporator,

:::::::::
connecting

:::::::
tubing,

:::
and

::::
inlet

::::::::::
components

:::
up

::
to

:::
the

:::
ion

:::::::
transfer

::::
tube

::::
were

::::::
cleaned

:::::
with

:::::::
acetone.110

2.3 Data analysis

Mass spectra were acquired using Tune (Thermo Fisher Scientific Inc.). Four-minute averaged spectra were exported via

FreeStyle (Thermo Fisher Scientific Inc.), and mass peaks of interest were extracted and normalized to primary ions for nitrate
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Table 1. Ionization methods, associated ion species of interest, and exact masses for ions generated from the synthesized molecules (PNPA

(C9H14O4), PPA (C10H16O4)) and their corresponding carboxylic acids (NPA (C9H14O3), PA (C10H16O3)).

Ionization method Ion species
Molecules and exact ion masses (u)

C9H14O4 C9H14O3 C10H16O4 C10H16O3

MION2 (nitrate) & H-ESI [M – H]– 185.0814 169.0865 199.0970 183.1021

MION2 (uronium) [M + H]+ 187.0970 171.1021 201.1127 185.1178

MION2 (nitrate) [M + NO3]– 248.0770 232.0821 262.0927 246.0978

MION2 (uronium) [M + CH5N2O]+ 247.1294 231.1345 261.1450 245.1501

and uronium, and to the total ion count (TIC) for H-ESI. In MION2, ionization occurred predominantly through (de)protonation

and adduct formation, whereas H-ESI primarily achieved analyte ionization via deprotonation. Table 1 summarizes the masses115

of interest for each ionization method and OOM standard, including those corresponding to the carboxylic acids norpinonic

acid (NPA; C9H14O3) and pinonic acid (PA; C10H16O3). The statistical significance of all sample peaks was verified by applying

a
:::
All

::::::
analyte

:::::
peaks

:::::
were

:::::::::
considered

:::::::
detected

::::
only

:::::
when

::::
their

:::::
signal

::::::::
exceeded

:::
the

::::::::::::
corresponding

:::::
blank

:::::
mean

::
by

::::
three

::::::::
standard

::::::::
deviations

:
(3σthreshold derived from blank measurements).

3 Results and discussion120

Due to the synthesis procedure, each sample of synthesized standards contained a specific ratio of peroxy acids to their corre-

sponding carboxylic acids. Figure 3 displays these ratios for both OOM standards measured by NMR and Orbitrap immedi-

ately after synthesis, as described in the previous section. Orbitrap ratios were computed from normalized peak intensities and

averaged across repeated experiments; the plotted values represent the mean and the standard uncertainty derived from all mea-

surements. NMR yielded the highest ratios (4.4 for PNPA and 4.7 for PPA), indicating that the freshly prepared standards were125

dominated by peroxy acids. In contrast, Orbitrap measurements produced significantly lower ratios. The only cases approach-

ing or exceeding unity were nitrate adduct ionization for PNPA (0.87± 0.22; consistent with unity within uncertainty) and

uronium adduct ionization for PPA (1.77), both indicating a higher abundance of peroxy acids than carboxylic acids, yet still

yielding ratios substantially lower than those determined by NMR. Deprotonation and protonation yielded considerably lower

ratios (0.03 to 0.39). These discrepancies reflect fundamental differences between techniques: NMR reports bulk composition130

in a fully non-perturbative, sample-preserving manner, whereas mass spectrometry reports only the fraction of molecules that

successfully transfer, ionize, and survive to detection – processes that are inherently sensitive to evaporation and ionization

efficiency, in-source chemistry, and matrix effects such as ion suppression. Consequently, the measured mass spectrometric

signal response represents an interplay between (i) evaporation and transport kinetics from the liquid sample solution into the

gas phase and onward to the Orbitrap, (ii) intrinsic molecular properties such as carbon number, functional group arrangement,135
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Figure 3. Ratios of peroxy acids to their corresponding carboxylic acids for PNPA (C9H14O4) and PPA (C10H16O4) measured by NMR and

MION- and H-ESI-Orbitrap. Symbols represent mean ratios, and shaded areas indicate standard uncertainties calculated from all repeated

syntheses and measurements. If no error bar is visible, it is obscured by the symbol. Circles represent MION-Orbitrap operated with nitrate,

and diamonds represent MION-Orbitrap operated with uronium.

and O – O bond lability, and (iii) the ionization pathway, including its efficiency, softness or hardness (adduct formation vs.

(de)protonation), clustering energetics, and reagent selectivity.

This framework also clarifies the role of our gas-phase experimental approach (pathway (a) in Fig. 2), which relies on evap-

oration of the liquid sample in the evaporator followed by transport of the volatilized molecules in an airstream toward the

MION-Orbitrap. Under these conditions, any observed ratio between peroxy acids and carboxylic acids may be influenced140

by differences in their inherent volatilities. Table 2 lists the saturation mass concentrations and liquid vapor pressures of the

synthesized OOM standards, mCPBA, and their corresponding carboxylic acids, calculated using the SIMPOL.1 group contri-

bution method (Pankow and Asher, 2008). Their saturation mass concentrations, which are on the order of 102 to 105 µgm−3,

classify these molecules as intermediate volatility organic compounds (IVOCs) (Donahue et al., 2009; Stolzenburg et al., 2022).

These calculations predict that, at 20 °C, peroxy acids exhibit higher liquid vapor pressures and saturation concentrations,145

and therefore greater volatility, than the corresponding carboxylic acids (Table 2). Under these conditions, we would therefore

expect preferential evaporation and more efficient transfer of peroxy acids into the gas stream and to the MION2, resulting in

an even higher ratio of peroxy to carboxylic acids reaching MION2, being ionized, and ultimately detected in the Orbitrap than

measured by NMR.

Figure 4 shows a representative time trace of the nitrate adduct signals for mCPBA and mCBA, along with the temporal150

evolution of the peroxy-to-carboxylic-acid ratio. The initial ∼ 25min correspond to blank measurements, while the pronounced
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Table 2. Saturation mass concentrations log10(c
o) and liquid vapor pressures po

L for the synthesized molecules (PNPA (C9H14O4),

PPA (C10H16O4)), meta-Chloroperoxybenzoic acid (mCPBA; C7H5ClO3), and their corresponding carboxylic acids (NPA (C9H14O3), PA

(C10H16O3), and meta-Chlorobenzoic acid (mCBA; C7H5ClO2)), calculated using the SIMPOL.1 group contribution method (Pankow and

Asher, 2008).

Molecule Saturation mass concentration Vapor pressure

log10(c
o[µgm−3]) po

L (Pa)

C9H14O4 4.32 2.72× 10−1

C9H14O3 3.18 2.16× 10−2

C10H16O4 3.91 9.94× 10−2

C10H16O3 2.78 7.90× 10−3

C7H5ClO3 5.43 3.81× 100

C7H5ClO2 4.29 3.03× 10−1

increase in signal intensity at ∼ 30min indicates the start of sample evaporation following introduction into the evaporator.

Consistent with the SIMPOL.1 group contribution predictions at 20 °C, where the peroxy acid functional group yields a higher

vapor pressure and therefore a higher saturation concentration than the corresponding carboxylic acid group, the mCPBA

control experiment exhibits the expected volatility contrast: mCPBA produces a strong, early-rising nitrate adduct signal,155

whereas the mCBA signal appears more slowly and at substantially lower intensity. This difference in evaporation kinetics is

reflected in the peroxy-to-carboxylic-acid ratio, which increases gradually over ∼ 12min before approaching a steady plateau,

indicating the time required for the less volatile mCBA to accumulate in the gas phase. The peroxy acid signal is roughly two

orders of magnitude higher than that of the carboxylic acid, consistent with both its greater volatility and its larger fraction in

the technical mCPBA mixture. Together, these observations reflect the behavior predicted by SIMPOL.1 and demonstrate the160

characteristic signature of two species with distinctly different volatilities evaporating independently and being transferred to

the MION2 and ultimately detected in the Orbitrap.

Figure 5 shows representative time traces for the nitrate and uronium adduct signals of PNPA/NPA and PPA/PA, respec-

tively, together with the time evolution of the peroxy-to-carboxylic-acid ratio. The first ∼ 25min capture blank measurements

in both ionization modes. The
:::::::
persistent

::::::
signals

::
at
:::::::::::::

mass-to-charge
:::::
ratios

::::::
(m/z)

:::
247

::::
and

:::
231

::::::
during

:::
the

:::::
initial

::::::::
uronium

:::::
blank165

::
are

::::::::
attributed

::
to
:::::
trace

::::::::
carryover

:::::::
retained

::
on

::::
inlet

::
or

:::::::::
instrument

:::::::
surfaces

:::
and

::::::::
detected

::::::
because

::
of

:::
the

::::
high

:::::::::
sensitivity

::
of

::::::::
uronium;

::
all

:::::::
reported

::::::
sample

::::::
signals

::::::::::
nevertheless

::::::::
exceeded

:::
the

::::::::::::
corresponding

::::::::::::
blank-derived

::
3σ

:::::::::
threshold.

:::
The

:
onset of sample introduc-

tion into the evaporator and subsequent evaporation is evident from the sharp intensity increases in uronium mode at ∼ 27min

in Fig. 5a and ∼ 30min in Fig. 5b. The nitrate adduct signal is already stabilized when that mode is engaged. In contrast to

both the SIMPOL.1 predictions and the behavior observed for the mCPBA control, both synthesized OOM standards exhibit170

a distinctly different pattern: the peroxy acid and carboxylic acid signals rise simultaneously after sample introduction and

follow nearly identical temporal profiles. This is reflected directly in the peroxy-to-carboxylic-acid ratio, which, after a brief
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Figure 4. Extracted-ion chromatogram of the nitrate adduct ions of meta-Chloroperoxybenzoic acid (mCPBA; C7H5ClO3; m/z 234 for the

nitrate adduct) and meta-Chlorobenzoic acid (mCBA; C7H5ClO2; m/z 218 for the nitrate adduct). Absolute intensities and the ratio (peroxy

acid to carboxylic acid) are shown.

stabilization period during the onset of evaporation, remains constant over time and reaches this steady level within only 1 to

2min. Moreover, the signal intensities deviate strongly from expectations based on NMR measurements and SIMPOL-derived

volatility differences: instead of the peroxy acids dominating and producing ratios higher than those measured by NMR, the175

carboxylic acid signals exceed the peroxy acid signals in most cases, with all measured ratios indicating a relative enrichment

of carboxylic acids compared to the NMR values. Taken together, these observations support a consistent interpretation: the

same parent species (predominantly the peroxy acids) evaporate into the gas phase, but a substantial fraction undergoes de-

composition, yielding two detectable signals – one corresponding to the surviving peroxy acids and the other to the carboxylic

acids formed upon decomposition.180

Decomposition of peroxy acids could in principle occur during transport, ionization, or another step prior to detection.

However, several lines of evidence indicate that structural degradation most likely occurs during ionization. The O – O bond

in the peroxy acid group is relatively weak and susceptible to cleavage. In liquid-phase electrospray (H-ESI), high electric

fields (Gabelica and Pauw, 2005) and electrochemical processes at the emitter (Pozniak and Cole, 2015) can promote such

bond rupture, particularly during (de)protonation pathways that impart considerable internal energy. Similarly, in gas-phase185

chemical ionization (MION2), proton-transfer reactions during collisions with reagent ions can destabilize the O – O bond,

and electrostatic stress in the inlet may amplify this effect. By contrast, reagent ion adduct formation ionization (e.g., nitrate

or uronium) is softer, relying on non-covalent clustering rather than covalent activation, and therefore better preserves fragile

functionalities such as peroxy acid groups. This interpretation is consistent with the measured peroxy-to-carboxylic-acid ratios

(Fig. 3), which show strong differences across ionization techniques (H-ESI vs. MION2), reagent ions (nitrate vs. uronium), and190

ionization mechanisms ((de)protonation vs. adduct formation), with higher ratios for adduct peaks compared to (de)protonated

peaks. These systematic differences across ionization modes strongly support the conclusion
::::::
support

::::
the

:::::::::::
interpretation

:
that

decomposition occurs during ionization, rather than elsewhere in the mass spectrometer; if fragmentation were occurring

9
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Figure 5. Extracted-ion chromatograms of the nitrate and uronium adduct ions of (a) peroxy norpinonic acid (PNPA; C9H14O4; m/z 248

for the nitrate adduct and 247 for the uronium adduct) and norpinonic acid (NPA; C9H14O3; m/z 232 for the nitrate adduct and 231 for the

uronium adduct) and (b) peroxy pinonic acid (PPA; C10H16O4; m/z 262 for the nitrate adduct and 261 for the uronium adduct) and pinonic

acid (PA; C10H16O3; m/z 246 for the nitrate adduct and 245 for the uronium adduct). Absolute intensities and the ratios (peroxy acid to

carboxylic acid) are shown.

inside the instrument, the peroxy-to-carboxylic-acid ratios would not depend so sensitively on the ionization pathway. This

interpretation is further reinforced by the operating conditions of the Orbitrap Exploris MX: during full-MS1 acquisition,195

MS/MS fragmentation is not engaged, and ions are transmitted to the mass analyzer without deliberate collisional activation,

making decomposition in the instrument unlikely. Furthermore, our observations align with earlier findings by Steimer et al.

(2018), who reported rapid decay of synthesized monoperoxypinic acid on filters – about 60% lost within 5 h and measurable

changes also in liquid samples over 22 h, underscoring the intrinsic instability of peroxy acids related to atmospheric BVOC

autoxidation.200

Taken together, only the mCPBA control reflects the SIMPOL.1 volatility expectation that peroxy acids evaporate more

readily than their corresponding carboxylic acids, leading to a significantly greater fraction of peroxy acids orbiting around the

mass analyzer and, consequently, a much higher detected signal. This can plausibly be attributed to aromatic stabilization from

the benzene ring, which renders mCPBA more persistent than typical aliphatic peroxy acids.

:
A
:::::

pure
::::::
pinonic

:::::
acid

::::
(PA)

::::::
control

::::::::::
experiment

:::::::
showed

:
a
:::::::::

markedly
:::::::
different

::::::::
temporal

::::::::
response

::::
from

::::
the

:::
PA

:::::
signal

:::
in

:::
the205

:::
PPA

::::::::
standard

::::
(Fig.

::::
S1).

::::
Pure

:::
PA

:::::::::
continued

::
to

:::::::
increase

:::::::::
throughout

:::
the

:::::::::::::
approximately

::
25

::::
min

:::::::
uronium

:::::::
interval

:::
and

:::::::
retained

::
a

::::::
slightly

:::::::::
increasing

::::
trend

::::::
during

:::
the

::::::::::
subsequent

::::::::::::
approximately

::
20

::::
min

::::::
nitrate

:::::::
interval,

:::::::::
suggesting

:::::::
retention

:::
of

:::
the

:::
less

:::::::
volatile

::
PA

::::::
during

::::::::::
evaporation

::::
and

::::::::
transport.

:
In contrast, for all synthesized OOM standards, the

::
the

::::
PPA

::::
and

:::
PA

::::::
signals

::
in

::::
Fig.

:::
5b

:::
rose

:::::::
rapidly

:::::::
together

:::
and

::::::::::
approached

::
a

::::::
plateau

::::::
within

::::::::::::
approximately

:
4
:::::

min.
:::::::
Because

::::
pure

:::
PA

::::
was

::::::::
measured

:::::
using

:::
the

:::::
same

::::::::::
experimental

:::::
setup

:::
and

::::::::::
conditions,

:::
this

::::::::
difference

::::::
argues

::::::
against

:::
the

:::
PA

:::::
signal

::
in

:::
the

::::::::::
synthesized

::::::
sample

::::::
arising

::::::::::::
predominantly210

::::
from

::::::::::::
independently

::::::::::
evaporating

:::
PA

:::::::
already

::::::
present

:::
in

:::
the

:::::::
mixture.

::::::::
Although

:::::::
mixture

:::::::::::
composition

::::
may

::::::::
influence

::::::::
absolute

:::::::::
evaporation

:::::
rates,

::
it

::::
does

:::
not

::::::
readily

:::::::
explain

:::
the

:::::
rapid,

:::::
nearly

::::::::
identical

::::::
profiles

:::
of

:::
the

::::
PPA

:::
and

:::
PA

:::::::
channels

:::
or

:::
the

:::::::
absence

::
of

10



::
the

:::
PA

::::::
signal

::::::::
retention

:::::::
observed

:::
in

:::
the

::::
pure

:::
PA

::::::::::
experiment.

::
If

:::
the

:::::::
reduced

:::::::
PPA/PA

::::
ratio

:::::::
resulted

::::::::
primarily

:::::
from

::
a

:::::::
stronger

:::::::::::::::
compound-specific

::::::::
response

::
to

:::
PA,

:::
the

::
PA

::::::
signal

:::::
would

:::
still

:::
be

:::::::
expected

::
to

:::::
show

::
the

::::::
slower

::::::::
temporal

:::::::
response

::
of

::::::::::::
independently

:::::::::
evaporated

:::
PA.

::::
The

::::::::::
comparison

:::::::
therefore

::::::
argues

::::::
against

:::::::::::
independent

::::::::::
evaporation

:::
and

::::::::::::::::
compound-specific

::::::::
response

:::::
factors

:::
as215

::
the

:::::
main

::::::
causes

::
of
::::

the
::::::::
observed

:::::
ratios

:::
and

::::::::
supports

:::::::::
conversion

:::::
from

:
a
::::::::

common
:::::::::::
PPA-derived

::::::
parent

::::
after

::::::::::
evaporation

::::
and

::::::::
transport.

:::
We

::::::
further

:::::
tested

::::
the

::::::::
influence

::
of

::::
the

:::
ion

:::::::
transfer

::::
tube

:::::::::::
temperature.

::::
For

:::
the

::::
PPA

::::::::
standard

:::::::::
measured

::
in

::::::
nitrate

::::::
mode,

::::::::
increasing

::::
the

::::::::::
temperature

:::::
from

::::
100 °C

::
to

::::
200 °C

:::::::
increased

::::
the

:::::::
PPA/PA

::::::
nitrate

::::::
adduct

:::::
ratio

:::::
from

::::::::::::
approximately

:::
0.8

:::
to

::::::::::::
approximately

:::
1.0

::::
(Fig.

::::
S2),

::::::
which

::::::::
remained

:::::
below

:::
the

::::::
NMR

::::
ratio

::
of

::::
4.7.

:::
For

:::::::::::
commercial

::
m

:::::
CPBA

::::::::
measured

::::
with

:::::::
H-ESI,220

::
the

::::::::::::
deprotonated

::
m

:::::
CPBA/

::
m

::::
CBA

::::
ratio

::::::::
increased

:::::
from

::::
0.02

::
at

:::
85 °C

:
to
:::::

0.03
::
at

::::
110 °C

::
and

:::::
0.04

::
at

::::
320 °C

::::
(Fig.

::::
S3).

:::
In

::::
both

::::::::::
experiments,

::::::
higher

:::::::
transfer

::::
tube

:::::::::::
temperatures

::::::::
increased

:::::
rather

::::
than

:::::::::
decreased

:::
the

::::::
relative

:::::::
peroxy

::::
acid

:::::
signal.

::::::
These

::::::
results

:::::::
therefore

:::::::
exclude

:::::::
thermal

:::::::::
degradation

:::
of

::::::
peroxy

::::
acids

::
in
:::
the

:::
ion

:::::::
transfer

::::
tube

::
as

::
a

:::::
cause

::
of

:::
the

:::::::
reduced

:::::
ratios

:::::
under

:::
the

:::::
tested

:::::::::
conditions.

::::::::::
Considering

::
all

:::::::::::
experiments

:::
and

::::::::
controls,

:::
the

:
systematically reduced peroxy-to-carboxylic-acid intensity ratios (

:::::::
Orbitrap225

:::::::
intensity

:::::
ratios

:
relative to NMR) and their ,

::::
the

:::::
paired

::::::::
temporal

::::::
profiles

:::
of

:::
the

::::::::::
synthesized

::::::::
standards,

::::
and

:::
the

:
strong depen-

dence on ionization chemistry are most consistent with ionization-induced decomposition of peroxy acids to the corresponding

carboxylic acids
::::::::
consistent

:::::
with

:::::::::::::::::
ionization-associated

::::
loss

::
of

:::::::
peroxy

::::
acid

:::::::::::
functionality.

::::
The

::::
pure

:::
PA

::::::
control

::::::
argues

:::::::
against

::::::::::
independent

:::::::::
evaporation

:::
of

:::::::::
pre-existing

:::
PA

:::
and

::::::::::::::::
compound-specific

:::::::
response

::::::
factors

::
as

:::
the

::::
main

:::::::::::
explanations,

::::
and

:::
the

:::::::::
temperature

::::::
controls

:::::::
exclude

:::::::
thermal

:::::::::
degradation

::
in

:::
the

:::
ion

::::::
transfer

::::
tube

:::::
under

:::
the

:::::
tested

:::::::::
conditions.

::::::::
However,

:::::::::::::::
surface-catalyzed

:::::::::
conversion230

:
at
::::::::
stainless

::::
steel

::::
inlet

:::::::
surfaces

::::::
cannot

::
be

:::::
ruled

:::
out

::
as

:
a
::::::::::
contributor

::
to

:::
the

:::::::
reduced

:::::
ratios.

Figure 6 compares intensities normalized to primary ions for nitrate and uronium adduct peaks of PNPA, PPA, and their

corresponding carboxylic acids NPA and PA. The plotted values represent means with standard uncertainties from all mea-

surements. Uronium adduct ionization consistently produced substantially higher intensities than nitrate adduct ionization,

exceeding it by 1 to 2 orders of magnitude (factors ranging from 4× 101 to 6× 102). This trend is also reflected in the ab-235

solute intensities (see Fig. 5), indicating that the difference between the two ionization schemes is robust and not an artifact

of normalization. Overall, these reagent-ion adduct intensity trends align well with chemical expectations. Nitrate is highly

selective for HOMs and exhibits limited sensitivity to moderately oxygenated species (Riva et al., 2019b) such as PNPA, PPA,

NPA, and PA. In contrast, uronium (protonated urea), a recently introduced positive-mode reagent, shows strong sensitivity for

moderately oxygenated compounds (Shcherbinin et al., 2025), as evidenced by its consistently higher intensities than nitrate240

– also observable in blank measurements (Fig. 5) – confirming its suitability for this chemical space. On average, nitrate and

uronium adduct signals for the peroxy acids were factors of 34 and 18 above their respective 3σ blank thresholds, indicating

that both channels operated well beyond their detection limits and that their behavior was unlikely to be governed by near-limit

effects.

As
:
a

::::::
limited

::::::::
validation

:::
of

:::
the

:::::
nitrate

::::::::
response

::
at

:::
low

::::::
signal

:::::::
intensity,

::::
four

::
m

:::::
CPBA

:::::::
solution

:::::::::::::
concentrations

::::
were

:::::::::
measured.245

:::
The

:::::::::::
deprotonated

::
m

:::::
CPBA

::::::
signal

:::
was

::::::::
averaged

::::
over

:
9
::::
min

:::
and

::::::::::
normalized

::
to

:::
the

::::::
nitrate

:::::::
primary

:::
ions

:::::
(Fig.

::::
S4).

:::
The

::::::::
response

:::
was

::::::::
described

:::
by

:::::::::::::::::::::::::::::
y = 1.213× 10−4x+6.440× 10−4

:::::::::::
(R2 = 0.982;

::::::
n= 4).

::::
This

:::::
result

:::::::::::
demonstrates

:
a
:::::::::
systematic

:::::::::::
concentration

11



C9H14O4 C9H14O3 C10H16O4 C10H16O3

Molecule

10−4

10−3

10−2

10−1

100

In
te

ns
ity

 n
or

m
al

iz
ed

 to
 p

rim
ar

y 
io

ns
 (a

.u
.)

MION2 [M+NO3] − MION2 [M+CH5N2O] +

Figure 6. Intensities normalized to primary ions for nitrate and uronium adduct peaks of PNPA (C9H14O4), PPA (C10H16O4), and their

corresponding carboxylic acids (NPA (C9H14O3) and PA (C10H16O3)). Symbols represent mean intensities, and shaded areas indicate standard

uncertainties calculated from all repeated syntheses and measurements. If no error bar is visible, it is obscured by the symbol.

:::::::
response

:::
for

::
m

:::::
CPBA

::::::
within

:::
the

:::::::
relevant

::::::::::::
low-intensity

::::::
regime.

::
It
::::
does

::::
not

::::::::
determine

::::
the

::::::
relative

::::::
molar

:::::::
response

::::::
factors

:::
of

:::::::::
PNPA/NPA

::
or

::::::::
PPA/PA;

:::::::
however,

:::
the

::::
pure

:::
PA

:::::::
temporal

::::::::
response

:::::
shows

::::
that

:::::::::::::::
compound-specific

::::::::
response

:::::
factors

::::::
cannot

:::::::
account

::
for

:::
the

::::::::
observed

::::
time

:::::::
profiles

:::
and

:::
are

::::::::
therefore

:::::::
unlikely

::
to

::
be

:::
the

::::::::
principal

:::::
cause

::
of

:::
the

::::::
reduced

::::::
ratios.250

::
As

:
seen in Fig. 3, the extent of peroxy acid loss depends on both the reagent-ion chemistry and the molecular structure of the

analyte. Although uronium generally yields higher intensities than nitrate for both peroxy acids, it appears to induce greater in-

source decomposition of PNPA while better preserving PPA; nonetheless, in both cases, the resulting peroxy-to-carboxylic-acid

ratios remain substantially lower than expected from NMR and SIMPOL.1. This compound-specific behavior aligns with the

uronium-CI mechanism: Shcherbinin et al. (2025) show that uronium ionization is fundamentally controlled by analyte-specific255

cluster geometries, binding enthalpies, and stabilization efficiencies, implying intrinsically molecule-dependent sensitivities.

Taken together, these observations add a final layer to our decomposition hypothesis: peroxy acid loss is dependent on both the

ionization mechanism and the analyte.

4 Conclusions

In this work, we synthesized
:::
two

:
monomeric OOM standards from α-pinene ozonolysis as HOM proxies owing to their260

characteristic
::::::
-pinene

:::::::::
ozonolysis

:::::::::
containing

:
a peroxy acid functionality.

::::
With

::::
four

::::::
oxygen

::::::
atoms,

:::
they

:::
are

::::::::::
moderately

:::::::::
oxygenated

::::::::
molecules

::::::::
(MOMs).

:::::::
Because

::::::
peroxy

::::
acid

::::::::::::
functionalities

::::
often

:::::
occur

::
in

:::::::
OOMs,

::::::::
including

:::::
highly

::::::::::
oxygenated

::::::
organic

:::::::::
molecules

12



:::::::
(HOMs),

:::::
these

::::::::
standards

::::
can

:::::::
provide

:::::
useful

:::::::::
qualitative

:::::::
insight

:::
into

:::::
their

::::::::
analytical

::::::::
behavior.

:::::::::
However,

::::
they

::::::
should

:::
not

:::
be

:::::::
regarded

::
as

::::::::::
quantitative

:::::::
proxies

:::
for

:::
the

::::::
broader

:::::::::
population

:::
of

::::::
HOMs.

:
We characterized their detectability with a nitrate- and

uronium-based MION-Orbitrap and compared these two gas-phase ionization schemes with liquid H-ESI.265

Across all techniques, NMR confirmed that the freshly synthesized standards were dominated by peroxy acids, whereas Or-

bitrap measurements consistently yielded substantially lower peroxy-to-carboxylic-acid ratios, directly contradicting the SIM-

POL.1 expectation that the higher volatility of peroxy acids should produce ratios even greater than those measured by NMR.

Crucially, the time evolution of these ratios hints at
::::::
supports

:
peroxy acid decomposition: after a brief stabilization period, the

peroxy-to-carboxylic-acid ratios reach a constant level rapidly, and the peroxy and carboxylic acid signals exhibit near-identical270

:::::
nearly

::::::::
identical temporal profiles. This behavior is inconsistent with volatility-driven separation but consistent with a single

parentevaporating and then partially decomposing during ionization. The strong
::
In

:::::::
contrast,

::::
pure

:::::::
pinonic

::::
acid

:::::
(PA),

::::::::
measured

::::
using

:::
the

:::::
same

:::::::::::
experimental

:::::::::
conditions,

:::::::::
continued

::
to

:::::::
increase

::::
over

::::::::::::
approximately

:::
45min

:::
and

:::
did

:::
not

:::::
show

:::
the

::::
rapid

:::::::
plateau

:::::::
observed

:::
for

::::
the

::::::
peroxy

:::::::
pinonic

::::
acid

:::::
(PPA)

::::::::
standard,

::::::::::
suggesting

::::::::
retention

::
of

:::
the

::::
less

:::::::
volatile

:::
PA

::::::
during

::::::::::
evaporation

::::
and

::::::::
transport.

::::
This

::::::
argues

::::::
against

:::::::::::
independent

::::::::::
evaporation

::::
and

::::::::::::::::
compound-specific

:::::::
response

:::::::
factors

::
as

:::
the

:::::
main

::::::
causes

:::
of

:::
the275

::::::
reduced

:::::
ratios

::::
and

::::::
instead

::::::::
supports

:::
the

::::::::::::
interpretation

:::
that

:::::
both

::::::
signals

::::::::
originate

::::
from

::
a
:::::::
common

:::::::::::
PPA-derived

::::::
parent,

:::::
with

:::::::::
conversion

::::::::
occurring

::::
after

:::::::::::
evaporation.

::::::::
Increasing

:::
the

::::
ion

::::::
transfer

::::
tube

::::::::::
temperature

::::
did

:::
not

:::::::
decrease

:::
the

:::::::
relative

::::::
peroxy

::::
acid

:::::::
response

:::
for

:::::
either

::::
the

::::
PPA

::::::::
standard

::
or

::
m

::::::
CPBA,

:::::::::
excluding

::::::
thermal

:::::::::::
degradation

::
in

:::
the

::::
ion

::::::
transfer

:::::
tube

:::::
under

:::
the

::::::
tested

:::::::::
conditions.

::::::::
Together

::::
with

:::
the divergence between sample-preserving NMR and sample-modifying mass spectrometric mea-

surements, together
:::
and with the pronounced variability across ionization modes, indicates substantial in-source decomposition280

of peroxy acids during ionization, particularly
::::
these

:::::::::::
observations

:::
are

::::::::
consistent

::::
with

::::::::::::::::::
ionization-associated

:::
loss

:::
of

::::::::::
peroxy-acid

:::::::::::
functionality.

::::
Such

::::
loss

::::::
appears

:::::
more

::::::::::
pronounced under harder ionization pathways such as (de)protonation. Softer ionization

routes such as nitrate and uronium adduct formation preserved the peroxy
::::::
appear

::
to

:::::::
preserve

::::
the

::::::
peroxy

::::
acid

:
functionality

more effectively, yet
:
;
:::::::::::
nevertheless, even these channels showed clear signatures of significant peroxy acid lability, reflecting

a loss controlled by both
::::
yield

:::::
ratios

:::::::::::
substantially

::::::
below

:::
the

::::
bulk

::::::
values,

::::
and

:::
the

:::::::
relative

::::::::
responses

:::::
vary

::::
with

:
reagent-ion285

chemistry and the molecular structure of the analyte, as indicated by the pronounced shifts in the peroxy-to-carboxylic-acid

ratios for the two standards under uronium ionization.
::::::::
However,

:::::::::::::::
surface-catalyzed

:::::::::
conversion

::
at

:::::::
stainless

::::
steel

:::::
inlet

:::::::
surfaces

:::::
cannot

:::
be

::::::::
excluded

::
as

:
a
:::::::
possible

::::::::::
contributor

::
to

:::
the

:::::::
reduced

:::::
ratios,

:::::::::::
highlighting

:::
the

::::
need

:::
for

::::::::
dedicated

:::::::::::
experiments

::::::::
assessing

::
the

::::::::
influence

:::
of

::::
inlet

:::::::
material.

:
Finally, our findings highlight that uronium adduct ionization captures this class of moderately

oxygenated compounds far more efficiently than nitrate, underscoring its value as a complementary reagent for expanding290

molecular coverage beyond the HOM-biased selectivity of nitrate-CIMS.

Our results imply
::::::
suggest

:
that peroxy acids formed via autoxidation of α-pinene – and potentially other biogenic VOCs –

may often be inaccurately quantified across commonly used mass spectrometric techniques. Because nitrate-CIMS is the most

prevalent method for gas-phase HOM detection in new particle formation studies, such biases may
::::::::
analogous

:::::::
response

::::::
biases

::::
could

:
translate into substantial uncertainties when deriving atmospheric process rates, including nucleation and growth rates295

of freshly formed particles. For example, in volatility-basis-set derivations from atmospheric measurements, misidentifying

peroxy acids as carboxylic acids artificially lowers
:::::
would

:::::::::
artificially

:::::
lower

:
their assigned oxygen number, thereby underesti-
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mating O:C ratios for OOMs and propagating systematic errors in inferred volatilities.
:::
The

:::::::::
magnitude

:::
and

:::::::
broader

::::::::::
atmospheric

::::::::
relevance

::
of

:::::
these

::::::
effects

::::::
cannot

::
be

:::::::
inferred

:::::::
directly

:::::
from

:::
the

::::
two

:::::::::
moderately

::::::::::
oxygenated

:::::::::
standards

::::::
studied

::::
here

::::
and

::::
will

::::::
require

::::::::::
investigation

:::::
using

:::::::::
additional

::::::::
authentic

:::::::::
standards. These findings underscore the need for calibration procedures that300

can capture such
::::::
capable

::
of

:::::::::
capturing

::::
such

::::::::::::::::
compound-specific effects, together with continued exploration of novel reagent-

ion chemistries that provide broader and more uniform coverage across the full range of molecular oxygenation states present

in the atmosphere.

Data availability. The data underlying Figs. 3–6 and Supplementary Figs. S1–S4 are available at https://doi.org/10.48436/w7z9r-9x511.

Appendix A: Synthesis305

A1 General information

All reactions were stirred magnetically. Reagents were purchased from commercial suppliers and used as received. Dry

dichloromethane (DCM) was retrieved from an Innovative Technologies PureSolv system. 1H and 13C NMR spectra were

recorded on a Bruker AC 400 at 400 and 101 MHz; AC 600 at 600 and 151 MHz using the solvent peak as reference. The

ratio of C9-peracid 4 and C9-acid 2 were determined by comparison of the signals at 2.77–2.67 ppm (m, 1H; for C9-peracid310

4) and 2.63–2.54 ppm (m, 1H; for C9-acid 2). Multiplicities of 1H signals were referred to as s (singlet), d (doublet), t (triplet),

q (quartet) and more complex patterns or m (multiplet). 13C NMR spectra were run in proton-decoupled mode. The ratio of

C10-peracid 7 and C10-acid 5 were determined by comparison of the signals at 31.28 ppm (for C10-peracid 7) and 34.65 ppm

(for C10-acid 5). TLC-analysis was done with precoated aluminum-backed plates (Silica gel 60 F254, Merck). Compounds

were visualized by submerging in: an acidic phosphomolybdic acid / Cerium sulphate solution, KMnO4, Vanillin or Anisalde-315

hyde and dried with a heat gun. Column chromatography was carried out with silica gel Merck 60. Eluent systems refer to

volumetric ratios, e.g., 4:1 = 80 % : 20 %. Specific rotations were measured on an Anton Parr MCP 500 polarimeter at 20 °C

and 589 nm.

A2 General scheme

A3 2-Hydroperoxy-2-(2-methoxyethoxy)propane (1)320

A 100 mL Schlenk flask charged with 2,3-dimethylbut-2-ene (1.98 mL, 16.63 mmol, 1 equiv.) in 40 ml methoxyethanol.

Subsequently, 10 drops Sudan III indicator (0.01 M in DCM) were added and the pink solution was cooled to -80 °C. After 5

minutes, a stream of O3 was passed through the reaction mixture until the pink color disappeared (approx. 8 minutes). Then,

a stream of O2 was passed through for 5 minutes to remove excess O3. The pale-yellow solution was directly subjected to

distillation to remove the solvent. Subsequent high vacuum distillation furnished the desired product as colorless oil in 27 %325

yield (678 mg, 4.51 mmol).
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Figure A2. 2-Hydroperoxy-2-(2-methoxyethoxy)propane (1).

b.p. 35 °C @ 0.75 mBar

Analytical data in accordance with literature: Dussault et al. (1994).

A4 (1S,3R)-3-Acetyl-2,2-dimethylcyclobutane-1-carboxylic acid (cis-norpinonic acid (2)

A flame-dried 100 mL Schlenk flask was charged with (S)-Verbenone [CAS 1196-01-6] (95 %, 2.0 g, 12.6 mmol, 1 equiv.) and330

dissolved in 20 mL dry acetonitrile. The colorless solution was cooled to -40 °C and a stream of O3 was passed through the

reaction mixture until the reaction mixture became yellow (approx. 30 minutes). Then, a stream of O2 was passed through for 5

minutes to remove excess O3. H2O2 (35 % in water, 11.1 mL, 126 mmol, 10 equiv.) was added and the mixture was allowed to

warm to room temperature. The aqueous layer was extracted with CHCl3 (8x), dried over MgSO4 and concentrated in vacuo.

The desired product was obtained as white solids in 99 % yield (2.13 g, 12.5 mmol).335
1H NMR (400 MHz, CDCl3) δ 2.90 (dd, J = 10.7, 7.7 Hz, 1H), 2.82 (ddd, J = 9.4, 7.9, 1.4 Hz, 1H), 2.61 (dtd, J = 12.8, 10.8,

2.0 Hz, 1H), 2.07 (d, J = 1.1 Hz, 3H), 1.90 (ddd, J = 11.8, 8.9, 6.7 Hz, 1H), 1.45 (d, J = 1.4 Hz, 3H), 0.97 (d, J = 1.7 Hz, 3H).
13C NMR (101 MHz, CDCl3) δ 207.3, 178.2, 53.1, 45.1, 45.0, 30.3, 30.1, 18.9, 18.1.

[α]20D = -52.58 (c 1.60, CH2Cl2).
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Figure A3. (1S,3R)-3-Acetyl-2,2-dimethylcyclobutane-1-carboxylic acid (cis-norpinonic acid (2)).

Figure A4. (1S,3R)-3-Acetyl-2,2-dimethylcyclobutane-1-carboxylic acid (cis-norpinonic acid (2)). 1H NMR (400 MHz, CDCl3).

A5 2-(2-Methoxyethoxy)propan-2-yl (1S,3R)-3-acetyl-2,2-dimethylcyclobutane-1-carboperoxoat (3)340

A 50 mL Schlenk flask was charged with cis-norpinonic acid (2) (1.27 g, 7.46 mmol, 1.2 equiv.) and N,N-dicyclohexylcarbodiimid

(1.41 g, 6.84 mmol, 1.1 equiv.) in 30 mL dry DCM. To the white, turbid solution peroxide 1 (934 mg, 6.22 mmol, 1 equiv.)

dissolved in 5 mL dry DCM was added, followed by 4-(dimethylamino)pyridine (76 mg, 0.62 mmol, 0.1 equiv.). The reaction

was stirred at room temperature until TLC (petroleum ether/ethyl acetate 1:1, stained with anisaldehyde or vanillin stain) con-

firmed full conversion. Silica gel was added and all volatiles were removed in vacuo. The crude mixture was directly subjected345

to column chromatography (190 g silica, petroleum ether/ethyl acetate 2:1) and the desired product was obtained as colorless

oil in 60 % yield (1.13 g, 3.73 mmol).
1H NMR (400 MHz, CDCl3) δ 3.77–3.69 (m, 2H), 3.51–3.43 (m, 2H), 3.34 (s, 3H), 2.94–2.85 (m, 1H), 2.85–2.75 (m, 1H),

2.75–2.61 (m, 1H), 2.05 (s, 3H), 1.99–1.87 (m, 1H), 1.47 (s, 6H), 1.42 (s, 3H), 0.98 (s, 3H).
13C NMR (101 MHz, CDCl3) δ 206.5, 169.0, 106.9, 71.9, 61.6, 59.2, 53.3, 45.1, 42.7, 30.4, 30.0, 23.4, 23.1, 19.2, 18.4.350

[α]20D = -18.26 (c 1.60, CH2Cl2).

HRMS (MION2-Orbitrap) [M + CH5N2O]+ calculated 363.2131 u; found 363.2117u.
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Figure A5. (1S,3R)-3-Acetyl-2,2-dimethylcyclobutane-1-carboxylic acid (cis-norpinonic acid (2)). 13C NMR (101 MHz, CDCl3).

O O

OH

O O

O O
O

O
Chemical Formula: C15H26O6

Figure A6. 2-(2-Methoxyethoxy)propan-2-yl (1S,3R)-3-acetyl-2,2-dimethylcyclobutane-1-carboperoxoat (3).

A6 (1S,3R)-3-Acetyl-2,2-dimethylcyclobutane-1-carboperoxoic acid (4)

A 50 mL round bottom flask charged with perester 3 (269 mg, 0.89 mmol, 1 equiv.) in 4.46 mL (freshly prepared) 90 % acetic

acid (60 mmol, 79 equiv.) and BHT (0.1M solution in Et2O, 0.50 mL, 0.05 mmol, 0.06 equiv.). The clear colorless solution was355

stirred at room temperature for 24 hours, at which point TLC (petroleum ether/diethyl ether 1:3, stained with vanillin stain)

confirmed full conversion. The reaction mixture was quenched by addition of saturated aqueous NaHCO3 solution until pH=7

was reached (150 mL). The aqueous layer was extracted with Et2O (4x 150 mL) and the combined organic layer was washed

with small portions of saturated aqueous NaHCO3 (2x 20 mL). It was dried over MgSO4 and the solvent was removed in vacuo.

The crude colorless oil was subjected to high vacuum which resulted in solidification of the material. The desired product was360

obtained as pale-yellow solids in 89 % yield (148 mg, 0.80 mmol) as a 7.1:1 mixture of peracid 4 : acid 2.
1H NMR (400 MHz, CDCl3) δ 11.33 (d, J = 3.4 Hz, 1H), 2.96 (dd, J = 10.6, 7.7 Hz, 1H), 2.90 (dd, J = 10.7, 8.0 Hz, 1H),

2.80–2.71 (m, 1H), 2.08 (s, 3H), 2.03–1.95 (m, 1H), 1.45 (s, 3H), 0.96 (s, 3H).
13C NMR (151 MHz, CDCl3) δ 206.5, 172.6, 53.2, 45.2, 42.1, 30.3, 30.0, 18.8, 18.3.

[α]20D = -11.24 (c 1.70, CH2Cl2).365
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Figure A7. 2-(2-Methoxyethoxy)propan-2-yl (1S,3R)-3-acetyl-2,2-dimethylcyclobutane-1-carboperoxoat (3). 1H NMR (400 MHz, CDCl3).

Figure A8. 2-(2-Methoxyethoxy)propan-2-yl (1S,3R)-3-acetyl-2,2-dimethylcyclobutane-1-carboperoxoat (3). 13C NMR (101 MHz, CDCl3).

A7 Cis-2-(2-Methoxyethoxy)propan-2-yl 2-(3-acetyl-2,2-dimethylcyclobutyl)ethaneperoxoate (6)

A 50 mL Schlenk flask was charged with commercially available cis-pinonic acid (5) [CAS 61826-55-9] (763 mg, 4.14 mmol,

1.2 equiv.) and N,N-dicyclohexylcarbodiimid (783 mg, 3.80 mmol, 1.1 equiv.) in 15 mL dry DCM. To the white, turbid solution

peroxide 1 (518 mg, 3.45 mmol, 1 equiv.) dissolved in 2.5 mL dry DCM was added, followed by 4-(dimethylamino)pyridine

(42 mg, 0.35 mmol, 0.1 equiv.). The reaction was stirred at room temperature until TLC (petroleum ether/ethyl acetate 1:1,370

stained with anisaldehyde or vanillin stain) confirmed full conversion. Silica gel was added and all volatiles were removed in

vacuo. The crude mixture was directly subjected to column chromatography (100 g silica, petroleum ether/ethyl acetate 2:1)

and the desired product was obtained as white oily solids in 59 % yield (643 mg, 2.03 mmol).
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Figure A9. (1S,3R)-3-Acetyl-2,2-dimethylcyclobutane-1-carboperoxoic acid (4).

Figure A10. (1S,3R)-3-Acetyl-2,2-dimethylcyclobutane-1-carboperoxoic acid (4). 1H NMR (400 MHz, CDCl3).

1H NMR (600 MHz, CDCl3) δ 3.74–3.68 (m, 2H), 3.50–3.45 (m, 2H), 3.35 (s, 3H), 2.87 (dd, J = 10.2, 7.6 Hz, 1H), 2.40–2.29

(m, 2H), 2.24 (dd, J = 15.3, 7.6 Hz, 1H), 2.02 (s, 3H), 2.01–1.90 (m, 2H), 1.46 (s, 6H), 1.32 (s, 3H), 0.85 (s, 3H).375
13C NMR (151 MHz, CDCl3) δ 207.3, 169.8, 107.0, 71.9, 61.6, 59.2, 54.2, 43.4, 38.0, 32.0, 30.3, 30.2, 23.1, 23.1, 23.1,

17.4.

HRMS (MION2-Orbitrap) [M + CH5N2O]+ calculated 377.2288 u; found 377.2276u.

A8 Cis-2-(3-Acetyl-2,2-dimethylcyclobutyl)ethaneperoxoic acid (7)

A 100 mL round bottom flask charged with perester 6 (509 mg, 1.61 mmol, 1 equiv.) in 5.4 mL (freshly prepared) 90 % acetic380

acid (85.3 mmol, 53 equiv.) and BHT (0.1M solution in Et2O, 0.30 mL, 0.03 mmol, 0.02 equiv.). The clear colorless solution

was stirred at room temperature for 18 hours, at which point TLC (DCM/MeOH 10:1, stained with vanillin stain) confirmed full

conversion. The reaction mixture was quenched by addition of saturated aqueous NaHCO3 solution until pH=7 was reached

(300 mL). The aqueous layer was extracted with Et2O (4x 250 mL) and the combined organic layer was washed with small

portions of saturated aqueous NaHCO3 (2x 50 mL). It was dried over MgSO4 and the solvent was removed in vacuo. The385

crude colorless oil was subjected to high vacuum, and the desired product was obtained as colorless oil in 78 % yield (250 mg,

1.25 mmol) as 10.2:1 mixture of peracid 7 : acid 5.
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Figure A11. (1S,3R)-3-Acetyl-2,2-dimethylcyclobutane-1-carboperoxoic acid (4). 13C NMR (151 MHz, CDCl3).
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Chemical Formula: C16H28O6

Figure A12. Cis-2-(2-Methoxyethoxy)propan-2-yl 2-(3-acetyl-2,2-dimethylcyclobutyl)ethaneperoxoate (6).

1H NMR: Peracid 7 not distinguishable from acid 5.
13C NMR (101 MHz, CDCl3) δ 208.0, 172.6, 53.9, 43.3, 37.6, 31.3, 30.1, 30.0, 22.9, 17.2.
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Figure A13. Cis-2-(2-Methoxyethoxy)propan-2-yl 2-(3-acetyl-2,2-dimethylcyclobutyl)ethaneperoxoate (6). 1H NMR (600 MHz, CDCl3).

Figure A14. Cis-2-(2-Methoxyethoxy)propan-2-yl 2-(3-acetyl-2,2-dimethylcyclobutyl)ethaneperoxoate (6). 13C NMR (151 MHz, CDCl3).
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