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38 ABSTRACT During the past few years nitrate chemical ionization has been used to detect
highly oxidized products from OH- and Os;-initiated alkene autoxidation. These have been
43 speculated to play a significant role in atmospheric aerosol formation. As less oxidized
45 autoxidation products have not been detected using nitrate chemical ionization, and the absolute
concentrations of the highly oxidized species are as yet unknown, other reagent ions, such as
50 acetate, are needed to both verify the detection efficiency of nitrate chemical ionization, and to
52 measure the less oxidized compounds. Here we compare the formation free energies of the
acetate and nitrate clusters of several atmospherically relevant RO, intermediates and products

57 derived from cyclohexene ozonolysis, calculated at the ®B97xD/aug-cc-pVTZ level of theory.
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We found that for the molecules with one hydrogen bonding peroxy acid group, the binding with
nitrate is on average 7.5 kcal/mol weaker than with acetate, and the binding is on average 10.5
kcal/mol weaker for molecules with two hydrogen bonding peroxy acid groups. We also
calculated the deprotonation energies of the RO, intermediates and the closed-shell products, and
found that acetate is able to deprotonate almost all of these molecules, while deprotonation with

nitrate is (as expected for the conjugate base of a strong acid) not favorable.

INTRODUCTION

According to the latest IPCC report,' the largest uncertainty in the radiative forcing of the
atmosphere comes from aerosols. A large part of the atmospheric aerosols are secondary organic
acrosols (SOA).>® However, there has been a discrepancy between measured and modelled
formation and growth rates of SOA, and often the models have underestimated the growth rates
compared to the measured ones.”” Recently detected highly oxidized multifunctional
compounds, also known as HOMs, derived from the autoxidation of biogenic volatile organic
compounds (BVOCs), have been suggested to contribute significantly to both the formation and
growth of the SOA.*" Even though the highly oxidized molecules have been included in the
modelling of particle growth rates, there is still a discrepancy between measured and modelled
rates indicating that current gas-phase measurements likely underestimate the concentrations or
formation rates of low-volatility organic compounds in the gas-phase.® There are likely many
compounds in the ambient air that have yet not been detected with the current gas-phase
measurement techniques.*” The under-estimation of SOA concentrations in the large-scale

modelling can lead to significant errors in the predictions of radiative forcing.
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Recently many different types of neutral molecules, among others HOMs, have been detected
in the gas-phase using Chemical Ionization Atmospheric Pressure interface Time-Of-Flight mass
spectrometers10 (CI-APi-TOF). In this instrument, neutral gas-phase sample molecules (RH) are
chemically ionized with a reagent ion under atmospheric pressure and temperature. The reagent
ion can be either an anion (Q’) or a cation (QH") depending on the compounds that are being

measured. In the measurements of oxidized and acidic compounds, a negative ion is most often

used:
R1
N R2 R3

RH + Q™ - RH(Q™) - QH(R™) —» QH + R™,
R4

where R1 is an adduct formation/clustering reaction, R2 is a proton exchange reaction, and the
fragmentation reactions, R3 and R4, are deprotonation and declustering, respectively. For
smaller molecules, such as H,SOy, it is possible that the deprotonation happens before the cluster
is stabilized (thermalized) by collisions with gas molecules. In addition to the number and
energies of the accessible vibrational modes, and the total pressure, the probability that a cluster
is collisionally stabilized also depends on the relative energies of R1 and R3. If the collisional
stabilization of the cluster is incomplete, more exothermic clustering reactions (R1) and less
endothermic deprotonation reactions (R3) will both lead to higher fractions of deprotonated
sample molecules. The ion-molecule clusters studied here all have binding energies of tens of
kcal/mol. For the larger molecules that possess many tens of vibrational degrees of freedom, the
nascent collision products (i.e. the clusters formed immediately from the ion-molecule collision
reaction R1, which still contain all the excess energy of the formation reaction) therefore
generally live long enough to be collisionally stabilized. Both deprotonation and declustering
will thus occur at their thermal reaction rates (typically on a timescale of at least micro- or

milliseconds) rather than on the sub-nanosecond timescale of molecular collisions. The mass
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spectrometer is able to detect the neutral sample molecule as either of the clusters, or the
deprotonated R".
In a system where the reagent ion can form dimers (QH(Q")), the RH(Q") clusters can also be

formed by a ligand exchange reaction (R5):

QH(Q™) +RH S RH(Q™) + QH,
if the binding of QH(Q") is weaker than (or at least not much stronger than) the binding of RH(Q"
). Ligand exchange reactions may also involve other types of reagent ion complexes, such as
hydrates: (H,0)Q", (H,0),Q’, etc. In systems where the concentration of QH is high and QH(Q")
strongly bound, the dominant reagent ion is the dimer QH(Q"), and the difference in the binding
energies of QH(Q") and RH(Q") will determine the sensitivity towards the sample molecule RH.
Nitrate (NO3") was originally used to detect sulfuric acid (H,SO,) as a deprotonation product
(HSOy), and it was recently noticed to be an especially selective reagent ion also towards highly
oxidized organic molecules.'' It has since been used to detect highly oxidized compounds in both

16.1718 The main detection mechanism with nitrate is

field,'>'*!'*'> and laboratory measurements.
cluster formation. Only strong acids, such as H,SOy, can also be detected as deprotonated ions.!!
Acetate (CH3C(O)O") chemical ionization has been used in combination with various

19,20

instruments to measure less oxidized ozonolysis products of for instance a-pinene, and other

smaller organic acids from the ambient air.*'**

With acetate ionization, the neutral sample
molecules are detected as both clusters and deprotonation products. The method was especially
developed to detect atmospherically relevant acids in the gas-phase by proton exchange.!
Acetate is able to deprotonate acids that have a higher gas-phase acidity than acetic acid, i.e. for

which R+ QH is energetically more favorable than RH + Q. If the cluster is very stable, a

fraction of the neutral molecules are also detected as clusters. In addition, the deprotonated
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sample molecules are able to cluster with other neutral sample molecules.”” This makes the
quantification of the sample molecules more difficult, as one has to account for signals of both
the clusters and the deprotonation products.

A combination of laboratory experiments using nitrate chemical ionization and quantum
chemical calculations demonstrated the formation of highly oxidized organic compounds from
ozone-initiated autoxidation of cyclohexene. '® A formation mechanism and associated molecular
structures were calculated for four closed-shell (a molecule with no unpaired electrons) products,
CsHgOs, CsHgO7, CcHgOg and CgHgOy, but only the three latter elemental compositions were
actually detected using nitrate chemical ionization. Quantum chemical calculations on the
formation free energies of the nitrate clusters of these molecules showed that the binding
between the less oxidized closed-shell products and nitrate is weaker than the binding in the
reagent ion dimer, HNO;(NO5).** In another laboratory study by Berndt et al,? cyclohexene
ozonolysis products were measured using both acetate and nitrate ionization. In that study also
several open-shell (a molecule with at least one unpaired electron) peroxy radical(RO,)
intermediates, C¢HoOg CsHoOg and CgHoOjo, were detected. The detection sensitivity with the
two reagent ions was found to be similar, especially towards the highly oxidized RO, radicals.
They were also not able to detect the closed-shell product with only one hydroperoxy group,
CsHgOs, using nitrate ionization, but with acetate, this product was detected.

Laboratory experiments comparing acetate and nitrate as reagent ions measuring
monoterpene26 and sesquiterpene”’28 ozonolysis intermediates have shown that the RO, radicals
with lower oxygen content have a lower sensitivity using nitrate chemical ionization.”>**

However, because of the higher background noise, the highly oxidized compounds with low
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concentrations are more difficult to detect using acetate.”® Also, certain closed-shell ozonolysis
products have been reported to have a lower sensitivity using acetate than using nitrate.>**

The chemical ionization process has previously been modelled by calculating the binding
energies between nitrate and the closed-shell products of cyclohexene ozonolysis.”* Based on the
quantum chemical calculations and measurements'® with nitrate CI-APi-TOF, it was concluded
that at least two hydroperoxy groups are needed for the closed-shell ozonolysis products of
cyclohexene to be detected with this instrument.”* Calculations on smaller RO, radicals with
varying functional groups show that acetate has a stronger binding (by around 4-11 kcal/mol
depending on the radical) than nitrate.”® The calculations also showed that the binding to reagent
ions for species containing a hydroperoxy group is stronger than for those containing a hydroxy
group, but carboxylic acids bind even stronger than hydroperoxides. Quantum chemical
calculations have also been used to model sensitivities in an iodide based chemical ionization
mass spectrometer (CIMS), comparing the binding enthalpies with measured sensitivities. A
chemical ionization mass spectrometer with an iodide reagent ion was found to have a maximum
sensitivity for molecules that have higher than 26 kcal/mol binding enthalpy with the iodide ion,
calculated at the DLPNO-CCSD(T)/def2-QZVPP//PBE/aug-cc-pVTZ-PP level of ‘[heory.29 For
the weakest binding closed-shell cyclohexene ozonolysis derived autoxidation product, CsHgOs,
the formation free energy of the cluster with nitrate is -15.3 kcal/mol (corresponding to a 28.5
kcal/mol binding enthalpy), calculated at the DLPNO-CCSD(T)/def2-QZVPP//®wB97xD/aug-cc-
pVTZ level — which should presumably yield similar results.”* Using nitrate, where the main
reagent ion is often the dimer (QH(Q")), the chemical ionization through ligand exchange
(reaction R5) depends on the relative binding energy between the sample molecule and the

reagent ion dimer. In contrast, the main reagent ion in an iodide CIMS is likely the monomer (Q
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), or a weakly bound iodide-water cluster, and thus the sensitivity depends mainly on the
absolute binding energy.

Intramolecular H-shifts have been computationally found to be fast between peroxy radical and
hydroperoxy groups.®® As there is a peroxy radical group and one or several hydroperoxy groups
in the highly oxidized RO, radicals formed in autoxidation, this rapid H-shift scrambling should
be taken into account in determining the reaction mechanism of the autoxidation processes.
Figure 1 shows the proposed highly oxidized RO, radicals derived from cyclohexene

18,25

ozonolysis (left column) and the possible isomers after H-shifts between the peroxy radical

group and hydroperoxy groups (on the right).

CeHeOs o, N L _o—=mno N _~_L_o
\O = \O =

H ~ H ~ ¢ ~
o) %o o) %o o) %o
CeHeOs HO\O)K/\)YO — 'O\OJ\/\)\,?O — Ho\O)K/\)Yo
O O~oH O~oH
o Moy o HO
S,5-CeHoO . : — o, -
$-CeHeOr0 HO 0 NN 0
~0 OoH on  oH
o Hoy o Ho
R,S-CgHgO1o HO\OMO = -O\O)J\;/\/'\’//O
%o Oon %on  %on

Figure 1 Cyclohexene ozonolysis derived highly oxidized RO, radicals by Rissanen et al.'® on
the left column (C¢HoOg, CsHoOg, S,S-C¢HoO1p, and R,S-C¢HoO1p). On the right are the possible

products of rapid H-shift scrambling reactions.
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The peroxy radical C¢HyOj¢ also has two possible diastereomers. Depending on the formation
pathway, the ratio of the different diastereomers might vary. Here we first calculate the energies
of all of the isomers and diastereomers. We subsequently assume for simplicity that most of this
radical is in the lowest-energy isomeric form, and calculate the binding energies to the reagent
ions only for that structure. (Binding energy differences between diastereomers are likely to be
small as the hydrogen bonding functional groups are identical.) For the smallest RO, radical in
the study, CsH9Os, we also calculate the binding energy of the other isomer in Figure 1 to check
how much the change in the functional group positions of the radical affects the binding.

In this study, we compute the lowest-energy conformers of i) all the RO, radical isomers
described above, ii) acetate and nitrate clusters of the lowest-energy RO, radical isomers, iii)
acetate clusters of the previously calculated closed-shell species,” iv) deprotonation products of
the lowest-energy isomers of the two smallest RO, radicals and all of the closed-shell molecules
v) H,SOy4 clusters with both acetate and nitrate. With these calculations, we aim to explain the
differences in the detection efficiencies of some of the highly oxidized ozonolysis intermediates
and products of cyclohexene using acetate and nitrate reagent ions by comparing the

computational results with available experimental results.”

METHODS

Energy calculations were done similar to a previous study on the binding energies of the
closed-shell species with the nitrate reagent ion,”* allowing us to compare the energies directly.
The conformational search was done using MMFF molecular mechanics on Spartan *14.>" The
keyword FFHINT=0x~~6 (x is the atom number of the radical oxygen) was used for the RO,

radicals to change the type of the radical oxygen to prevent the MMFF force field from treating it
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as an anion.”> The initial B3LYP/6-31+G* level single-point energies of all of the found
conformers were calculated using Spartan‘14. Initial geometry optimizations of all conformers
within 5 kcal/mol from the lowest-energy conformer, based on the single-point electronic
energies, were calculated with either Spartan ‘14 or Gaussian 09.* Using Spartan, duplicates
were removed after 10 optimization cycles. For the clusters with less than about 100 conformers,
the initial B3LYP optimizations were calculated using Gaussian 09. The final ®B97xD/aug-cc-
pVTZ level (aug-cc-pV(T+d)Z***>¢ basis set for sulfur) geometry optimization and harmonic
frequencies were calculated for all conformers within 2 kcal/mol from the lowest-energy
conformer using Gaussian 09 with the ultrafine integration grid. For the free radicals with more
than 100 conformers within 2 kcal/mol, the frequencies were only calculated for the conformers
within 1 kcal/mol from the lowest wB97xD/aug-cc-pVTZ electronic energy conformer.
Opt=Tight was used for the ®B97xD/aug-cc-pVTZ optimization of the acetate clusters that had
an imaginary frequency corresponding to the rotation of the methyl group. In the optimization of
the lowest free energy CsHgOo(CH;3(O)O") cluster, a superfine integration grid was used to
converge the maximum and root mean square forces to zero and the frequencies were calculated
at that geometry even though the displacements had not converged. This was necessary to
remove a spurious low-lying imaginary vibrational frequency that persisted despite the
Opt=Tight setting. (The electronic energy was recomputed at the same geometry using the
ultrafine integration grid to keep results comparable).

Final single-point energies on the ®B97xD/aug-cc-pVTZ geometries of the lowest free energy
closed-shell molecules and clusters were calculated at the DLPNO-CCSD(T)/def2-QZVPP level
of theory using ORCA.*” DLPNO-CCSD(T)/def2-QZVPP calculations could not be done on the

radical species and the cost-effective coupled cluster method used in our previous studies of
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autoxidation reactions, ROHF-ROCCSD(T)-F12a/VDZ-F12, proved to be too computationally
demanding for even the smallest of the RO, intermediates when clustered with a reagent ion.
Fortunately, the DLPNO-CCSD(T) corrections to the formation energies of the highly oxidized
products are small, and always positive for the acetate clusters and negative for the nitrate
clusters, on average 0.8 kcal/mol and -0.4 kcal/mol, respectively. Unless otherwise mentioned,
all of the energies presented here are the ®B97xD/aug-cc-pVTZ level Gibbs free energies at 298
K.

Our previous values for the energies of the closed-shell species and their nitrate clusters** were
used as a starting point of the calculations. However, with the new calculations we found new
lowest free energy clusters for some of the sample molecules, see Supporting Information for
more details. Also, in our previous calculations the symmetry number of nitrate was incorrectly
1, rather than 6. This leads to an error of around 1 kcal/mol in the Gibbs free energies of
formation of all the clusters, which does not affect the conclusions of that paper as the energies
relative to the HNO3(NOs3") reagent ion dimer stay the same. For this article we used the correct

symmetry number 6 for nitrate.

RESULTS
RO, RADICALS

Due to the intramolecular hydrogen bonding of the peroxy acid group, the lowest-energy
isomers of the RO, radicals are the ones with either one (CsHygOg) or two (CsHyoOg and CsHyO)
peroxy acid groups, one peroxy radical group, and zero (C¢H9Og and CcHoOg) or one (CsHoO1)
hydroperoxy groups. The lowest-energy structures of C¢HyoOg and CsHy9Og are shown on the

right-hand-side, and of CcHoOjo on the left-hand-side in Figure 1. For the smallest RO, radical,
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CsHoOg, the energy difference between the two isomers is the largest, around 10 kcal/mol, and
for the larger RO, radicals the energy difference is slightly smaller, around 8 kcal/mol. The
lower-energy isomer of the R,S-C¢HyO( diastereomer has around 1 kcal/mol lower energy than
the S,S-C¢HoO,( diastereomer.

The binding energies to the reagent ions were calculated for both of the isomers of C¢HgOg.
The hydrogen bonding groups in the higher-energy and lower-energy isomer of C¢Ho9Og are a
hydroperoxy group and a peroxy acid group, respectively. As the hydrogen bonding group in the
lower-energy isomer is able to form a strong intramolecular hydrogen bond within the peroxy
acid group, the binding with the reagent ions is weaker (the hydrogen bond has to be broken in
order to form the hydrogen bond with the reagent ion) than for the higher-energy isomer which
has no strong intramolecular hydrogen bonds. However, the difference in the binding energies to
the reagent ions between the two isomers of that radical is small; only 0.6 kcal/mol with acetate

and 1.8 kcal/mol with nitrate.

CLUSTERING ENERGETICS

The formation free energies of the acetate and nitrate clusters are presented in Table 1 and
Figure 2. In Figure 2, the formation free energies are drawn relative to the reagent ion dimer
(QH(Q")), and the H,SO4(Q") free energy has been drawn as reference line, as H,SO, is often
used for the concentration calibration of CIMS instruments. The detection efficiency of the
highly oxidized molecules is often assumed to be the same as the detection efficiency of H,SOy,
and the calibration factor derived from H,SO4 measurements has been used to obtain lower limit
concentrations for the highly oxidized molecules.”” From the energetics in Table 1 and Figure 2

we can see that H,SO4 binds strongly with both acetate and nitrate, and that neither of the reagent
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ions bind as strongly with any of the studied highly oxidized molecules. This means that the
measured concentrations of the highly oxidized organics are at least not over-estimated if the
detection efficiency is assumed to be the same as the detection efficiency of H,SOj.

Table 1 The formation free energies (AG) of the studied clusters in kcal/mol (at 298.15 K and 1
atm reference pressure) at the ®B97xD/aug-cc-pVTZ level of theory. Note that the results are
slightly different from those given in Hyttinen et al.** due to the use of the correct symmetry

number for the nitrate ion.

CH,C(0)0 NO;

CgHgOs -24.18 -17.08
CsHqOg -26.54 -18.60
CsHgO4 -33.51 -23.12
CsHgOg -33.91 -23.49
CeHsO0o -38.73 -27.47*
CeHgO19 -37.86 -27.10
Reagent dimer -17.64 -21.33%
H,SO, -43.92 -32.65

— A 0 = Closed-shell
g 10 - A Open-shell
= A —— CH.C(O)OH
© 3

S 154 HNO,

~ n A 5

9 . a [—HS0,

<

)
)
1
4

-104
254

T T T T T T T T T T T
5 6 7 8 9 10 5 6 7 8 9 10
Number of oxygens Number of oxygens

Figure 2 wB97xD/aug-cc-pVTZ level formation free energies of the acetate (left panel) and

nitrate (right panel) clusters, relative to the reagent ion dimer QH(Q"), in kcal/mol.
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The formation free energies follow a similar pattern with both acetate and nitrate, but the
binding of the acetate clusters is much stronger than that of the nitrate clusters, around 7.5 and
10.5 kcal/mol for the sample molecules that have one and two peroxy acid groups binding with
the reagent ion, respectively. In addition, the binding of the HNO3(NOs)™ cluster is much stronger
than that of the CH3C(O)OH(CH3C(O)O) cluster. The ligand exchange reaction (RS5) is thus
generally less favorable for nitrate than for acetate. Two of the sample molecules are more
weakly bound to nitrate than nitric acid is.

The DLPNO-CCSD(T)/def2-QZVPP correction to the ®B97xD/aug-cc-pVTZ electronic
energies of the closed-shell products studied here result in on average 0.8 kcal/mol weaker
binding for the acetate clusters and 0.4 kcal/mol stronger binding for the nitrate clusters (see
Table S1 of Supporting Information), indicating that the wB97xD/aug-cc-pVTZ level binding
energies with acetate are slightly over-estimated and the binding energies with nitrate are slightly
under-estimated compared to the coupled cluster energies. The real difference between the two

reagent ions is thus likely slightly smaller than indicated by Table 1 and Figure 2.

DEPROTONATION REACTIONS

To investigate the deprotonation process, the energy of the deprotonated lowest-energy
isomers of the RO, radicals and of all of the closed-shell species, were calculated. Figure 3
shows the lowest-energy conformers of these deprotonation products. In C¢H;07, Ce¢HgOs',
CsH70¢", and CcHgO1o the O, group is hydrogen bonded to one or two hydroperoxy groups,
making the structure more stable. C¢H7Os™ and C¢HgOgs™ do not have any hydroperoxy groups left
after the deprotonation, making the ion relatively less stable. Increasing the number of

hydroperoxy groups in the deprotonated sample anion (R") from zero to one decreases the free
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energy difference between the RH + Q and R™ + QH channels by more than 10 kcal/mol due to

the formation of a stabilizing intramolecular OO"...HOO bond in R’, but the difference between

systems with one and two hydroperoxy groups is very small, less than 4 kcal/mol (see Table 2).
a)

b) c)

Figure 3 The lowest-energy structures of the deprotonated RO, radicals (the peroxy radical
groups are on the bottom right corners of the individual structures), a) CcHgOg', b) C¢HsOs', c)
CsHgOjp and closed-shell species, d) CcH70s5", ) CsH,07, f) C¢H709". Color coding: grey =

carbon, red = oxygen, and white = hydrogen.

Table 2 Free energy and enthalpy differences between the deprotonation products and both the

neutral sample molecule and the reagent ion, and the cluster, at the ®B97xD/aug-cc-pVTZ level

of theory.
Q CH;C(0)O NO;
R RH+Q ->R +QH RH(Q)->R + QH RH+Q ->R +QH RH(Q)->R +QH
AG AH AG AH AG AH AG AH

CgH,05 -9.07 -13.07 15.11 25.36 13.24 11.23 30.32 40.77
CeHgO¢ -4.50 -8.18 22.04 32.23 17.81 16.12 36.41 46.85
CgH,04 -20.06 -24.38 13.45 23.76 2.25 -0.09 25.37 34.99
CeHgO0g -21.02 -25.85 12.89 22.77 1.30 -1.56 24.79 34.25
CgH,04 -23.68 -27.75 15.04 24.87 -1.37 -3.46 26.09 35.58
CeHgO01 -24.94 -30.54 12.92 23.27 -2.62 -6.25 24.48 33.58
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HSO, 3443 | 3498 | 949 | 2162 | -1212 | -1069 | 2053 | 3220 |
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With acetate, all of the R™ + QH free energies (and enthalpies) are lower than the RH + Q°
energies, making the deprotonation of RH more favorable than the cluster fragmenting into RH +
Q". However, the free energy needed to fragment the CsHyOgs(CH3C(O)O") cluster into CcHgOg +
CH;3C(O)OH is 22.0 kcal/mol, which is much higher than for the other species. For instance, the
free energy difference between the C¢HoOg(CH3;C(O)O") cluster and the deprotonated radical
C¢HsOg  + CH3C(O)OH is only 12.9 kcal/mol, with the products lying 21.0 kcal/mol below the
original reactants C¢HoOg + CH;C(O)O". If the CcHyoOg(CH3C(O)O") cluster fragments, the
C¢HsOg™ + CH3C(O)OH channel is thus much more favorable than the CcHyOg + CH3C(O)O".

With nitrate, the deprotonation of C¢HygO1¢ 1s only 2.6 kcal/mol more favorable than the cluster
fragmenting into C¢HoO;9 + NO;3™ and the deprotonation of all the other species is even less
favorable. Also, all of the energies needed to split the clusters into R™ + QH are much higher with
nitrate (QH=HNO3) than with acetate (QH=CH;C(O)OH).

Figure 4 shows the relative energies between the acetate and nitrate clusters, and the two
cluster fragmentation channels. As a reference also data for H,SO, are given, as HSO4 is known
to be deprotonated in negative ion mode CI-APi-TOF measurements. The deprotonation of
H,SO,4 with acetate and nitrate is 34.4 kcal/mol and 12.1 kcal/mol more favorable in free energy
than the fragmentation of H,SO4(CH;C(O)O") and H,SO4(NO5") into H,SO4 + CH3;C(O)O"™ and
H,SO4 + NO3', respectively.

Reaction dynamic simulations using the MESMER program®® and similar parameter values
that were used in our previous study’’ indicate that under atmospheric conditions the
H,SO4(NOs3") clusters are completely collisionally stabilized, as the yield of products did not

change when the total pressure was varied between 1 atm and 107 atm. The results were not
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sensitive to any of the used parameters because of the high energy of the deprotonation reaction.
However, a small fraction of the H,SO4(CH3;C(O)O") clusters may not be collisionally stabilized,
because of the large energy difference between H,SO, + CH3C(O)O™ and H,;SO4(CH;C(0)O),
and the small energy difference between H,SO4(CH3;C(O)O") and HSO4s + CH3;C(O)OH. In
contrast, our simulations predict full collisional stabilization of the acetate cluster of even the
smallest of the organic species studied (C¢H;0Os). The computed energy difference between
RH(Q") and R” + QH would need to be wrong by around 10 kcal/mol for this prediction to be
wrong. We also note that the rate of collisional stabilization in our simulations is likely to be
underpredicted, as the increased collision rate of gas molecules with the clusters due to the

presence of charge is not accounted for in the parameter set.
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Figure 4 The free energy differences between RH + Q, RH(Q") and R™ + QH in acetate (left

panel) and nitrate (right panel) chemical ionization.

DISCUSSION AND CONCLUSIONS
All of the lowest-energy conformers of the clusters of the studied autoxidation products with
acetate and nitrate have either one or two intermolecular hydrogen bonds between the sample

molecule and the reagent ion, even though C¢HgO9 and C¢HyO;y both have three hydrogen
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bonding hydroperoxy groups. This indicates that these reagent ions do not form more than two
hydrogen bonds that are stronger than the intramolecular hydrogen bonds of the sample
molecules. The small increase in the binding energies of the molecules that have an additional
hydroperoxy group (going from CgHyoOg to CsHyOjp, and from CsHsO7; to C¢HsOo) can be
explained by the intramolecular hydrogen bond between the hydroperoxy group and one of the
peroxy acid groups. The additional hydrogen bond between the hydroperoxy group and the
peroxy acid helps polarize the acid group, thus slightly increasing its binding to the reagent ion.
Increasing the number of hydroperoxy groups beyond two will thus probably not make a large
difference to the binding energies of the clusters.

The calculations agree with the measurements> that show a high detection efficiency for also
the less oxidized sample molecules using acetate chemical ionization. Using acetate, the ligand
exchange reactions are favorable for all of the studied molecules. Using nitrate, the ligand
exchange reactions are much less favorable (or even unfavorable for the less oxidized sample
molecules, CsHyOg and CsHgOs) because of the strong binding of the HNO3(NOs") dimer, which
explains why C¢HgOs was not detected, and C¢HoOs was detected with a lower detection
efficiency, when using nitrate. The deprotonation of some of the sample molecules in the
measurements, using acetate chemical ionization, can also be explained by the calculations, as
the deprotonation of all of the sample molecules is more favorable than fragmentation into RH +
Q. Our calculations also explain why acetate and nitrate have similar sensitivities for
cyclohexene autoxidation products with elemental formulae CcHoOg and CgHoOjg. The only
experimental result that we could not directly explain is the slightly lower detection efficiency of
CsHgOg using acetate than using nitrate.”>*® One possible reason for this might lie in the ability

of acetate to deprotonate many of the highly oxidized molecules. It is possible that some of the
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deprotonated molecules are lost (i.e. remain undetected) if they are able to bind strongly with
other neutral molecules in the sample flow.

The energy of R + QH has to be lower than the energy of RH + Q" to make deprotonation
more favorable than fragmentation into RH + Q". Our calculations show that acetate is able to
deprotonate all of the highly oxidized cyclohexene ozonolysis products. However, the energy
difference between the R™ + QH and the cluster RH(Q") of the different molecules varies, likely
making the deprotonation-to-clustering signal ratios different. Especially the intramolecular
hydrogen bonds in the deprotonated molecules make the deprotonation significantly more
favorable than fragmentation into RH + Q". The addition of hydroperoxy groups in the molecule
decreases the energy needed to deprotonate the molecule, if the hydroperoxy group(s) of the
deprotonated ion are able to form intramolecular hydrogen bonds with the O," group.

Nitrate-based CIMS instruments are known to deprotonate H,SO, despite the deprotonation
reaction HySO4(NO;3") — HSO4 + HNOj; requiring considerable energy (20.5 kcal/mol in terms
of the standard Gibbs free energy). Based on the energetics and the vibrational modes of the
H,SO4 + NOj;™ system, our simulations indicate that the H,SO4(NO53") clusters are very likely
collisionally stabilized under atmospheric conditions, as well as in the ion-molecule reaction
region of the CIMS instrument. This means that the deprotonation of H,SO4 should not occur
during the chemical ionization step itself, but rather occurs in the subsequent passage through the
instrument (e.g. due to high-energy collisions in the ion optics). Determining the conditions
where the sample molecules are deprotonated by the reagent ions would require a detailed
modeling of the whole CIMS instrument (including inherently non-thermal high-energy
conditions) and is outside the scope of this study. Assuming that deprotonation depends only on

the energy differences (as observed for declustering in the case of iodide-CIMS instruments*®),
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other molecules that have deprotonation energetics similar to, or more favorable than, H,SO4
should thus also be susceptible to deprotonation inside CIMS instruments. This means that at
least the sample molecules for which the free energy difference between R™ + QH and the cluster
is less than 20.5 kcal/mol, and for which the R™ + QH energy lies below the RH + Q" energy,
should be detectable as deprotonation products, in addition to (RH)Q" clusters. Molecules with
higher deprotonation energies may be bound so strongly to the reagent ions that they do not
necessarily fragment inside the instrument even when R™ + QH is lower in energy than the RH +
Q. Of the molecules and the reagent ions studied here, all except the least oxidized RO, radical,
CsHyOg, should be deprotonated using acetate chemical ionization, while only H,SOy is likely to

be deprotonated using nitrate.
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Figure 1 Cyclohexene ozonolysis derived highly oxidized RO2 radicals by Rissanen et al.18 on the left column
(C6H906, C6HI908, S,S-C6H9010, and R,5-C6H9010). On the right are the possible products of rapid H-
shift scrambling reactions.
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23 Figure 2 wB97xD/aug-cc-pVTZ level formation free energies of the acetate (left panel) and nitrate (right
24 panel) clusters, relative to the reagent ion dimer QH(Q-), in kcal/mol.
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Figure 3 The lowest-energy structures of the deprotonated RO2 radicals (the peroxy radical groups are on

the bottom right corners of the individual structures), a) C6H806-, b) C6H808-, c) C6H8010- and closed-

shell species, d) C6H705-, e) C6H707-, f) C6H709-. Color coding: grey = carbon, red = oxygen, and white
= hydrogen.
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21 Figure 4 The free energy differences between RH + Q-, RH(Q-) and R- + QH in acetate (left panel) and
22 nitrate (right panel) chemical ionization.
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