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Pressure dependent aerosol formation from the cyclohexene gas-phase

ozonolysis in the presence and absence of sulfur dioxide: a new

perspective on the stabilisation of the initial clustersw
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The ozonolysis of cyclohexene is studied with respect to the pressure dependent formation of

stable gas-phase products and secondary organic aerosol (SOA) as well as the influence of the

presence of SO2. In addition the rate coefficient for the initial reaction cyclohexene + O3 was

determined at 295 K. The observed increase in CO and ethene yields at low pressures and the

absence of ketene in the product spectrum confirm previously proposed reaction pathways

forming these decomposition products. An enhanced ethene formation at pressures below

300 mbar coincides with drastically decreased aerosol yields pointing to a high influence on SOA

formation of chemical activation driven dynamics in the vinylhydroperoxide channel. The static

reactor experiments at 450 mbar in the presence of SO2 in the present study showed a similar

sensitivity of additional particle formation to H2SO4 number densities as found in near-

atmospheric flow reactor experiments [Sipilä et al., Science, 2010, 327, 1243], a surprising result

with regard to the very different experimental approaches. At low pressures (around 40 mbar) no

significant new particle formation is observed even at high H2SO4 concentrations. These findings

indicate that the collisional stabilisation of initial clusters is an important aspect for SOA

formation processes involving sulfuric acid and organic compounds. The results may have

implications for geo-engineering strategies based on stratospheric sulfur injection, but caution is

mandatory when room temperature laboratory results are extrapolated to stratospheric

conditions.

1 Introduction

Both mass balances of atmospheric aerosol and aerosol par-

ticle numbers are key issues in atmospheric science, since they

are closely related to crucial processes like cloud formation1,2

and potential health effects of particles. Unravelling the under-

lying chemistry and physics at a molecular level is the ultimate

goal for better understanding complex phenomena such as the

extent of human influence on climate change patterns. Sulfuric

acid (H2SO4) initiated new particle formation has been

demonstrated in laboratory experiments to be able to account

for nucleation events under ambient atmospheric concentra-

tions.3,4 The atmospheric growth of newly formed particles

involves oxidation products of bio- and anthropogenic volatile

organic compounds leading to the formation of secondary

organic aerosol (SOA). Very recently, it was shown that at

least half of the observed particle growth rate in the 2–20 nm

size range can be explained by condensation of products being

produced from gas-phase chemistry.5 However, the com-

pounds controlling the stabilisation of the initial sulfuric acid

clusters and their growth have not been well characterised so

far, although recently significant progress has been made.4,6

Stable products of low volatility as well as intermediate species

like Criegee Intermediates (CIs) being produced during the

oxidation of terpenes by ozone are considered to be

involved.7,8 The ozonolysis of unsaturated hydrocarbons in

the atmosphere is a major source of oxidation products with

very low vapour pressures.7,9,10 In recent studies we could show

that SOA formation from cyclic alkene ozonolysis is highly

dependent on the transient chemistry.11,12 Hence, the processing

of chemical activation through the reaction pathways is crucial13

and it turned out that pressure is a key parameter controlling the

stoichiometric yield of condensable species.12

The ozonolysis of cyclohexene (CHEX) is an important

model system for the atmospheric oxidation of alkenes since

it shows the basic structural unit of the abundant biogenic

terpene, a-pinene. Thus the gas-phase ozonolysis mechanism
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and SOA formation from this reaction was studied extensively

in the past.14–19 However, the effect of pressure variation has

received less attention.

By addition of SO2 to the initial reaction mixture, H2SO4 is

formed in the presence of water mainly in a reaction sequence

starting with the reaction SO2 + OH - HOSO2,
20 where the

OH radicals are formed during the alkene ozonolysis.21,22 In

this reaction system organic and sulfuric acid based chemistry

run in parallel and therefore it lends itself well to examine their

effect on SOA formation. This idea was extensively exploited

by Berndt et al. with sulfuric acid chemistry controlling

nucleation in flow reactor experiments focussing on near-

atmospheric conditions.20,23

In laboratory studies often much higher alkene conversions

are used.19,24 Here, the situation may change and the role of

cross reactions between sulfuric acid and organic compounds

is potentially elucidated. Since pressure affects the stability and

lifetimes of intermediate species and freshly formed clusters its

variation may reveal crucial pieces of information about the

stability of the initial clusters during new particle formation.

These considerations lead to the goals of the present study. In

a first step we have studied the reaction kinetics, product and

SOA formation during CHEX ozonolysis focussing on the

effect of pressure. In the second step we have explored how

sulfur and organic chemistry interact in the context of particle

formation in experiments in the presence of SO2 under different

pressures.

2 Experimental section

The apparatus and the conduction of experiments have been

described in detail elsewhere.12 Therefore only a description

of the main features is given here. All ozonolysis experi-

ments were performed in a static reaction chamber with a

volume of 64 L. In the preparation run of each experiment the

aerosol cell was passivated by filling with 1000 ppm ozone for

10 minutes and flushed several times (4–5). Reactant gases

were first filled in two premixing chambers of 40 L volume.

One of them was used as ozone reservoir and equipped with

UV optics for a continuous measurement of O3 concentra-

tions. The ozone chamber and the reaction cell have Teflon

coated walls. Ozone was produced by using a commercial

ozone generator (Sander 301.7) and stored at low temperature

(cold trap, 220 K) by adsorption on silica beads in quartz

bottles. Concentrations of reactants (alkenes, ozone) and the

main reaction products and their yields were determined

using infra-red spectroscopy (Bruker IFS 66, 12 m path length

in the cell). Standard volumetric procedures were used for

calibrations.

Special attention was given to the SO2 concentrations. First,

the infrared detection of SO2 was calibrated by analysing

mixtures of SO2 with nitrogen and synthetic air by IR-spectro-

scopy. This procedure provided apparatus- and band-specific

absorption coefficients for different pressures (30, 100, 500,

and 1000 mbar). Similar procedures were previously applied in

our lab in studies, where SO2 was used as a photolytic source

of O atoms.25,26 For the particle formation experiments at a

partial pressure of 50 Pa SO2 was filled into 2 L and 10 L glas

flasks, which were then filled with nitrogen at a pressure of 1 bar.

The actual SO2 concentration in the glas flask was analysed at

the beginning of a series of experiments by IR-spectroscopy.

With the known dilution in the flask the SO2 concentrations in

the experiments could be derived volumetrically. H2SO4 is

formed in the reaction sequence:

SO2 + OH - OHSO2

OHSO2 + O2 - HO2 + SO3

SO3 + H2O - H2SO4

OH radicals are produced during cyclohexene ozonolysis with

a yield of YOH of ca. 0.50 (see next section). From the SO2

concentration and the OH yield of the CHEX ozonolysis

H2SO4 concentrations can be simulated by kinetic modeling,

which is a standard approach4,6,20 and well established in our

group.11,27 Additional formation of SO3 via CI + SO2 is

assumed to be negligible due to the absence of stabilised CI’s

during CHEX ozonolysis.13 In general this additional source

of H2SO4 must be considered for alkene ozonolysis experi-

ments in the presence of SO2.
20,51 Particle classifiers (TSI

SMPS 3936 with NDMA (3085) and LDMA (3081) as well

as a 3022 CPC (condensation particle counter)) were used for

particle measurements (operation parameters: 2 litres per

minute (lpm) sheath flow and 0.2 lpm sample flow). Aerosol

mass yields were estimated from the size distribution assuming

spherical particles and a density of 1.2 g cm�3.

The pressure variation in the aerosol chamber was achieved

as follows. First, the premixing chambers were filled with the

reactants. Then they were filled with bath gas (synthetic air or

nitrogen) up to pressures between 50 and 1000 mbar. Additional

substances like sulfur dioxide or the OH scavenger cyclo-

hexane were either added to the premixing chamber or the

evacuated aerosol chamber. The valves to the aerosol chamber

were opened for 3 s for starting the ozonolysis. Within 3 s the

initial pressure difference is relaxed by ca. 80% and a backflow

of gas to the premixing chambers is avoided. The resulting

pressures were between 20 and 450 mbar. For experiments at

higher pressures the desired amount of bath gas is added after

the expansion, which takes less than 15 s for 1000 mbar. The

fast filling and mixing of the gases minimized the time period

at inhomogeneous reactant concentrations and an undefined

reaction pressure. In consequence more than 95%, typically

99%, of the ozone was consumed at a defined pressure due to

the short mixing time.

After more than 95% of ozone had been consumed at the

chosen reaction pressure the reaction cell was filled to 1 bar

with synthetic air. The fast reactant consumption allows the

time separation of gas-phase kinetics and aerosol formation at

various pressures from aerosol classification being restricted to

1 bar. The temperature was held constant at (295 � 0.5) K

during all experiments. To this end, the laboratory was air-

conditioned and the aerosol cell was thermalized by a temp-

erature control circuit. Here its double-shell construction

allows for thermalizing the inner wall.

Commercially available chemicals were used without further

purification, see Table 1.
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3 Results and discussion

3.1 Kinetics

First, we will present and discuss our results on the elementary

kinetics of the reaction CHEX + O3. The procedure for

deriving the rate coefficient k from online measurements of

the concentrations of O3 and the alkene is identical with our

recent study.12 The design of the experimental arrangement

allows the fast preparation of a homogeneous reaction mixture

in terms of initial reactant concentrations and pressure.

Choosing initial alkene and ozone concentrations such that

around 80% of ozone is consumed within the first 5 minutes

the reactant concentrations can be monitored simultaneously

by IR-spectroscopy. By averaging IR-spectra at intervals of

32 s ozone and CHEX concentration-time profiles were gen-

erated, which provide a sensitive measure for the alkene + O3

rate coefficient. One important aspect of the ozonolysis of

alkenes is the release of OH radicals from the decomposition

of CIs, which in turn react with the double bond of the

alkene.21,22,28–31 Therefore many studies on kinetics, product

or SOA formation from alkene ozonolysis employ OH radical

scavengers like cyclohexane, butanol or carbon monoxide to

reduce contributions originating from the OH chemistry.32 How-

ever, the pool of peroxy radicals (RO2) and the critical HO2/RO2

concentration ratio are influenced by OH scavenger addition,

which may cause other unwanted side effects.33 In the absence of

an OH scavenger the additional alkene consumption by OH

must be accounted for in the determination of the rate coefficient.

In the present study this is achieved by measuring the yield of OH

(YOH) using the approach of Neeb and Moortgat.29 The general

overall ozonolysis reaction is treated as

nOzO3 þ nAlCHEX !k products ð1Þ

While assuming nOz E 1 by neglecting the influence of HO2

radicals (see discussion in Wolf et al.12) the stoichiometric

coefficient for the alkene should be composed of nAl = 1+YOH.

By measuring the alkene conversion relative to the ozone

conversion, the yield YOH of OH radicals can be derived as

YOH = nAl � 1 (2)

� DpðCHEXÞ
DpðO3Þ

� 1 ð3Þ

Accounting for the additional OH initiated alkene consump-

tion the integrated second order time law reads:

1

nAl � p0ðO3Þ þ p0ðCHEXÞ � ln
p0ðO3Þ � pðCHEXÞ
pðO3Þ � p0ðCHEXÞ

� �
¼ kt

ð4Þ

Thus the bimolecular rate coefficient k of the ozone reaction

can be obtained from the concentration (or equivalently

partial pressure) time profiles of both reactants when the left

hand side of eqn (4) is plotted versus the time.12

Rate coefficients k and OH yields YOH have been determined

in a series of experiments at pressures between 25 and 1000 mbar

along the procedure outlined above. The initial partial pressures

ranged from 0.17–0.55 Pa (1.7 to 5.5 ppm at 1 bar) for ozone and

from 0.43–0.93 Pa (4.3 to 9.3 ppm at 1 bar) for CHEX. Neither

the variation in pressure nor the variation in initial alkene and O3

concentrations showed an obvious impact on the determined k

values. This is illustrated in Fig. 1 where k is plotted against the

corresponding OH yields. Both show only a slight scatter with k

ranging from (67–81) 10�18 cm3 s�1 andYOH ranging from 0.4 to

0.53. The open triangle is the centre of gravity and marks the

resulting averaged values. The rate coefficient k is within the error

range of several previous studies34–36 and virtually identical with

the report of Treacy and co-workers.34 YOH is slightly lower

than the reported values based on different experimental

methods,14,17,30 but within the limit of the reported error margins

(see Table 2). We did not observe a pressure dependence of the

OH yields, which is similiar to the results of Fenske et al. for

C3- and larger alkenes including cyclopentene.30

In several experiments the presence of cyclohexane (20–30 Pa)

as OH scavenger was examined. The results are depicted by the

Table 1 Chemicals

Substance Purity (%) Manufacturer

Synthetic air (N2/O2:79.5/20.5) Z 99.9990 Air Liquide
Nitrogen Z 99.9990 Air Liquide
Oxygen Z 99.995 Air Liquide
Helium Z 99.996 Air Liquide
Cyclohexane Z 99.5 Merck
Cyclohexene Z 99.7 Fluka
Sulfur dioxide Z 99.98 Messer
Demineralised water — —

Fig. 1 Derived ozonolysis rate constants at (295 � 0.5) K versus the

measured OH yields YOH ¼ DpðC6H10Þ
DpðO3Þ � 1

� �
. Four encircled experi-

ments were carried out in the presence of cyclohexane to scavenge at

least some part of the OH radicals additionally reacting with the

alkene. The hollowed triangle denotes the center of gravity of all

experiments without an OH scavenger.

Table 2 Comparison of calculated YOH and k values with data from
the literature. The given error of our data is calculated from statistical
methods only (95% confidence interval). A more appropriate accuracy
including uncertainties in concentration calibration should be in the
order of twice these values

YOH Ref. K/10�18 cm3 s�1 Ref.

0.47 � 0.02 This work 74 � 2 (295 K � 0.5 K) This work
0.54 � 0.08 17 85 � 8 (298 K) 34
0.54 � 0.13 30 81 (298 K) 35
0.52a 14 76 (293 K) 35

a This value is calculated from the relative ozone consumption (0.66)

according to eqn (3).
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open circles in Fig. 1. As an effect of OH scavenging, YOH is

reduced in these experiments but still well above 0. Using

higher cyclohexane concentrations would hamper the integra-

tion of IR-bands by spectral interference. Similar to the

preceding study we did not find an effect of scavenger addition

on the determined k values. This observation gives us further

confidence that our straight forward analysis provides reliable

results for k and YOH, which is reflected by the good agree-

ment with literature values for CHEX + O3 and several other

cyclic alkenes in our previous work.12 Fortunately, as partly

discussed above, the well defined starting point of the alkene–

ozone reaction due to the fast initial mixing allows the use of

rather large initial concentrations and the measurement of

reactant consumption in the initial phase of reaction, which

seems to be a robust measure for k. If a more accurate

determination of k is desired, not only the reactants but also

OH and HO2 radicals have to be monitored simultaneously.

Such experiments can provide the important OH and HO2

yields on the basis of in situ measurements.37 Then the

systematic error, which is caused from O3 consumption by

HO2, can be controlled as discussed recently.12

3.2 Gas-phase products

The following analysis of pressure dependent product for-

mation from CHEX + O3 takes up our recent findings for

methyl-cyclohexene (MCHe) and a-pinene. For these alkenes

the formation of CO was significantly increased at lower

pressures, indicating that channels different from CI decom-

position must contribute to the observed CO yields. A second

important finding was the observation of ethene and ketene

formation for MCHe in the low pressure regime (po 100 mbar);

for a-pinene only ketene was detected at low pressures. These

findings were interpreted such that chemically activated alkyl

radicals being formed after OH elimination in the vinylhydro-

peroxide channel decompose at low pressure, which is similar

to the reaction mechanism of chemically activated cylic-alkoxy

radicals.26,38 The absence of ethene formation in the case of

a-pinene was explained with the internal ring, which inhibits

a second C–C-fission. The analogous mechanisms for the

reactions of CHEX, MCHe and a-pinene with ozone are

illustrated in Fig. 2. If the mechanism proposed in ref. 11

was correct, ketene formation should not be observed

for CHEX + O3 due to the absence of di-substituted CIs

(pathway (b) in Fig. 2). Instead an increased CO formation is

expected, since only pathway (a) is available.

The ozonolysis of CHEX clearly provides a critical test for

these hypotheses. Therefore the pressure dependent product

formation is extensively analysed with focus on the decom-

position pathways depicted in Fig. 2. In addition formic acid,

which is known to be formed from an additional source on a

much longer timescale,17 is included in the product analysis.

The differences in product formation at high and low

pressures are illustrated in Fig. 3. The product spectra were

recorded for nearly identical ozone conversions (Dp(O3) =

0.90 Pa) at 990 and 46 mbar, corrected for remaining reactant

specific bands by subtracting pure substance spectra. Some

prominent, qualitative changes in the formation of stable

gas-phase products between the two pressure levels can be

observed. These are increased yields with decreasing pressure

of carbon monoxide (CO, rotationally resolved P–R band-

shape around 2150 cm�1), ethene (C2H4, the sharp Q-branch

at 950 cm�1) and formic acid (HCOOH, P–Q–R bandshape at

1105 and 1776 cm�1) as well as the formation of small

amounts of formaldehyde (HCHO, Q-branch at 1745 cm�1),

which cannot be detected at atmospheric pressure.14,17,39

Additionally, a decrease of absorption bands for example in

the carbonyl stretching region from products such as pentanal

appears.26 The formation of ketene was neither observed at

990 nor at 46 mbar.

The elevated formation of small fragment molecules (1–2

carbon atoms) instead of longchain products (5–6 carbon

atoms, for example pentanal) leads to a reduction of the total

sum of vibrational modes based on the 3N � 6 rule for non-

linear molecules. Therefore, in general, the integral of all

bands of the reaction products is lowered (assuming similar

transition dipole moments of vibrational excitations for both

types of molecules). Due to the applied moderate spectral

resolution of 1 cm�1 the decreased pressure broadening of

absorption bands at low pressures (around 50 mbar) only

slightly affects the line shape in most cases, except for CO.12

Therefore we used calibrated pure substance spectra being

recorded over a range of total pressures between 20 and 1000mbar

for the determination of CO yields.

During each experiment, a series of nine spectra was

recorded within a period of 12 minutes, showing the consump-

tion of reactants and the formation of stable products at

specific absorption bands as described above. By subtracting

pure substance spectra, the actual concentration of identified

products as well as the concentration of remaining reactants

can be determined at each reaction time (the midst of the time

interval needed for recording the spectrum). By comparing the

Fig. 2 Possible formation pathways of ketene, ethene and CO at

lower pressures. (a) CO and ethene formation from the mono-

substituted CI (CHEX, MCHe); (b) ketene and ethene formation from

the di-substituted CI (MCHe); (c) ketene formation and inhibited

ethene formation from the di-substituted CI (a-pinene).
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partial pressure of products pCO, pHCOOH, and pC2H4
with the

ozone consumption �DpO3
= pO3

(t = 0) � pO3
(t) the relative

formation yields YCO, YHCOOH, and YC2H4
can be calculated.

Fig. 4 shows these data for a selection of different pressures.

All three decomposition products are obviously produced with

higher yields at lower pressures. Ethene and carbon monoxide

(higher pressures) show a formation strictly proportional to

reactant conversion as expected. The deviation for carbon

monoxide at the lowest pressure and highest conversion shows

the necessity for the tedious procedure of generating conver-

sion and pressure specific calibration spectra. Such a deviation

immediately results at low pressure when extrapolated calibra-

tion spectra are applied as exemplified here. The left curved

deviation, however, observed for HCOOH was previously

reported17 and can be attributed to the known delayed formic

acid formation. Hence only initial yields were determined for

HCCOH. Especially for the lowest pressure the initial yields

differ significantly from yields that are determined from a best

linear fit (see the lower panel of Fig. 4). We note that for the

conditions of our experiment the formation of HCOOH from

the side reaction ethene + O3 can be excluded based on its

much lower reaction rate (CHEX is in excess over O3). We

further note that for high ozone conversions the reaction rate

is decreased and a reliable determination of the relatively low

ozone concentrations is more difficult. However, under these

conditions the delayed formation of additional HCOOH is

most pronounced as shown in Fig. 4 for the lowest and highest

pressures.

The comparison of CO and ethene yields at high and low

pressures from the CHEX ozonolysis with the results for

MCHe and a-pinene confirms the mechanism being proposed

in ref. 11. First, the absence of ketene formation is in line with

the absence of di-substituted CIs for CHEX ozonolysis.

Second, the significantly increased CO yields for CHEX

compared with MCHe (0.31–0.19 around 1000 mbar,

0.82–0.43 around 45 mbar) agree with pathway (a) in Fig. 2

being the additional source besides CI decomposition. For

MCHe this channel applies only for the mono-substituted CI,

for CHEX a mono-substituted CI is solely formed. Third, the

significantly increased ethene yields for CHEX ozonolysis

indicate the crucial role of chemical activation of intermediates

being formed in the vinylhydroperoxide channel. In the case of

the CHEX ozonolysis the intermediates have a lower heat

capacity and thus the chemical activation driven unimolecular

reaction dynamcis are intensified. As a consequence ethene is

observed as a product already for the ambient pressure case of

CHEX, while it can be detected in our cell only below 200 mbar

Fig. 3 Product spectra of cyclohexene ozonolysis at identical ozone

conversions (0.9 Pa) for atmospheric pressure and low pressure of

synthetic air. Upper panel: C–H stretching region; middle panels:

CQO and carbonyl stretching region; lower panel: fingerprint region.

Fig. 4 Representative determination of product yields for CO, C2H4

and HCOOH relative to ozone conversion. For the sake of clarity not

all performed experiments are shown. In the case of HCOOH only

initial yields were obtained due to the secondary origin of the reaction

product at longer reaction times.
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for MCHe for identical ozone conversions. We note that

ethene formation at 1 bar was reported by Hatakeyama

et al. in their early work.14 The mechanism being illustrated

in Fig. 2 shows that CO and ethene are formed in succession.

The first C–C-fission leads to CO and the second to ethene

formation. Since the excess energy in the intermediate alkyl

radicals is reduced by the first C–C fission the product yields of

CO and ethene are expected to show different pressure depen-

dencies. And this is indeed observed in the pressure profiles of

CO and ethene yields being shown in Fig. 5. While the CO

formation approaches a low pressure limit below 100 mbar,

ethene formation is enhanced below 300 mbar and no indica-

tion of reaching a low pressure limit is found. This observation

is typical for products being formed at different stages in

unimolecular reaction systems, where the initial excess energy

is processed through the potential energy surface. This char-

acteristic feature of the gas-phase alkene ozonolysis was

recently discussed by Donahue at al. in a review article for

the primary ozonide, the CI and the vinylhydroperoxide.13

The present study shows that the chemical activation is carried

through beyond the vinylhyroperoxide in the case of CHEX

ozonolysis. Enhanced formation of ethene from intermediate

alkyl radicals is observed at low pressures because first,

the preceding C–C-fission reduces their internal energy and

second, they are formed later, which increases their chance for

stabilisation by collisions with bath gas molecules. Interest-

ingly, the initial HCOOH yields show pressure profiles similar

to CO indicating their formation at an earlier stage than ethene.

The confirmation of the mechanism being proposed in

ref. 11 is an important step for understanding the drastically

reduced aerosol yields at low pressure reported for the ozo-

nolysis of endo- and exocyclic alkenes in the same study. This

issue is the content of the next section. We note that the

mechanism as depicted in Fig. 2 needs further characterization

by means of quantum chemistry for identifying the involved

transition states. Efforts in this direction are on the way.

3.3 SOA formation

3.3.1 Absence of SO2. In the preceding work on particle

formation during the ozonolysis of larger cyclic alkenes we

could show that pressure is an important parameter which

highly influences the stoichiometric yield of condensable spe-

cies and the number of condensation nuclei being formed.12 In

the present study the pressure effect on gas- to particle-phase

partitioning of products from the alkene ozonolysis reaction

was examined in more detail.

For the ozonolysis of CHEX we observed in general astonish-

ingly low particle numbers of ca. 5000 cm�3 at 0.45–1 bar and

1 ppm ozone conversion. Since significant amounts of conden-

sable products were produced, the observed particles were

comparatively large, which is illustrated in Fig. 6. The cut off

of our DMA at 780 nm necessitated the simulation of the particle

size distribution for obtaining a more realistic estimate of aerosol

masses. The reported particle numbers and aerosol masses were

in all cases derived by integrating the simulated particle size

distribution. An example for the procedure is depicted in Fig. 6.

The dependence of particle formation on ozone conversion

and reaction pressure was examined for four different pressures

between 465 and 89 mbar and ozone conversions between

0.1 and 0.53 Pa (1 and 5.3 ppm at 1 bar). The results are

depicted in Fig. 7. We see that the slopes derived from linear

regression increase for both particle number densities and

Fig. 5 Pressure profiles of decomposition product yields (upper

panel: CO and HCOOH, lower panel: C2H4). Open icons represent

experiments with cyclohexane as an OH scavenger. The lines serve just

to guide the eyes. Overall relative accuracy is in the order of 10–15%,

error bars are omitted for clarity. Please note the logarithmic scaling of

the pressure axis as well as the different scaling for HCOOH (stars)

and CO (squares, 10� higher) in the upper panel.

Fig. 6 Size (measured and simulated) and (derived) mass distribution

of a cyclohexene ozonolysis (Dp(O3) = 0.44 Pa) at 316 mbar synthetic

air. Comparison between measured and simulated (in parantheses) key

data: N = 13200 (16 000) # per cm3, dN = 360 (385) nm, M = 750

(2032) mg m�3, sg = 1.65 (1.70).
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mass yields with increasing pressure. This illustrates that the

amount of condensable products per reacted alkene is a

sensitive function of the reaction pressure. The slopes being

shown in Fig. 7 indicate a linear increase, which is expected

when a critical alkene conversion is surpassed,40 suggesting

that the procedure for estimating aerosol masses is reliable.

The comparison of the slope for 180 mbar and 318 mbar is

striking. In this small pressure window of about 140 mbar the

yield of condensable reaction products increases for the same

amount of reacted ozone by a factor of almost three. In Fig. 5

we see that ethene formation is intensified below 300 mbar.

This finding indicates that the chemical activation of alkyl

radicals producing ethene by C–C-fission (see Fig. 2) is critical

for SOA formation. The reason may be that the excess energy

reduces the lifetimes of peroxy radicals being formed by O2

addition to this intermediate. As a consequence they cannot

take part in bimolecular gas-phase reactions producing chemically

bonded dimers.24,41 The reason may also be that decomposition

reactions are enhanced upon chemical activation, which increase

the vapour pressure of reaction products.7

It is interesting to compare these findings with results for the

larger cyclic alkenes being examined in our previous work. For

methyl-cyclohexene and methylene-cyclohexane (C7-alkenes)

we found a drastic drop of mass yields below 100 mbar, for

a- and b-pinene (C10-alkenes) below 50 mbar. This illustrates

how increased heat capacities of C7- and C10-alkenes dampen

the effect of chemical activation compared to CHEX.

3.3.2 Presence of SO2. In the previous section we have

discussed the low particle densities occurring during the

CHEX ozonolysis. This observation led to the idea of produ-

cing additional particles from the parallel running formation

of sulfuric acid. Sulfuric acid induced new particle formation

was studied in detail in previous work,3,20,23 since it is a key

process in atmospheric science. The recent measurements of

Sipilä et al. showed a relation or ‘‘slope’’ of 1–2 for

ln(J)–ln([H2SO4]) plots (J is the nucleation rate) over a wide

range of H2SO4 concentrations.
3 These results were in agree-

ment with atmospheric observations suggesting this slope to be

between 1 and 2.42,43 The much higher slopes in earlier studies

(see ref. 3, 20, 23 and the literature cited therein) were

explained as a result of ineffective growth of freshly formed

particles to detectable sizes at low H2SO4 concentrations. The

discussion in ref. 3 highlighted the critical influence of

restricted residence times in flow reactor experiments and the

improvements being achieved using new CPC designs that are

capable of detecting particles down to a diameter of slightly

above 1 nm. The low particle number density produced during

CHEX ozonolysis allows for a complementary experimental

test of the sensitivity of sulfuric acid induced new particle

formation. In our set-up the aerosol analysis is performed

when the reaction is completed. Therefore all stable clusters

initiating nucleation events have sufficient time for growing to

detectable sizes. On the other hand it is clear that freshly

formed clusters can coalesce or condense to existing particles

in the course of reaction, which reduces observed particle

numbers. This effect is inherent to the static reactor approach.

In Fig. 8 the influence of SO2 addition on the observed

particle and aerosol mass formation is illustrated for experi-

ments at 450 mbar. We chose the lower pressure instead of

1 bar because here the reaction mixture is prepared immedi-

ately after the expansion without further addition of bath gas.

This procedure provided the best reproducibility of experi-

ments. We observed a first increase in particle numbers and

aerosol masses above a threshold of 2 � 10�4 Pa SO2 (2 ppb at

1 bar). Above ca. 0.01 Pa (100 ppb at 1 bar) the increase

intensified. For 0.3 Pa (3 ppm at 1 bar) 150 000 particles per

cm3 are observed compared to 5000 per cm3 in the absence of

SO2. These observations illustrate how efficiently H2SO4

produces new particles when condensable organic material is

abundant. For some SO2 concentrations we added water for

testing the effect of humidity on the results. In these experi-

ments the observed particle numbers and aerosol masses

were significantly reduced at higher humidities except for the

experiments at the lowest SO2 concentrations, where no clear

trend was observed. This finding is similar to results of Bonn

et al. for the a-pinene ozonolysis.44

In order to compare our findings with the work of Sipilä

et al. the H2SO4 concentrations being produced in the reaction

sequence initiated by the SO2 + OH reaction had to be

calculated. In the simulation the rate coefficient from the

present work for CHEX + O3 and an OH yield of 0.5 was

applied (see section 3.1 above). The simulation showed that under

dry conditions (estimated mole fraction of water: x(H2O)>2 ppm

Fig. 7 Dependence of particle formation from ozone conversion at

465 � 5 mbar, 318 � 3 mbar, 180 � 2 mbar and 80 � 2 mbar. The

values are those from the simulated particle size distribution. The

straight lines result from linear regression.
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from impurity of the used synthetic air and small leakages)

H2SO4 was efficiently formed on the same time scale as the

alkene was consumed. The predicted H2SO4 mole fraction

profiles were largely independent on the water mole fraction in

the gas mixture since the kinetic bottle neck is the SO2 + OH

reaction. Additional formation of H2SO4 from the reaction of

stabilised CIs with SO2 was assumed to be negligible. This

assumption is supported by recent work of Donahue et al. who

reported the absence of stabilised CIs at 1 bar for CHEX

ozonolysis.13 This is different for a-pinene ozonolysis. Here

Berndt et al. reported 26% of the H2SO4 to be formed via the

CI channel.20 All kinetic simulations were performed with the

DARS software package;45 more details are given in the ESI.w
In Fig. 9 our findings were tentatively compared with flow

reactor experiments of Sipilä et al. using different CPCs. The

static reactor results are plotted in terms of the additional

number of particles being formed by SO2 addition as a

function of the generated number density of H2SO4. For better

comparison an offset of 1500 particles per cm3 is chosen. The

main results of Sipila et al. are summarized by plotting the

straight lines of Fig. 1 in their study representing measure-

ments using different CPCs. We note here that caution is

mandatory when comparing the different experiments. The

issue of the CPC detection efficiency for small particles only

applies to the flow reactor experiments. In the study of Sipilä

et al. the ability of the mixing type particle-size magnifier

(PSM) to lower the detection threshold down to sizes of

around 1.5 nm was crucial for an efficient detection of all

freshly formed particles.3 Only in the PSM experiments arte-

facts being related to CPC detection limits and limited resi-

dence times in flow reactors were efficiently suppressed. Our

static reactor experiments are not sensitive to the applied CPC

because we analyze the resulting particle numbers at the end of

the reaction. Even in the presence of large amounts of H2SO4

the particle sizes are well above 20 nm (see Fig. 6), which is

well above the detection limit of 4.5 nm of our TSI 3022 CPC.

The first important observation is that the onset of addi-

tional particle formation in the presence of SO2 is found at

H2SO4 number densities, which produce particle numbers in

the Leipzig flow reactor of the same order of magnitude as our

background from CHEX ozonolysis. This similarity is only

given for flow reactor experiments, where the mixing type

particle-size magnifier is applied featuring the lowest particle

detection limit. The second observation is the similar sensitiv-

ity of additional particle formation to H2SO4 concentrations

in the static and flow reactor experiments in a H2SO4 concen-

tration window above this threshold. The third finding is the

flattening of increase of additional particle formation in our

experiments at higher H2SO4 concentrations.

Considering the complementary character of the two experi-

ments, namely.

� Controlled generation of H2SO4 and parallel running

alkene ozonolysis for producing condensable species (flow

reactor) vs. dominating alkene ozonolysis and parallel

H2SO4 formation for generating condensation nuclei.

� Measurements of particle numbers at a fixed Dt in the

reactive flow for reducing particle loss via condensation and

coagulation vs. characterisation of aerosol formation at the

Fig. 8 Dependence of particle formation on the additon of SO2 to the

initial gas mixture. The experiments were performed at ptot(synthetic

air) = 450 � 10 mbar under dry and in some cases humid conditions.

Particle numbers and masses refer to simulated particle size distribu-

tions. p0(O3) = (0.085� 0.015) Pa, p0(CHEX)= (1.28� 0.05) Pa, and

T = (295 � 0.5) K.

Fig. 9 Additional particle formation during CHEX ozonolysis in the

presence of SO2 as a function of simulated H2SO4 number densities.

T = 295 K, ptot(synthetic air) = 450 � 10 mbar. The results are

compared to slopes observed in flow reactor experiments using

different CPCs. PHA-UCPC: Modified pulse height-analyzing ultra-

fine-condensation particle counter; PSM: Mixing type particle-size

magnifier. More details are found in ref. 3.
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end of reaction allowing all initial nuclei contributing to either

particle number or aerosol mass.

� 20–30% humidity in the flow reactor experiments vs. dry

conditions in the static reactor.

�Near-atmospheric conditions in the flow reactor vs. typical

laboratory conditions at higher concentrations of reactants in

the static reactor.

The similar sensitivity of new particle formation to H2SO4

concentrations between 1 � 107 and 4 � 107 molecules per cm3

is surprising.

Indeed, the dense vapour of semi-volatile oxidation pro-

ducts from CHEX ozonolysis seems to take over the role of the

particle-size magnifier in the flow reactor experiments. The

findings further suggest that the relation between new particle

formation and H2SO4 concentrations is robust and can be

observed in different gas mixtures. However, when the H2SO4

concentrations were increased the restrictions of the static

reactor experiment became obvious. In Fig. 10 the experi-

mental data of Fig. 8 for dry conditions are shown in a double

logarithmic plot. The lower slopes at higher H2SO4 concentra-

tions are marked. This effect was expected considering the loss

of initial clusters to aerosol mass via condensation and coagu-

lation. However, we think that curves as shown in Fig. 10

provide new types of experimental references for developing

and refining models describing new particle formation and

particle growth first in laboratory experiments. Interestingly, it

shows a certain similarity with the relation of the logarithm of

ignition delay times and the inverse temperature observed

for the ignition of larger alkanes featuring the so called

negative temperature coefficient (NTC) regime.27,46 Clearly,

the chemical mechanisms leading to particle formation and

controlling the dynamics of an ignition process have on first

sight not very much in common. However, for both SOA

formation and low temperature ignition the mechanistic

branching in the peroxy radical chemistry is a key issue as

recently discussed byKroll and Seinfeld7 and Battin-Leclerc et al.47

in review articles. We note that the unraveling of the chemical

mechanism explaining the NTC regime was the key for our

present understanding of low temperature ignition and the

complex reaction pathways of peroxy radicals being respon-

sible for the NTC effect. The modeling of experiments as

shown in Fig. 10 may help to gain a better understanding of

organic–inorganic cross reactions being involved in SOA

formation.

The strong pressure dependence of aerosol yields in the

absence of SO2 being discussed in the previous section

immediately raises the question to what extent this effect is

carried through in the presence of SO2. In Fig. 11 the effect of

pressure variation on aerosol formation during CHEX

ozonolysis is shown in the presence of H2SO4. The first

observation is that for pressure above 80 mbar a significant

enhancement of particle and mass yields is found. This is

especially true for the highest SO2 concentrations. The drastic

drop of aerosol yields between 320 and 180 mbar (see Fig. 7) is

not observed when H2SO4 controls the formation of conden-

sation nuclei. However, at 40 mbar aerosol formation breaks

down even in the presence of high H2SO4 number densities.

Before further conclusions can be drawn the pressure depen-

dence of H2SO4 formation must be considered. Here the initial

step SO2 + OH - HOSO2 is rate limiting and is known to be

pressure dependent.48 However, the absolute rate is expected

to drop by a factor of 3 between 450 and 30 mbar while the

Fig. 10 Additional particle formation during CHEX ozonolysis in

the presence of SO2 as a function of simulated H2SO4 number

densities. T = 295 K, ptot(synthetic air) = 450 � 10 mbar. Slopes

for three different regions of particle formation sensitivity are tenta-

tively marked in the plot.

Fig. 11 Pressure dependence of enhanced particle formation upon

SO2 addition for ptot(synthetic air) = 40–450 � 10 mbar, p0(O3) =

0.085� 0.015 Pa, p0(CHEX)= 1.28 � 0.05 Pa, and T= (295� 0.5) K.

The values refer to simulated particle size distributions.
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SO2 concentrations are changed by orders of magnitude. Thus

the pressure dependence of H2SO4 formation cannot explain

the absence of particle formation at 40 mbar but may be

responsible for the minor changes in particle yields observed

between 200 and 450 mbar.

Therefore we have clear indications that the stabilisation of

initial clusters containing H2SO4 does not work at low pres-

sures around 40 mbar. The reason is probably that the clusters

become simply too warm due to the exothermicity of the

interaction of H2SO4 with organic compounds. Another

explanation might be the absence of condensable vapours at

low pressures. For testing these hypotheses we analysed the

effect of SO2 addition during the ozonolysis of a-pinene, where
a significant drop of aerosol yields was observed for pressures

below 40 mbar.12 Here condensable vapours are definitely

abundant around 40 mbar. The results of these experiments

are shown in Fig. 12. First we see the invariance of aerosol

masses between 100–1000 mbar and particle numbers between

200–1000 mbar in the absence of SO2. This finding illustrates

that a high pressure limit with regard to aerosol yields is

achieved for the C10-alkene a-pinene above 100–200 mbar.

Similar to the CHEX ozonolysis the effect of SO2 addition at

40 mbar on aerosol yields in terms of number and mass is

negligible. For experiments around 90 mbar an enhancement

of aerosol yields cannot really be stated for a-pinene, which is

different to CHEX. At higher pressures we also see a

significant increase in particle numbers and aerosol masses

when SO2 is added. Since high particle numbers were observed

in the absence of SO2 the enhancement by SO2 addition is

limited. The absence of the enhancement of particle formation

at 40 mbar also for a-pinene points to the exothermicity of

initial cluster formation as the underlying effect. At the same

time the pressure dependence of aerosol yields is clearly not

identical for a-pinene and CHEX ozonolysis for both the

presence and absence of SO2. These observations might

indicate that alkene specific cross reactions of H2SO4 with

oxidation products have to be considered.

Clearly, much more efforts have to be made in future for

getting a more detailed picture of organic–inorganic cross

reactions being relevant for SOA formation in the atmosphere.

The observations of this study illustrate that a detailed

knowledge of the stabilisation of initial clusters is needed for

unravelling the complex mechanisms leading to aerosol

formation. Collisional stabilisation as well as the inter- and

intramolecular vibrational relaxation have to be taken into

account.

4 Conclusions

We have performed a detailed analysis of the pressure depen-

dence of reaction product and SOA formation during the gas-

phase ozonolysis of cyclohexene. The results showed a largely

suppressed particle formation below 300 mbar which coin-

cided with an enhanced formation of ethene. This finding

confirmed previously suggested reaction pathways explaining

the enhanced formation of CO, ethene and ketene at low

pressures during the ozonolysis of methyl-cyclohexene and

a-pinene.12 The results underline the important role of mecha-

nistic branching in the vinylhydroperoxide channel for SOA

formation being discussed in the same preceding work and

previous studies.7 The analysis of decomposition reactions via

C–C-fission at low pressures can reveal crucial features of the

potential energy surface (PES) determining the available reaction

pathways in the complex intermediate chemistry leading to SOA

formation. By ‘‘flooding’’ the PES with excess energy at low

pressures, the dynamics of the chemical activation driven chem-

istry beyond the vinylhydroperoxide stage can be observed.

The low particle number densities being generated during

CHEX ozonolysis allowed for an analysis of the sensitivity of

the presence of H2SO4 in the gas mixture to new particle

formation. Near the critical H2SO4 number density, where

additional particle formation can be first observed, a similar

sensitivity to recent near-atmospheric flow reactor experiments

and atmospheric conditions is found.3 At higher H2SO4 con-

centrations the sensitivity is lower due to an increased loss of

initial clusters by coagulation and condensation. At pressures

below 50 mbar particle formation is suppressed even for very

high H2SO4 number densities.

In general, the strong and gas mixture specific pressure effects

on aerosol yields in our laboratory experiments suggest that a

critical analysis of pressure effects on atmospheric aerosol

formation processes seems appropriate when they occur at

pressures different from 1 bar. Geo-engineering strategies based

on stratospheric sulfur injection49 and atmospheric aerosol

formation on Titan50 are two examples. However, such an

Fig. 12 Pressure dependence of enhanced particle formation during

a-pinene ozonolysis upon SO2 addition. ptot(synthetic air) = 30–450 �
10 mbar, p0(O3) = 0.045 � 0.01 Pa, p0(a-pinene) = 2.5 � 0.05 Pa, and

T = (295 � 0.5) K.
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analysis is beyond the scope of this work and at this stage it is

clearly improper to simply extrapolate the laboratory results.
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