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Abstract

The HO2 radical is an important atmospheric molecule that can potentially influence

the termination of autoxidation processes of volatile organic compounds (VOCs) that

lead to the formation of highly oxygenated multifunctional compounds (HOMs). In this

work, we demonstrate the direct detection of the HO2 radical using an iodide-based

chemical ionization mass spectrometer (iodide-CIMS). Expanding on the previously

established correlation between molecule-iodide binding enthalpy and iodide-CIMS
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instrument sensitivity, the experimental detection of the HO2 radical was preceded

by the quantum chemical calculation of the HO2*I− cluster (PBE/aug-cc-pVTZ-PP

level), which showed a reasonably strong binding enthalpy of 21.60 kcal/mol. Cyclo-

hexene ozonolysis intermediates and closed-shell products were next detected by the

iodide-CIMS. The ozone-initiated cyclohexene oxidation mechanism was perturbed

by the introduction of the HO2 radical, leading to the formation of closed-shell hy-

droperoxides. The experimental investigation once again followed the initial com-

putational molecule-iodide binding enthalpy calculations. The quantum chemical

calculations were performed at the PBE/aug-cc-pVTZ-PP level for radicals and DLPNO-

CCSD(T)/def2QZVPP//PBE/aug-cc-pVTZ-PP level for the closed-shell products. A

comparison between the iodide-CIMS and nitrate-CIMS spectra with identical measure-

ment steps revealed that the iodide-CIMS was able to detect the low-oxidized (O:C

ratio 0.5 and 0.66) cyclohexene ozonolysis monomer products more efficiently than

nitrate-CIMS. Higher-oxidized monomers (O:C ratio 1 to 1.5) were detected equally well

by both methods. An investigation of dimers showed that both iodide- and nitrate-CIMS

were able to detect the dimer compositions possibly formed from reactions between the

peroxy radical monomers considered in this study. Additionally, iodide-CIMS detected

organic ions that were formed by a previously suggested mechanism of dehydroxylation

of peroxy acids (and deoxygenation of acyl peroxy radicals) by H2O*I− clusters. These

mechanisms were computationally verified.

Introduction

The HO2 radical is an important molecule that plays a critical role in the photoxidation

cycles of the atmosphere. It is especially important in the production of NO2. A product of

OH radical reaction with volatile organic compounds (VOCs) in the atmosphere, HO2 reacts

with NO to form NO2, a key step in the formation of tropospheric ozone and thereby also the

OH radical. In addition, reaction with HO2 is an important sink for organic peroxy radicals

(RO2) formed from oxidation reactions of VOCs.1 Additional peroxy radical sink reactions
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include bimolecular reactions with NOx and other organic peroxy radicals. In the absence of

a sink reaction, some peroxy radical species may undergo intra-molecular hydrogen shifts,

followed by autoxidation to form highly-oxidized multifunctional compounds (HOMs).2–5

These HOMs have been suggested to play a key role in SOA formation in the atmosphere.6

Their low volatility allows them to condense onto particles.7,8

Chemical ionization mass spectrometry (CIMS) with nitrate as the reagent ion has been an

important tool in the detection of atmospherically relevant HOMs.4,5,9,10 However, nitrate is a

highly selective reagent ion, and is unsuitable for ionizing the lower-oxidized VOCs. According

to current knowledge, nitrate usually requires two hydrogen-bond donating groups in a sample

molecule to bind efficiently. The molecule-nitrate complex binding energy must be higher than

that of the nitrate dimer (HNO3NO−
3 ) for the complex to be detected efficiently.11 The HO2

radical, for example, is not detected by a nitrate-CIMS. The use of iodide anion as the reagent

ion, on the other hand, has been reported to work well with the low-oxidized organic acids.12–14

Iodide has a large negative mass defect, which is the difference between the nominal (integer)

mass and the exact mass of a molecule. This helps differentiate between iodide-clustered

ions and other contaminant ions in the mass spectrum.13 Iodide has also been observed to

react with peroxy acids in the presence of water, forming carboxylate ions.13,15,16 These ions

appear in the spectrum with a positive mass defect. When coupled with a high resolution

mass spectrometer, these properties of the iodide ion aid to separate contaminant peaks and

helps in the identification of the composition and structure of the molecules corresponding to

the peaks in an iodide-CIMS spectrum.

The detection of the HO2 radical using a quadrupole mass spectrometer (QMS) with iodide

as the reagent ion has been explored previously.17 A QMS generally offers only unit mass res-

olution, which makes it difficult to separate peaks that are within one mass unit of each other.

3

Page 3 of 40

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



An investigation using an iodide-based high-resolution Time-of-Flight CIMS (HR-ToF-CIMS)

by Sanchez et al.18 revealed that the HO2 radical can be detected by an iodide-CIMS. In this

work, in addition to the direct experimental detection of the HO2 radical, we use the model

proposed previously in Iyer et al.,14 which is based on the comparison between experimentally

determined sensitivities and quantum chemically calculated molecule-I− complex binding

enthalpies. We have also experimentally and computationally investigated the dependence of

the HO2 signal on the relative humidity. Furthermore, cyclohexene ozonolysis intermediates

and products were experimentally and theoretically investigated - particularly, the formation

of closed-shell hydroperoxide products from the RO2 + HO2 reaction. The experiments were

repeated with nitrate as the reagent ion to draw a comparison between the performance of

the two ionization methods for a set of radicals and closed-shell products from cyclohexene

ozonolysis. Finally, the mechanism for forming the experimentally detected dehydroxylated

organic ions were investigated using quantum chemical methods.

Experimental section

Laboratory Experiment Details

The experiments were performed at room temperature (T = 293 ±3 K) and atmospheric

pressure. N2 and synthetic air (N2 + O2) were used as carrier gas flows. The iodide-based

chemical ionization inlet contains an ambient pressure ion molecule region (IMR), followed

by an atmospheric pressure interface (APi-TOF) which consists of three chambers - two with

ion-guiding quadrupoles and a third with ion lenses which guide the ionized molecules to

the TOF analyzer. The APi-TOF has been described in detail previously by Junninen et

al.,19 and the design of the CI-inlet by Kurtén et al.20 The sample is drawn through a 3/4"

stainless steel tube with a flow rate of about 9.5 lpm. Iodide ions were generated by exposing

ethyliodide (C2H5I) containing N2 flow (about 20 lpm) to an x-ray source (Hamamatsu

L9490). This sheath flow is introduced into the IMR region concentric to the sample flow.
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The iodide ions are deflected towards the sample flow by an electric field. The interaction

time between the ions and the sample is approximately 200 ms.

Ionization occurs mainly via adduct formation where I− anions cluster with the sample

molecule X:

X + I− → X ∗ I− (1)

The molecule-I− complex is directed towards the TOF analyzer via a critical orifice that limits

the flow rate to ∼ 0.8 lpm. A detailed explanation of the differentially pumped chambers

and quadrupole ion guides that make up the intermediate region between the inlet and the

TOF analyzer sections of the mass spectrometer is provided by Junninen et al.19

The detection of the HO2 radical using an iodide-CIMS was investigated in this study.

The generation of the HO2 radical in the laboratory was achieved by photolyzing water vapor

at 184.9 nm (Hg PenRayTM) in the presence of O2, which involves the following reaction

steps:

H2O
hγ−→ H + OH (2)

H + O2 → HO2 (3)

The water content of the N2 flow was controlled by passing a part of the gas through a water

reservoir. The 2-meter long and 1-inch in diameter quartz flow tube used in the experiments is

transparent to UV light at the wavelength range of the mercury (Hg) lamp. Synthetic air was

used to provide the necessary oxygen to produce the HO2 radical (reaction 3). The air flow

was shielded from the UV light by flowing it through a borosilicate tube placed concentrically

inside the quartz flow tube. The borosilicate tube is opaque to the 184.9 nm UV light that

photodissociates H2O. Care was taken to ensure that the borosilicate tube was longer than

the region of the flow tube that was exposed to the UV light. The photodissociated hydrogen

atom from reaction 2 reacts with the O2 emerging from the end of the borosilicate tube to
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form the HO2 radical (reaction 3). A schematic of the experimental setup is provided in

Fig. S3 in the SI. The HO2 radical calibration measurement was performed by recording the

HO2*I− signals over a series of different humidified N2 flow rates that were UV photolyzed.

HO2 radical loss channels, such as HO2 + HO2, HO2 + OH, etc., that could affect the

calibration measurement were not considered as the radical concentration was low. For the

details of the calibration measurement, including the calibration curve, refer to Fig. S1 in

the SI. The effect of humidity on the sensitivity of the iodide-CIMS for the studied molecules

was also investigated by flowing an additional humidified flow through the borosilicate tube.

In order to produce ozone by O2 photolysis at 184.9 nm, a part of the synthetic air was flown

through the UV light exposed section of the quartz tube instead of the borosilicate tube. CO

was used as an HO2 signal enhancer as it converts the byproduct of the photodissociation of

water, OH, into HO2. The mechanism is as follows:

OH + CO → H + CO2 (4)

H + O2 → HO2 (5)

The use of CO allowed an extra measure of control over the concentrations of HO2 generated

in the flow tube. The HO2*I− signals were effectively doubled with the addition of CO.

Cyclohexene was added to the flow through the borosilicate tube and allowed to interact with

ozone to produce the ozonolysis derived peroxy radicals investigated in this study. Details of

the cyclohexene ozonolysis and RO2 + HO2 experiments performed in this study are provided

in the section S4.3 in the SI.

Quantum Chemical Computations

The computational methods have been described in detail previously in Iyer et al.14 Conformer

sampling was performed using the Merck Molecular Force Field (MMFF) method implemented

in the Spartan ’14 program.21 The conformers were generated by varying all torsional angles
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by 120 degrees. Initial geometry optimizations were performed at the B3LYP/6-31G* level

with the LACVP pseudopotential22,23 using the Spartan ’14 program. Conformers with

relative energies within 2 kcal/mol were chosen for higher-level optimization with the PBE

functional24 and SDD basis set with Stuttgart/Dresden pseudopotentials25 using the Gaussian

09 program.26 The PBE functional was chosen since it has been shown to work well with

iodide-containing systems.27–29 To test the performance of the PBE method, the optimized

geometries of formic acid clustered to I− using PBE and CCSD methods (with the aug-cc-

pVTZ-PP basis set) were compared in Iyer et al.14 and showed a hydrogen to iodide bond

length difference of only 0.04Å.14 The most energetically favorable cluster and free molecule

geometries were further optimized with the triple-zeta aug-cc-pVTZ-PP basis set.30 The

pseudopotential definitions for iodide atoms were taken from the EMSL basis set library.31,32

Finally, single-point energy corrections at the DLPNO-CCSD(T)/def2-QZVPP level33 were

performed using the ORCA program.34 The DLPNO-CCSD(T) method has been shown

to significantly reduce the computational costs while maintaining the high-accuracy of the

coupled-cluster method.35 This allows high level CCSD(T) single point corrections to be

performed on large systems, such as the hydroperoxide*I− clusters considered in this study.

However, ORCA does not currently support DLPNO-CCSD(T) calculations for open-shell

systems. Therefore, the peroxy radicals and their I− clusters were calculated at the PBE/aug-

cc-pVTZ-PP level, without CCSD(T) single point corrections. The default ORCA parameters

were changed to the ones detailed in Iyer et al.14 for the adequate treatment of iodide

containing systems. Single point energy corrections at the ROHF-ROCCSD(T)-F12a/VDZ-

PP-F12 level were performed for the HO2*I− cluster using the Molpro program version

2015.1.36

Detectability v/s molecule-I− binding enthalpies for an iodide-CIMS

A good correlation between quantum chemically calculated molecule-I− cluster binding en-

thalpies and experimentally determined sensitivities has been developed previously.14 The
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binding enthalpies of the HO2 radical and the HOMs studied here were calculated and the

prediction of the sensitivity of an iodide-CIMS for these compounds was drawn using the

model.

An important conclusion from the Iyer et al.14 study was that even computationally cheap

calculations can provide important insights into the detectibility of a molecule by an iodide-

CIMS. This is especially important when working with molecules such as HOMs that may

have 20 or more non-hydrogen atoms. Performing high level calculations that includes coupled-

cluster energy corrections are no longer feasible at these sizes. However, for the closed-shell

C6H10O4,6 cyclohexene ozonolysis products considered in this study, the calculations could

still be performed at the high DLPNO-CCSD(T)/def2QZVPP//PBE/aug-cc-pVTZ-PP level.

Rate coefficients for humidity dependence calculations

Probable loss of HO2*I− clusters to ligand-exchange reactions in high relative humidity (RH)

conditions were studied using the Master Equation Solver for Multi Energy-well Reactions

(MESMER) software.37 The MESMER program uses quantum chemically calculated zero-

point energies to calculate the Bartis-Widom phenemological rate coefficients of reactions

studied here.38 The mathematical development of the Bartis-Widom technique is described

in detail by Robertson et al.39 The reactions considered for MESMER simulations were

barrier-less, and were treated using the MesmerILT method. The details of the MESMER

simulations, including the simulation conditions and the values of the parameters used, are

provided in section S5 in the SI.

Results and Discussion

Quantum chemical calculations showed that the HO2*I− cluster has a binding enthalpy (BE)

of 21.6 kcal/mol (PBE/aug-cc-pVTZ-PP level). Based on the emperical fit proposed by Iyer

8
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et al.,14 this would correspond to a sensitivity on the order of 0.40 cps/ppt. The predicted

sensitivity is mentioned here to establish the likelihood of the detection of the HO2 radical by

an iodide-CIMS. After a single point energy correction at the ROHF-ROCCSD(T)-F12a/VDZ-

PP-F12 level, the HO2*I− cluster binding enthalpy was found to be 26.49 kcal/mol. This

value cannot be used in the emperical fit mentioned above for a predicted sensitivity, since

the model in Iyer et al. was based on calculations performed at the PBE/aug-cc-pVTZ-PP

level for open-shell systems. However, the strong binding enthalpy after the more accurate

CCSD(T)-F12 correction shows that the HO2*I− cluster should be detected at high sensitivity

by an iodide-CIMS. The optimized free radical and HO2*I− cluster geometries are given in

Fig. 1. The HO2*I− complex was experimentally detected using the iodide-CIMS at the mass

159.9027. The iodide-CIMS spectrum is shown in Fig.2 a and the HO2*I− peak is shown in

Fig.2 b.

Figure 1: Free HO2 radical (a) and HO2*I− cluster (b) optimized at PBE/aug-cc-pVTZ-PP
level. Color coding: Oxygen - red, hydrogen - white, iodide - purple.
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Figure 2: Iodide-CIMS spectrum (a) with the visible HO2*I− peak at mass/charge 159.9027.
Inset: HO2*I− peak (b).

A high resolution fitting of the spectrum was necessary to differentiate between the

HO2*I− and HNO3*HSO−
4 clusters. Both these compounds have similar masses - 159.9027

and 159.9557, respectively.

CO dependence

As mentioned previously, CO increases the HO2 radical signal by converting the other primary

product of water photodissociation, the OH radical, into HO2. The change in HO2*I− signal

with the addition of CO pointed to a practically quantitative conversion of OH into HO2, i.e.

doubling of the HO2 signal (see Fig. S2 in the SI).

Humidity dependence

The effect of humidity on the HO2*I− signal was investigated by keeping the photolysis water

constant and introducing an additional water flow that was shielded from the UV radiation

by flowing it through an injector tube. The effect of an increase in relative humidity (RH) on

10
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the HO2*I− signal is shown in Fig. 3.

Figure 3: Dependence of the HO2*I− signal on RH. The normalized HO2*I− ion counts
suggest a strong RH dependence.

In principle, the addition of water should stabilize the HO2*I− cluster. Kinetic effects,

such as energy non-accommodation, are neutralized by the increased vibrational modes and

by the sacrificial-cooling effect from the evaporating water molecule. These effects play a

critical role especially for small molecules, such as the HO2 radical. The effect of water on the

HO2*I− clusters was investigated using MESMER software. Two simulations were considered

- one, with I− as the reagent ion, and two, with H2O*I− as the reagent ion. The potential

energy surfaces (PES) for the two simulations are shown in Fig. 4. With H2O*I− as the

reagent ion, the HO2*I− clusters formed in the MESMER simulation (at the IMR relevant

time of 200 ms) was a factor of 2 higher compared to the HO2*I− clusters formed with I− as

the reagent ion. That is to say that the water molecule plays an important role in stabilizing

the radical-iodide cluster. However, as seen in Fig. 3, the opposite was observed. To explain

11
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the loss of HO2*I− signals with an increase in RH, a third simulation was carried out to

test the effect of increased water concentrations on the concentration of the already formed

HO2*I− clusters. The effect of water in the monomer and dimer forms were tested. The PES

is shown in Fig. 5.

Figure 4: Potential energy surface for the formation of the HO2*I− cluster with I− (a) and
H2O*I− (b) as the reagent ions. Energies were calculated at the PBE/aug-cc-pVTZ-PP level
at 298 K.

12

Page 12 of 40

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



Figure 5: Potential energy surfaces showing the barrier (in zero-point energies) required for
possible ligand-exchange reactions resulting in the loss of HO2*I− and the increase in H2O*I−
clusters. The dependence on both monomer (a) and dimer (b) water molecules were tested.
Energies were calculated at the PBE/aug-cc-pVTZ-PP level at 298 K.

Water concentrations were varied from RHs below 1 % to 45 %. The ligand-exchange

reaction to form hydrated iodide clusters from HO2*I− is highly unfavorable (see (a) in

Fig. 5). This means that the HO2*I− concentrations should not decrease by ligand-exchange

reactions at any humidity. The H2O*HO2 pathway with the loss of the I− reagent ion is

even less favorable, and can therefore be discounted. Increasing the water or water dimer

concentration had no significant effect on the HO2*I− clusters. Therefore, the MESMER

simulation does not explain the observed loss in the HO2*I− signal with an increase in RH.

It is likely that there is an RH region where HO2*I− signal increases with increasing RH

due to the kinetic effects afforded by a water molecule discussed previously. However, the

humidity measurements are always at RHs above this region due to the N2/water flow for

HO2 production.

Further investigation of the experimental data showed that, at RH above 4 %, signals

corresponding to I− clustered to water dimers, trimers, and tetramers appeared to increase.
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The detection of water tetramers clustered to I− would point to I− ions clustered to even higher

water clusters in the ambient pressure IMR region. Free energies of formation of H2O*I−,

(H2O)2*I−, (H2O)3*I− and (H2O)4*I− clusters (calculated at the PBE/aug-cc-pVTZ-PP level)

by step-wise addition of H2O to I− showed that the formation of the higher hydrated I−

ions is favorable (see Table S4 in SI for energies). The high degree of hydration of the I−

ions could make it difficult for it to cluster with the HO2 radical (i.e. decrease the HO2*I−

formation rate due to steric hindrance), thus reducing the HO2*I− signal. Another channel

for HO2 loss that was investigated was the formation of H2O2. The peak corresponding to

H2O2*I− cluster was observed to increase at high RH. As shown in Fig. 6, the H2O2*I− signal

increases in relation to the decreasing HO2*I− signal at RH in the range of 4-45 %.

Figure 6: Correlation between HO2*I− and H2O2*I− signals during the humidity dependence
measurement. The sudden increase in the HO2*I− signal and the decrease in the H2O2*I−

signal in the latter stage of the measurement process corresponds to the measurement step
where the humidity flow was switched off, reducing the water concentration inside the system.

It is important to note that the iodide-CIMS likely detects the HO2*I− cluster at a higher

sensitivity than the H2O2*I− cluster. The binding enthalpies of HO2*I− and H2O2*I− (at

PBE/aug-cc-pVTZ-PP level) are 21.6 and 18 kcal/mol, respectively (giving them predicted
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sensitivities of 0.40 and 0.03 cps/ppt14). Despite the different sensitivities, a clear correlation

between the two molecule signals would indicate a mechanism that converts HO2 to H2O2 in

high RH conditions. Considering the lack of humidity dependence of the HO2*Br− signal in

a bromide-based chemical ionization mass spectrometer reported by Sanchez et al.,18 iodide

might be playing a role in converting HO2 into H2O2. The favorability of a joint iodide and

water catalyzed HO2 recombination reaction was investigated by considering the following

reactions:

HO2 ∗ I− + HO2 → H2O2 ∗ I− + O2 (6)

HO2 ∗ IH2O
− + HO2 → H2O2 ∗ IH2O

− + O2 (7)

HO2 ∗ I(H2O)−
2 + HO2 → H2O2 ∗ I(H2O)−

2 + O2 (8)

Note: only the reaction energies (i.e. the energy difference between reactants and products)

were computed here due to the computational difficulties in treating transition states of

radical-radical reactions, especially ones including heavy atoms such as iodide. The existence

of an actual barrier between the intermediate cluster and the products was not explored. All

three reactions were downhill in enthalpy, at -30.64, -29.74 and -34 kcal/mol, respectively.

Considering that the RH inside the system is ∼3-5 % even at zero humidifying flow (the

constant photolyzing N2/H2O flow for HO2 production contributes to the ∼3-5 % RH), the

primary reagent ion is most likely I− clustered to one or multiple water molecules. Reactions 7

and 8 are therefore more likely to occur in this system. The above enthalpies would indicate

the formation of H2O2*I− clusters could be catalyzed by I− and water (i.e. reaction 8 with I−

clustered to two water molecules is more favorable than reaction 7 with I− clustered to one

water molecule). However, conclusively proving this issue would require investigation of the

actual reaction mechanisms (transition states) in even larger water clusters. As radical-radical

mechanisms are notoriously hard to treat accurately, this is beyond the scope of the present

study.
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Cyclohexene ozonolysis products

The detection of the HO2 radical by the iodide-CIMS was followed by the detection of peroxy

radical intermediates from cyclohexene ozonolysis and closed-shell products from RO2 +

HO2 bimolecular reactions. There are many known bimolecular reactions between RO2

peroxy radicals and HO2. Here, we look at the main pathway leading to the production of

hydroperoxides:1,40

RO2 + HO2 −−→ ROOH + O2

The mechanisms for the gas-phase ozone-alkene reaction are well established.41–43 It should

be noted that there are multiple potential channels. Here, we focus on the vinylhydroperoxide

channel (VHP) that has been previously observed to lead to HOMs. Briefly, ozonolysis

of cyclohexene forms a primary ozonide (POZ) that instantly decomposes into a Criegee

intermediate (CI). The CI isomerizes to form a VHP, which loses an OH-radical, forming a

resonance stabilized vinoxy radical radical C6H9O2. The carbon centered radical undergoes

an O2 addition to form an oxygen-centered peroxy radical C6H9O4. The reaction steps are

illustrated in Fig. 7.
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Figure 7: Ozonolysis reaction of cyclohexene forming a primary ozonide (POZ) that decom-
poses into a Criegee intermediate (CI). The CI isomerizes to a vinylhydroperoxide (VHP),
followed by the loss of OH, forming a vinoxy radical C6H9O2, which adds an O2 molecule to
form an oxygen-centered peroxy radical C6H9O4.

The oxygen-centered peroxy radical C6H9O4 is able to undergo internal hydrogen shift

(H-shift) reactions, which is followed by autoxidation to form HOMs. The mechanism to

form the HOMs and the structures of these molecules is provided by Rissanen et al.4 The

detection of peroxy radicals and the closed-shell molecules considered in this study by an

iodide-CIMS was investigated by first exploring the molecule-I− cluster binding enthalpies

quantum chemically. The optimized peroxy radical C6H9O4 geometry is shown in Fig. 8. The

optimizations were performed at the PBE/aug-cc-pVTZ-PP level.
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Figure 8: Initial peroxy radical following the ozonolysis of cyclohexene computed at the
PBE/aug-cc-pVTZ-PP level. The absence of a hydroxy or a hydroperoxy group means that
the molecule is unlikely to cluster with I−. Color coding: Carbon - grey, oxygen - red,
hydrogen - white.

The lack of a hydrogen bond donating group makes it improbable that the molecule

would cluster with I−. Following the bimolecular reaction with HO2, the closed-shell product

C6H10O4 should cluster with I− and is subsequently detected by the instrument. The further

oxidized radical C6H9O6 and the corresponding closed-shell product C6H10O6 both have at

least one H-bond donating hydroperoxy group which can bind with I−. The optimized free

molecule and molecule*I− complex geometries are shown in Fig. 9. The lowest energy free

molecule conformers for the molecules that contain a peroxy acid group were those with

the OOH hydrogen-bonded to the C=O oxygen of the acid group. The quantum chemically

calculated binding enthalpies of the radical and closed-shell molecules to I− are given in

Table 1.
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Figure 9: Lowest enthalpy free molecule geometries of the closed-shell product C6H10O4,
the cyclohexene autoxidation peroxy radical C6H9O6, the corresponding closed-shell product
C6H10O6 (a, c, e, respectively) and their lowest enthalpy clusters with I− (b, d, f, respectively).
Geometry optimization was performed at the PBE/aug-cc-pVTZ-PP level. Color coding:
Carbon - grey, oxygen - red, hydrogen - white, iodide - purple.
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Table 1: Binding Enthalpies (BE) of Cyclohexene Ozonolysis Products with I−. Calculations
were Performed at the PBE/aug-cc-pVTZ-PP Level for the Radical and at the DLPNO-
CCSD(T)/def2QZVPP//PBE/aug-cc-pVTZ-PP Level for the Closed-Shell Species. Predicted
Sensitivities were Calculated from the Model Proposed in Iyer et al.14 at the Corresponding
Levels of Theory.

molecule DFT BE (kcal/mol) CCSD(T) corrected BE (kcal/mol) predicted sensitivity (cps/ppt)
C6H9O6 23.64 - 1.74a
C6H10O4 22.14 22.41 0.99b
C6H10O6 25.85 24.39 3.98b
a Predicted sensitivity taken from the model calculated at PBE/aug-cc-pVTZ-PP level and
b at DLPNO-CCSD(T)/def2-QZVPP//PBE/aug-cc-pVTZ-PP level.

The stronger binding of the closed-shell C6H10O6 product is due to the two hydroperoxy

groups contributing to the double hydrogen bond to iodide (see Fig. 9). The calculated

binding enthalpies of the radical and closed-shell species are close to the "maximum sensitivity"

binding enthalpies discussed in Iyer et al.14 and should be detected at similar efficiencies.

Dehydroxylated and deoxygenated peaks in the I-CIMS spectrum

In addition to the molecule*I− cluster peaks, the cyclohexene ozonolysis experiment produced

a number of organic molecular ion peaks in the iodide-CIMS spectrum, which pointed towards

iodide ion related chemistry in the IMR region of the mass spectrometer. For the correct

identification of the peak compositions, we looked at possible mechanisms that could be

involved in producing the observed organic molecular ions. One proposed mechanism is the

dehydroxylation of peroxy acids by iodide anion in the presence of water:15,16

RC(O)OOH + H2O ∗ I− → RC(O)O− + HOI + H2O (9)

To understand the kinetics of the reaction, we considered the smallest peroxy acid, peroxyacetic

acid, in our computational study. The calculations were performed at the PBE/aug-cc-pVTZ-

PP level. Fig. 10 illustrates the peroxyacetic acid dehydroxylation reaction.
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Figure 10: Potential energy surface for the dehydroxylation reaction of peroxyacetic acid
with H2O*I−. Calculations were performed at the PBE/aug-cc-pVTZ-PP level at 298 K. On
the reactant side, the black line denotes the reactant energies with H2O*I− as the reagent
ion and the pink line with I− and H2O as seperate reactants. Color coding: Carbon - grey,
oxygen - red, hydrogen - white, iodide - purple.

When considering I− and water as separate reactants in the formation of the CH3C(O)OOH·H2O*I−

complex, the pathway for the formation of the dehydroxylated acetate ion is more favorable.

However, it seems more reasonable to assume that peroxyacetic acid would rather encounter

H2O*I− clusters as they are expected to be formed at high concentrations. This would make

the reverse reaction, i.e. back to the parent peroxyacetic acid and H2O*I− molecules, more

favorable for the molecule-ion complex. However, when considering free energies, which takes

into account the higher entropy involved in the formation of the three product species, the

dehydroxylation pathway is indeed more favorable (see Fig. 11).
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Figure 11: Free energy surface for the dehydroxylation channel. On the reactant side, the
black line denotes the reactant energies with H2O*I− as the reagent ion and the pink line
with I− and H2O as seperate reactants. Calculations performed at the PBE/aug-cc-pVTZ-PP
level at 298 K.

The most favorable product pathway would appear to be the dehydroxylated carboxylate

ion clustered with water + HOI.

In addition to dehydroxylation, a mechanism for the dissociation of an oxygen atom from

acyl peroxy radicals by H2O*I− has also been reported.15,16

RC(O)OO. + H2O · I− −−→ RC(O)O− + IO. + H2O

The dissociation pathway of an acyl peroxy radical using the quantum chemically calculated

enthalpies is shown in Fig. 12 and the corresponding pathway using free energies is shown in

Fig. 13.
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Figure 12: Potential energy surface for the dissociation reaction of CH3C(O)OO· radical
forming a CH3C(O)O− ion. On the reactant side, the black line denotes the reactant energies
with H2O*I− as the reagent ion and the pink line with I− and H2O as seperate reactants.
Color coding: Carbon - grey, oxygen - red, hydrogen - white, iodide - purple. Calculations
performed at the PBE/aug-cc-pVTZ-PP level at 298 K.
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Figure 13: Free energy surface for the dissociation reaction. On the reactant side, the black
line denotes the reactant energies with H2O*I− as the reagent ion and the pink line with I−
and H2O as seperate reactants. Calculations performed at the PBE/aug-cc-pVTZ-PP level
at 298 K.

Identifying the organic molecular ions in the iodide-CIMS spectrum as dehydroxylated or

deoxygenated products is not straightforward. For example, in the cyclohexene ozonolysis

spectrum, the peak corresponding to C6H9O−
5 could be the dehydroxylated product of the

closed-shell species C6H10O6 or the deoxygenated product of the radical C6H9O6. According

to calculations carried out by Hyttinen et al.,44 the C6H9O6 isomer with the h-atom on the

peroxy acid group (b in Fig. 14) is more energetically favorable (by 10 kcal/mol) than the

acyl peroxy radical isomer (a in Fig. 14).44

Figure 14: Cyclohexene ozonolysis product C6H9O6 isomers a) acyl peroxy radical and b)
peroxy acid.
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We could then assume that the most likely isomer of C6H9O6 that would cluster with

I− is isomer b. The organic ion of the radical would then be the dehydroxylated C6H8O−
5 .

The deoxygenation mechanism is unlikely as the isomer would more preferably have a peroxy

radical group than an acyl peroxy radical group. Since the other ozonolysis products of

cyclohexene considered in this study are most likely of the form b in Fig. 14 as well, the

organic peaks found in the iodide-CIMS spectra can be assumed to be the product of the

dehydroxylation process rather than the deoxygenation process.

Comparison between iodide- and nitrate-CIMS spectra

Details of the cyclohexene ozonolysis experiment are provided in section S4.3 in the SI. The

iodide-CIMS spectrum, including the peaks of the selected cyclohexene ozonolysis products,

is shown in Fig. 15. It should be noted that the peaks in the spectrum are not normalized

with the reagent ion signals. The variation of cyclohexene ozonolysis radical and RO2 + HO2

reaction product signals in the iodide-CIMS during the measurement sequence is shown in

Fig. S5 in the SI. The closed-shell product signals were observed to be higher than those of

the radicals, which is reasonable, as the radicals are not generally expected to accumulate in

the gas mixture. The radicals would either autoxidize or otherwise react with other HO2 and

RO2 compounds in the flow tube.
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Figure 15: Iodide-CIMS mass spectrum showing selected cyclohexene ozonolysis radical and
closed-shell product peaks.

Identical measurement steps were performed with nitrate as the reagent ion. An analysis

of the spectra of both these ionization methods can give us a broader understanding of the

cyclohexene ozonolysis processes and the influence of HO2 on them. In addition, finding

the compositions that are detected exclusively by one of the two methods would help to

understand the limits of these techniques.

The nitrate-CIMS spectrum with the cyclohexene ozonolysis and subsequent autoxidation

intermediates and products is shown in Fig. 16. By inspection, it is clear that the nitrate

spectrum is much cleaner than the iodide spectrum. The high selectivity of nitrate ionization

is a clear advantage over iodide when studying highly-oxidized compounds that are known to

cluster strongly to nitrate. However, compounds with less than 5 oxygen atoms and lacking

in hydroxy/hydroperoxy functional groups are generally not detected by this technique. The

variation of cyclohexene ozonolysis intermediate and product signals in the nitrate-CIMS
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during the measurement sequence is shown in Fig. S5 in the SI. The mass defect plot shown

in Fig. 17 compares the monomers detected by iodide and nitrate CIMS. Each addition of

hydrogen shifts the mass defect of the compound to more positive (MD of H is +0.008), while

the addition of oxygen shifts it to more negative (MD of O is -0.005) mass defects.

Figure 16: Nitrate-CIMS mass spectrum showing the selected cyclohexene ozonolysis radical
product and RO2 + HO2 reaction closed-shell product peaks.
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Figure 17: Mass defect plot. Comparison of the peak composition detected by the two
ionization methods. Red circles are iodide clustered compounds and green circles represent
nitrate clustered compounds. The "columns" represent an addition of oxygen atom, while
the "rows" represent the addition of hydrogen atom. Sizes of the circles correspond to the
intensity of the signal.

It is clear that iodide-CIMS can detect the lower-oxidized molecules better than nitrate -

C6H7,8,10,11O3 molecules, for example, were detected by iodide, while nitrate was only able

to detect C6H10O3. Even with regards to the higher oxidized molecules, iodide was able to

detect more compounds than nitrate. The only exception here is the C6H7O10 molecule that

was detected by nitrate but not by iodide. In addition to the molecule-I− clusters detected

by the iodide-CIMS, the carboxylate ions formed due to the dehydroxylation mechanism

discussed earlier produced additional peaks in the iodide spectrum.

Dimers

An investigation into the elemental compositions in the range of C10−12H16−18O3−14 in the

iodide spectrum revealed a number of cyclohexene products that we believe to be covalently

bound dimers. A complete list of molecule-I− clusters with peaks corresponding to the above

compositions is provided in Table S3 in the SI. Gas-phase dimer forming mechanisms from
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alkene ozonolysis intermediates and products are not completely understood yet. Here, we

look at one mechanism wherein peroxy radicals react (possibly via a complex or indirect

mechanism) to form closed-shell peroxide dimers.

RO2 + RO2 → ROOR + O2 (10)

Dimers formed from the peroxy radicals C6H9O4, C6H9O6, and C6H9O8 were considered in

this study. The list of possible dimers is shown in Table 2. The presence of these dimer peaks

were investigated in both the iodide and nitrate CIMS spectra. The peak corresponding

to the dimer C12H18O14 was not visible in either of the spectra. The remaining dimers

listed in Table 2 were detected. The changes in the detected dimer signals in the iodide and

nitrate-CIMS during the measurement process is shown in Fig. S6 in the SI.

Table 2: Set of Possible Dimers Following Reaction 10 Between the Considered Cyclohexene
Ozonolysis Derived RO2 Radicals.

C6H9O4 C6H9O6 C6H9O8
C6H9O4 C12H18O6 C12H18O8 C12H18O10
C6H9O6 - C12H18O10 C12H18O12
C6H9O8 - - C12H18O14

The dimer C12H18O6 formed by the reaction between two C6H9O4 peroxy radicals in

their keto/aldehyde forms should not have a hydrogen-bond donating functional group (see

Fig. 8), and should therefore not be detected by either iodide or nitrate CIMS. The fact that

the C12H18O6 dimer peak is detected by both methods suggests, for example, a keto-enol

tautomerism reaction forming OH groups is occuring or that the mechanism forming the

dimers, and thus also the structure of the dimers, is not a simple RO2 recombination. The

reason for the detection of the remaining dimers in Table 2 is more straightforward as they

should all retain at least one hydroperoxy group after the postulated dimer forming reaction,

allowing them to cluster with I− and NO−
3 .
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The previously described dehydroxylation reaction of peroxy acids by H2O*I− can be used to

probe the structure and composition of the formed dimers. Since dehydroxylation is only

applicable for molecules with a peroxy acid group, C12H18O6, which is missing a peroxy acid

group, should not dehydroxylate, while the remaining dimers should. An investigation of the

dehydroxylated dimer peaks showed that this was indeed the case. The dehydroxylated form

of the monomer radical C6H9O4 was absent from the iodide-spectra as well. The possible

dehydroxylated dimers are shown in Table 3. The dehydroxylated ion C12H17O−
5 peak was

absent in the spectrum, as expected. The iodide-CIMS spectrum with the dehydroxylated

dimer peaks highlighted is shown in Fig. 18. The variation of the rest of the dehydroxylated

dimers in Table 3 during the measurement process is shown in Fig. S6 in the SI.

Table 3: Possible Dehydroxylated Dimer Peaks.

C6H9O4 C6H9O6 C6H9O8
C6H9O4 C12H17O5 C12H17O7 C12H17O9
C6H9O6 - C12H17O9 C12H17O11
C6H9O8 - - C12H17O13
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Figure 18: Iodide-CIMS spectrum with the dehydroxylated dimer peaks. [a] shows the
absence of the C12H17O−

5 peak (m/z 241.1081). The remaining dehydroxylated dimer peaks
[b-d] were detected.

Conclusions

The HO2 radical plays a significant role in atmospheric photochemistry. It is also important

in the termination of autoxidation processes of VOCs, a known mechanism for producing

HOMs, by reacting with acyl and other peroxy radicals to form closed-shell products. In

this work, the direct detection of the HO2 radical by an iodide-CIMS was demonstrated.

The experimental work was corroborated by quantum chemically calculated HO2*I− cluster

binding enthalpy. The strong binding of the HO2 radical to I− (21.6 kcal/mol) translates

to lower fragmentation rates inside the mass spectrometer. However, the HO2*I− signals

showed a strong negative dependence on humidity. RRKM calculations using MESMER

pointed to water having a positive effect on the formation of HO2*I− clusters, revealing

faster formation rate of HO2*I− clusters with H2O*I− as the reagent ion compared to the
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un-hydrated I− ion. This is due to the additional vibrational modes of freedom offered by the

water molecule, as well as the sacrificial cooling effect from the evaporating water molecule,

which both act to stabilize the HO2*I− cluster. The rise in the H2O2*I− signal corresponding

with the decrease in the HO2*I− signal at RH ∼4-45 % might indicate iodide and water

catalyzed HO2 recombination reaction that converts the HO2 radical to H2O2 at high RH.

Additionally, the presence of peaks corresponding to I− clustered to up to 4 water molecules

at RH higher than ∼4 % in the iodide-CIMS spectra would suggest a high degree of hydration

of the reagent ion inside the IMR in high RH conditions. Therefore, the likely reason for the

loss of HO2*I− signal at high humidities is the direct steric effect on the ability of the HO2

radical to efficiently cluster with the hydrated I− ion.

The sequence of oxidation reactions advancing by peroxy radical H-shift + O2 addition

to form HOM species with O:C ratio of up to 1.5 has been reported previously by Rissanen

et al.4 Here, we demonstrate the detectability of these compounds by the iodide-CIMS. A

comparison with the nirate-CIMS spectra revealed that the highly oxygenated monomer

compounds are detected by both methods. However, iodide-CIMS picks up the low-oxidized

monomers (O:C ratio 0.5 to 1) better than nitrate. Additionally, the RO2 + HO2 bimolecular

reaction closed-shell products investigated here are detected well by both methods. Peaks

corresponding to dimer compositions studied here were similarly equally well detected by

both iodide and nitrate-CIMS. Dehydroxylation of peroxy acids by H2O*I− has been re-

ported previously. Here, the mechanism was computationally investigated and confirmed.

The dehydroxylated organic peaks in the iodide-CIMS spectra can be used to differentiate

compounds with and without peroxy acid groups. This could help to identify the structures

of the compositions detected by an iodide-CIMS.

We have shown, both computationally and experimentally, that iodide-CIMS is an im-

portant technique for the detection of atmospherically relevant compounds. In addition to
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the direct detection of the HO2 radical and the capability to detect compounds with a wide

range of O:C ratios, including dimers, the large negative mass defect of iodide makes for

easier identification of iodide-clustered peaks in the iodide-CIMS spectra. Furthermore, the

dehydroxylation of peroxy acids further helps in elucidating the structures corresponding to

the detected elemental compositions.
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