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Abstract: Organic hydroxynitrates (HNs) are key products of hydrocarbon oxidation in the atmo-
sphere. Understanding the fate and processing of these molecules is critical due to their function in
the sequestration of NOx species from the atmosphere and in the formation of secondary organic
aerosol. However, the direct study of individual HNs’ reactivity has been largely hindered by the
lack of authentic standards which has further limited the ability to deconvolute the role of structural
features. Herein, we report the kinetic stabilities of six biogenic volatile organic compound-derived
HN in acidified single-phase organic/water matrices. Lifetimes for tertiary HNs ranged from 15 min
to 6.4 h, whereas secondary HN varied from 56 days to 2.1 years. Product analysis highlights the role
that additional non-hydrolysis reactions have in the condensed phase conversion of HNs. This work
provides the first evidence for the structural dependence of HN stability in bulk mixed media.

Keywords: hydroxynitrates; organic aerosol; monoterpenes; authentic standards

1. Introduction

Hydroxynitrates (HNs) are a dominant class of compounds formed from the oxidation
of volatile organic compounds (VOCs) by the OH and NO3 radicals [1–5]. An example
oxidation scheme for limonene initiated by the OH radical is shown in Figure 1, where
OH adds to one end of the endocyclic double bond, forming an alkyl radical and initiating
a series of radical reactions that ultimately lead to a termination at a closed-shell HN.
HN formation indirectly impacts O3 concentrations by sequestering NOx downstream of
their production [6–11]. Further, we estimate that the addition of alcohol and nitrate ester
functional groups can depress saturation vapor pressures (C*) by a factor of ~4 × 10−5

and drive partitioning into the condensed aerosol phase [5,12–15]. While there is some
understanding of relative yields of HN from monoterpenes, in the absence of commercially
available authentic standards, our understanding of their fate in the condensed phase
remains unknown.

Figure 1. Representative gas phase oxidation reaction of limonene.

Direct photolysis of HN under ambient conditions is believed to be insignificant
while wet and dry deposition are major loss mechanisms in the condensed phase [16,17].
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Similarly, neutral and acid-catalyzed hydrolysis of HNs have been shown to be effective
degradative pathways in bulk, chamber, and ambient studies [18–31]. Hydrolysis can occur
in cloud or fog droplets where liquid water is present, though it has also been observed
when liquid water content is low, suggesting a reaction with dissolved water molecules [29].
For highly substituted HN, this mechanism proceeds via an SN1-type mechanism where
the nitrate ester (−ONO2) functional group leaves, forming a carbocation intermediate that
then undergoes nucleophilic substitution with water, and subsequent deprotonation by
NO3

− to form HNO3 and a diol (Figure 2A). For less-substituted primary HNs, an SN2
mechanism is expected to dominate (Figure 2B). In this case, a two-body transition state
forms when water attacks the nitrate ester containing carbon center, forcing NO3

− to leave,
which can then deprotonate the added water, yielding a diol and HNO3. The product in
both cases is the diol; however, the relative stereochemistry differs depending on whether
the SN1 or SN2 mechanism dominates. It is important to note that for a given substrate,
both pathways can occur and the branching ratio between SN1 and SN2 will be structure-
and matrix-dependent.

Figure 2. (A) SN1 mechanism; (B) SN2 mechanism; (C) E1 mechanism; (D) E2 mechanism.

Alternate reaction pathways, such as E1 and E2 elimination (Figure 2C,D), as well
as carbocation rearrangements, may also be productive for certain substrates. Similar to
SN1 and SN2 reactions, E1 and E2 eliminations proceed by either (1) dissociation of the
nitrate ester leaving group, forming a carbocationic intermediate which then undergoes
deprotonation at an adjacent carbon to form a π-bond; or (2) simultaneous deprotonation
and dissociation of the nitrate ester to form a π-bond. Note that any of the carbocationic
intermediates may rearrange to a more stabilized form faster than elimination or substi-
tution. These rearrangement processes are highly structurally dependent and may form
products that are structurally distinct from their starting materials. For example, in the
synthesis of α-pinene HNs, McKnight observed many rearrangement products [32]. Some
of these rearrangement products were nitrated (1, 2 and 3), and others underwent subse-
quent elimination instead of nucleophilic substitution. Furthermore, none of the expected
primary HN structures were observed (Figure 3A). In addition, our previous work on
elucidating the products formed from a carene-derived HN showed a high dependence on
the matrix (Figure 3B) [31]. In mixed aqueous/organic solvents, cis-diol 5 was the dominant
product, likely formed via substitution pathways. As the aqueous fraction was increased,
a structurally distinct rearrangement product (6) became the major product. These results
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highlight the need to consider alternate reaction pathways beyond SN1/SN2 hydrolysis,
particularly in the context of mixed organic/aqueous matrices expected in OA.

Figure 3. (A) Rearrangement products observed in the synthesis of HN from α-pinene oxide [32];
(B) hydrolysis and rearrangement products observed from carene HN 4 [31].

The molecular structure of the HN has been shown to have a considerable impact on
the observed hydrolysis rates for monoterpene-derived HNs. From bulk studies of terpene-
derived HNs, increased substitution at the carbon center containing the nitrate group
stabilizes the carbocation, resulting in an enhancement in the observed kinetics [18,19,22].
Further, the addition of acid was found to catalyze these bulk phase reactions for secondary
and tertiary nitrates [22,25]. Here, protonation of the nitrate ester destabilizes the substrate
and enhances the release of HNO3, thereby speeding up the kinetics. Chamber studies of
isoprene HN were also observed to be acid catalyzed; however, we note that these reactions
may not be directly comparable to the bulk aqueous results, as organic aerosol as a “solvent”
is quite different from an entirely aqueous solution [29]. The role of solvent in product
distribution and branching remains largely unknown.

Here, we present the results from a series of condensed phase experiments examining
the stabilities of six terpene-derived HN (Figure 4) in single-phase mixed organic/water ma-
trices with and without the addition of acid. Bulk experiments measuring the degradation
or conversion reactions of HN species have almost exclusively been conducted in entirely
aqueous media, while hydrolysis reactions in organic matrices (aerosol) at varying RH
with low liquid water content have been the focus of chamber studies. While we expected
that condensed-phase SN1 and SN2 reactions with water would dominate the reactivity
of our species, the results from product identification imply that additional pathways of
rearrangement and elimination from the carbocation must be considered as well.

Figure 4. Atmospherically relevant hydroxynitrates in this study.
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2. Materials and Methods
2.1. General

All reagents were purchased from commercial sources and were used without fur-
ther purification unless otherwise noted. Hydroxynitrates and epoxides were prepared
according to McKnight (2019) [32]. Diols derived from carene were prepared according to
McAlister (2021) [23]. Diols derived from limonene were prepared according to Lu and
Lin (2011) [33]. Silica gel TLC plates (60 µm) with a fluorescent indicator (254 nm) were
used to monitor the progress of the reactions; they were visualized using UV, anisaldehyde,
or KMnO4 stain. Purification was accomplished with silica gel column chromatography
using a Teledyne Isco CombiFlashC Lumen with 25 µm SiliCycle spherical silica gel. The
1H and 13C NMR spectra were recorded on a Bruker AV400 or AV500 spectrometer and ref-
erenced to the protic residue of the deuterated solvents: chloroform-d (7.26 ppm), dimethyl
sulfoxide-d6 (DMSO-d6, 2.50 ppm), or deuterium oxide (4.79 ppm) unless otherwise noted.
Abbreviations include ethyl acetate (EtOAc), ethanol-d6 (EtOD), column volume (CV),
retention factor (Rf), singlet (s), doublet (d), doublet of doublets (dd), triplet (t), triplet of
triplets (tt), multiplet (m), broad (b), weak (w), medium (m), and strong (s).

2.2. NMR Kinetic Experiments

Three different solvent systems were examined to probe the influence of the aerosol
environment on HN conversion: (i) 25% D2O/DMSO-d6, (ii) acidified 25% D2O/DMSO-
d6, and (iii) acidified 25% D2O/EtOD-d6. A known mass (1–2 mg) of internal standard,
1-bromo-4-chlorobenzene, 1,2,3-trimethoxybenzene, or dimethyl-2-silapentane-5-sulfonate
sodium salt, was dissolved in the appropriate mixture. For acidified experiments, 5 molar
equivalents (with respect to HN) of D2SO4 were added to the solution and mixed. This
solution (0.7 mL) was transferred to an NMR tube, then inserted into the NMR probe
preheated to the desired equilibrated temperature (25–80 ◦C). The instrument was locked
and shimmed using this solution, and a pseudo-2D NMR experiment was created using
the zg2d pulse sequence to record 1H NMR spectra at constant time intervals. The time
between acquisitions (d20) and number of acquisitions (td) was set to obtain the desired
reaction time length (30 min–12 h). Reactions were run until at least 10% of the starting HN
had degraded, which varied significantly depending on the structure. For HN structures
that reacted too slowly at 30 ◦C to be monitored in real time, the reactions were run at
elevated temperatures and the activation energies (Ea) were determined from the Arrhenius
equation (see Supplementary Materials). The solution containing the internal standard
was then removed from the probe, mixed with the respective HN (5 mg), and transferred
back to the NMR tube. The NMR tube was re-inserted into the probe and data acquisition
commenced at the desired temperature for the duration of the experiment. Integration of
the internal standard and starting material signals were measured in MestReNova. The
starting material 1H NMR signal intensity (Table S1) was converted to concentration relative
to the known concentration of the internal standard, and the consumption modeled using
first-order kinetics for the pseudo-2D NMR experiments.

3. Results
3.1. Total Conversion Kinetics of HN in a Mixed Aqueous/Organic Matrix

Six HNs derived from four atmospherically abundant monoterpenes were chosen for this
study: carene, limonene, perillic alcohol, and trans-carveol (Figure 4). Additionally, secondary
and tertiary HNs derived from limonene (2-Lim (9) and 3-Lim (8)) and perillic alcohol (2-Per
(11) and 3-Per (10)) were included to assess the role that substitution and additional oxidation
plays in conversion kinetics of isomeric compounds. Two additional tertiary HNs from
carene (3-Car (4)) and trans-carveol (trans-Car (1)) provided additional insight into the role of
surrounding molecular structure in conversion and product distribution.

To highlight the role of solvent composition on conversion lifetimes, experiments were
conducted in a polar aprotic (DMSO-d6) and a polar protic (EtOD-d6) solvent. Additional
experiments to determine if acid catalysis is involved in conversion were conducted with
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and without the addition of five molar equivalents of D2SO4. We examined the stability
of each HN in a single-phase mixed 25% D2O/DMSO-d6 matrix as a proxy for OA where
no separate liquid water phase is present. We acknowledge that DMSO is aprotic and
ambient OA generally contains an abundance of alcohol and acid moieties; however, this
non-nucleophilic solvent provides a suitable foundation for future experiments. At 25%,
the concentration of water is large enough such that for hydrolysis, a complete substitution
reaction would yield less than a 1% change to the concentration, satisfying the condition
for first- or pseudo-first-order kinetics. Further, these C10 HN species have limited aqueous
solubility (see Supplementary Materials). Therefore, under these conditions we were able
to deconvolute rates of dissolution from the desired rates of conversion.

As HN hydrolysis has been previously shown to be dependent on acid concentration
in both the bulk aqueous phase and in chamber-based SOA studies, we also conducted
each experiment in two different pH ranges (Table 1). Upon conversion of each HN,
HNO3 is released in solution, thereby changing the pH of the solvent. Buffering the mixed
aqueous/organic solutions against the ~30 mM of acid generated during an experiment
was challenging, requiring high concentrations of buffer (~3M) that were significant enough
to impact the polarity of the solvent mixture. Instead, to gain a qualitative understanding
of whether the reactions were susceptible to acid catalysis, parallel experiments were run
with and without the addition of 5 molar equivalents of D2SO4.

Table 1. Lifetimes (hours) of HN conversion in 25% D2O/DMSO-d6 with and without the addition of
5 molar equivalents of D2SO4. Uncertainties, given in parentheses, represent one standard deviation
from triplicate measurements.

HN Structure Temp (◦C) No Acid (h) 5 Molar Equivalent D2SO4 (h)

3-Car (4) 30 0.28 (0.02) 0.25 (0.02)
3-Lim (8) 30 1.45 (0.06) 1.53 (0.1)
2-Lim (9) 80 3.34 (0.3) 2.91 (0.04)
3-Per (10) 50 0.63 (0.03) 0.55 (0.03)
2-Per (11) 80 12.6 (0.6) 9.42 (0.6)

Furthermore, in situ measurements of pH were challenging to conduct in this non-
aqueous matrix due to significant fluctuations of up to 1 pH unit. Stabilization timescales
were often on the order of 10–20 min, exceeding the observed reaction times. Instead, we
measured changes to the pH of bulk 25% aqueous/organic solutions with and without the
addition of 5 molar equivalents of H2SO4 upon titration with HNO3. In 25% H2O/DMSO,
the solution pH changed dramatically from pH 9.8 to pH 3.9 with the addition of 0.2 molar
equivalents (the range of conversion fit for kinetics, see below), while the addition of 5 molar
equivalents of H2SO4 prior had a minor buffering effect, maintaining the pH at 1.7 throughout
(see Supplementary Materials). In 25% H2O/ethanol, the solution changed from pH 6.0 to 1.5,
while the acidified matrix provided some buffering between pH 0.58–0.41 with the addition
of 0.2 equivalents of HNO3 (see Supplementary Materials). Thus, despite being unable to
measure the pH at specified values, a comparison of reaction kinetics with and without the
addition of acid provides a qualitative assessment of the role that acid catalysis may have in
the degradation of each HN (Table 1).

Real-time monitoring of the reaction progress using NMR allowed for the quantitative
tracking of the chemical evolution of our reaction mixtures. Conversion lifetimes were
determined by monitoring changes to a 1H NMR signal unique to the starting material.
The concentration of starting material at each time point was determined using peak
integrations from an unreactive internal standard over the course of 30 min–12 h at a fixed
temperature. Reactions were then modeled using first-order kinetics (Equation (1)) to
determine the conversion lifetime (τ Equation (2)):

d[HN]

dt
= −kobs[HN] (1)
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τ =
1

kobs
(2)

where kobs [s−1] is the observed first-order conversion rate constant. While we report con-
version lifetimes in lieu of rate constants, note that kobs may be second-order with respect
to H2O for hydrolysis reactions, or third-order if there is an acid-catalyzed mechanism.
Reactions were monitored in real time at 30 ◦C for 3-Car (2), 3-Lim (3), and trans-Carv (1),
but proceeded too slowly at this temperature for the other species to be completed on
reasonable timescales. Instead, we calculated activation energies (Ea) from conversion
rates measured at elevated temperatures and estimated the rate constant at 30 ◦C (Table 2).
Finally, we utilized a method of initial rates to determine kobs: for 2-Lim (9), 2-Per (11), and
3-Per (10), this corresponded to 10% conversion of the starting material, however, due to
the real-time rapid conversion of 3-Car (4), 3-Lim (8), and trans-Carv (1), the initial 25%
was fit.

Table 2. Lifetimes (hours) of HN conversion at 30 ◦C in acidified 25% D2O/DMSO-d6. Uncertainties,
given in parentheses, represent one standard deviation from triplicate measurements.

HN Structure 5 Molar Equivalent D2SO4 (h)/30 ◦C

3-Car (4) 0.25 (0.02)
3-Lim (8) 1.53 (0.1)
2-Lim (9) 1340 (200) 1

3-Per (10) 5.94 (0.3) 1

2-Per (11) 18,600 (4000) 1

trans-Carv (1) 0.37 (0.003) 2

1 Calculated from Ea measured at elevated temperatures; 2 conducted in 10% D2O/DMSO-d6 at 25 ◦C.

The decay of the parent HN signal was clear for all the species studied; however,
only trans-carveol HN (1) and carene HN (2) produced easily identifiable major products
that were consistent with E1 and SN1 type reactions, respectively. Unlike that previously
observed by Wang et. al, where reactions in an aqueous matrix were classified as SN1- or
SN2-type reactions, our observations in a mixed aqueous/organic environment indicate
that complex mixtures are formed which appear to be due to a variety of rearrangement,
substitution, and elimination reaction pathways available from the carbocation. Hence, the
reactions we report are discussed below as rates of consumption of the starting HNs as
well as the dynamic spectrum of their products.

3.2. Carene HN

From NMR analyses of 3-Car (4) in 25% D2O/DMSO-d6, we observed similar reaction
products and dynamics (Figure 5) both with (pH 1.7) and without (pH 9.8–3.9 the addition
of 5 molar equivalents of D2SO4. The conversion lifetimes in both pH ranges were within
one standard deviation of triplicate measurements (without acid, 0.28 ± 0.02 h, and with
acid, 0.25 ± 0.02 h), indicating that the reaction rate does not have a strong acid-dependence.
Further, the expected major and minor diol (5) diastereomeric products (-CHOH, dd at
3.37 and 3.08 ppm, respectively), and rearrangement diol 6 were observed in both cases
(Figure 2A) with similar overall yields (cis-diol 5 25%, trans-diol 5 21%, and rearrangement
diol 6 13%). In addition, conversion lifetimes were measured in an acidified polar protic
solvent (EtOD-d6) at 25% D2O at 30 ◦C (Table 3). The lifetime in 25% D2O/EtOD-d6 was
more than twice that of the reaction conducted in 25% D2O/DMSO-d6.

3.3. Limonene HN

We measured the conversion lifetimes of the 2-Lim (9) and 3-Lim (8) isomers to
highlight the role of nitrate substitution on the stability of HN isomers. The 3-Lim (8)
conversion was fast enough to be monitored in real time at 30 ◦C with and without
the addition of 5 molar equivalents of D2SO4. The addition of the acid did not have a
discernable influence on the conversion lifetimes within one standard deviation of triplicate
measurements (without acid, 1.45 ± 0.05 h, and with acid, 1.53 ± 0.1 h). The 2-Lim (9)
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reacted too slowly at 30 ◦C to be observed in real time. Instead, the conversion lifetime was
estimated by extrapolation from its activation energy measured at elevated temperatures
(65–80 ◦C). We conducted one set of parallel reactions at 80 ◦C which resulted in the fastest
conversion timescale with and without the addition of 5 molar equivalents of D2SO4. The
conversion lifetimes were 12% faster at lower pH, indicating the presence of acid-catalyzed
mechanism(s). To deconvolute the role of a changing pH on conversion kinetics, we only
measured the Ea under acidified (pH 1.7) conditions. From the slope of the Arrhenius
plot (Figure S2) we measured an Ea of 111 kJ/mol and calculated a conversion lifetime of
55.8 days at 30 ◦C. As observed for 3-Lim (8), reactions conducted in a 25% D2O/EtOD-d6
solution at 65 ◦C were roughly 2–2.5 times slower than in DMSO-d6. Unlike the 3-Car (4),
we were unable to clearly identify any of the major products from either 3-Lim (8) or
2-Lim (9). Further, by comparison of 1H NMR spectra of authentic standards prepared in
house, we were unable to definitively identify any of the four expected diol diastereomers
from hydrolysis.

Figure 5. (A) Substitution and rearrangement reaction products from 3-CN (4); (B) time series for the
conversion of 3-Car (4) and the formation of the major products in acidified 25% D2O/DMSO-d6.

3.4. Perillic Alcohol HN

Conversions of both 2-Per (11) and 3-Per (10) were too slow to measure at 30 ◦C in real
time, and instead lifetimes at 30 ◦C were estimated from Ea determined from reactions at
elevated temperatures (65–80 ◦C). Reactions were conducted in both pH regimes, with and
without the addition of acid at 50 and 80 ◦C for the 3-Per (10) and 2-Per (11), respectively.
In both cases we observed a slight decrease in the conversion lifetimes with the addition of
acid, indicating that the processes are, in fact, acid-catalyzed (Table 1). From the Arrhenius
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plots constructed at 40–60 ◦C for 3-Per (10) and 65–80 ◦C for 2-Per (11), we determined Ea
of 101 ± 3 kJ/mole and 136 ± 5 kJ/mole, respectively (Figures S3 and S4). The conversion
lifetimes at 30 ◦C were thus predicted to be 5.93 ± 0.3 h for 3-Per (10) and 775 ± 200 days
for 2-Per (11). Further, consistent with the carene and limonene HN reactions conducted in
acidified 25% D2O/EtOD-d6, conversion was slower by a factor of 2–3. In contrast to the
3-Car (4), the NMR analyses of the 2-Per (11) and 3-Per (10) did not show clear evidence
for the major expected diol products. Only the 3-Per (10), however, had a clear aldehyde
shift (-CHO at 9.3 ppm) that was potentially the result of an elimination reaction to form an
enol-12, which then tautomerized to the keto form (12, Figure 6).

Table 3. Lifetimes (hours) of HN conversion in acidified 25% D2O/EtOD-d6 and 25% D2O/DMSO-d6.
Uncertainties, given in parentheses, represent one standard deviation from triplicate (DMSO) or
duplicate (EtOD) measurements.

HN Structure Temp (◦C) 25% D2O/DMSO-d6 25% D2O/EtOD-d6

3-Car (4) 30 0.25 (0.02) 0.63 (0.01)
3-Lim (8) 30 1.38 (0.05) 4.72 (0.4)
2-Lim (9) 65 15.87 (0.6) 39.57 (2)
3-Per (10) 50 0.54 (0.03) 1.38 (0.04)
2-Per (11) 65 55.56 (0.6) 143.93 (20)

Figure 6. Proposed mechanism of aldehyde formation from 3-Per (10).

3.5. Trans-Carveol HN

Trans-Carv (1) was the most unstable starting material at room temperature in its pure
phase. Due to the high instability, the conversion lifetime (22 min) was only investigated in
a non-acidified 10% D2O/DMSO-d6 solution at 25 ◦C (Figure 7). Based on previous work,
we hypothesized that either trans-sobrerol or pinol would form from trans-Carv (1) via
inter- or intramolecular SN1 reactions [25,34]. However, under our reaction conditions,
complete E1 elimination proceeded over the course of 60 min to produce trans-carveol with
a yield of 90%. While there were other minor products present in the reaction mixture, we
did not detect trans-sobrerol or pinol in our NMR analyses.
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Figure 7. (A) Elimination and substitution reactions of trans-Carv (1); (B) time series for the conversion
of trans-Carv (1) and the formation of trans-carveol in 10% D2O/DMSO-d6 at 25 ◦C.

4. Discussion

Overall, the rate constants of all secondary species were slower than those of the
tertiary compounds, as expected from the enhanced stabilization of the carbocation inter-
mediate on a more highly substituted carbon center. Using the Eas determined above, we
estimated that conversion lifetimes at 30 ◦C and pH 1.7 were, on average, 3–4 orders of mag-
nitude shorter for the tertiary HN than the secondary species. Among the tertiary species,
we observed a relative ordering of conversion rates, 3-Car (4) < 3-Lim (8) < 3-Per (10),
which is driven by the molecular structure. The difference in structure between 3-Per
(10) and 3-Lim (8) is the presence of an additional alcohol group on the adjacent carbon.
This moiety has the effect of further stabilizing the nitrate group through intramolecular
hydrogen bonding, resulting in longer conversion lifetimes over limonene HN. This same
trend is observed for the secondary 2-Lim (9) and 2-Per (11). The 3-Car (4), on the other
hand, is unique among this group as a bicyclic structure that exhibits additional ring strain
on the carbon which bears the nitrate group. As a result, there is an enhancement in the
effectiveness of the nitrate ester in leaving. The lifetimes from our study were, on average,
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longer than those measured for bulk-phase aqueous reactions of other biogenically-derived
HNs by up to an order of magnitude.

In our previous investigations of 3-Car (4), we saw clear evidence for carene epox-
ide (7), which was confirmed by comparison to an authentic standard (dt at 0.40 and
0.32 ppm). At low concentrations of water (8.4% D2O), the epoxide (7) was the dominant
product early in the reaction [23]. Its concentration peaked and decayed rapidly over the
last half of the reaction (Figure S9). At 12 min, corresponding to 40% conversion of the
starting material, the epoxide (7) stopped accumulating and began to decay. As the rate
of epoxide (7) formation began to slow, the rate of diol (cis-5) formation concomitantly in-
creased to a yield of 46%. Coincidentally, the second diol (trans-5) signature (dd, 3.08 ppm)
began to form, presumably due to the hydrolysis of the epoxide (7), reaching an overall
yield of 10% as the epoxide signal decayed. The initial induction period for diol (trans-5)
formation is likely due to competitive formation of epoxide (7) and its subsequent hydroly-
sis (Figure S9). At higher concentrations of water (Figure 5B), the reaction progression is
faster; while the initial conditions still favored the formation of the epoxide (7), the peak
concentration is prior to the start of data acquisition. This observation correlates with
the difference in dielectric constants of DMSO-d6, which is roughly twice that of EtOD-d6,
which may indicate that the carbocationic intermediate is less stabilized and hence results
in slower reaction kinetics. We note that the product yields are also slightly different
(cis-diol 7%, trans-diol 27%, rearrangement 26%). This observation is consistent with our
previous findings that the polarity of the matrix impacts the relative rates of carbocation
substitution and rearrangement.

In the analogous studies of 2-Lim (9) and 3-Lim (8) in 100% D2O, both isomers were
observed to undergo acid-catalyzed reactions that were significantly faster than those
observed here (5.7–6.6 min at pH 0.33–2.38 for 3-Lim (8) and 9.8 days at pH 0.33 for
2-Lim (9)) [22]. Together, these observations suggest that the mechanisms are different
between the two systems and are thus strongly dependent on the solvent composition.
Further, we were unable to identify any of the major hydrolysis products expected and pre-
viously identified by Wang [22]. Together, these observations imply that the HN conversion
mechanisms in this mixed aqueous/organic environment are different from those which
dominate in an entirely aqueous solution. Further, while the exact products and conversion
mechanism(s) remain unknown, the first-order kinetic behavior of these systems supports
a dominant process that is unimolecular. Additional work to characterize the products is
needed to better determine the dominant mechanisms.

5. Conclusions

The results from this work provide the first evidence for the structural dependence
of HN stability and reactivity in mixed condensed-phase aqueous–organic matrices. The
observed kinetics indicate that, under ambient conditions, tertiary species may undergo a
rapid transformation on timescales < 7 h, while secondary species may remain stable on
timescales well beyond the lifetime of an average aerosol particle. These lifetimes are far
longer on average than expected based on past studies. However, our results only represent
those from a particular set of conditions and highlight the need for more targeted studies
aimed at identifying the role of solvent/aerosol composition on conversion lifetime. Finally,
we unexpectedly observed the predicted hydrolysis product from only one of the six HNs
in this study in contrast to previous studies conducted in 100% water. The identities of the
products from the other five HNs are unknown, and their chemical structure will have a
direct influence on their physiochemical properties, particularly relating to reactivity with
oxidants (OH, NO3, or O3) or volatilization from the aerosol phase. These, in turn, may
impact bulk aerosol properties and particle size. Product identification and the study of
their respective properties and reactivities will be the focus of future work. Further, the
contrast in our observed products for trans-carveol HN with the work of Rindelaub and
Bleier further highlights the role of the surrounding matrix on product formation [25,34].
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This motivates future investigations into the role of RH and water concentration on non-
hydrolysis pathways for the fate of HN.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/atmos13040592/s1, pH studies of mixed water/organic solvents,
Arrhenius plots, diol synthetic procedures, diol and HN solubility studies, and NMR progres-
sion stacks.
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