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Homogeneous Aerosol Formation by the Chlorine Atom Initiated Oxidation of Toluene
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The photolysis of Gl molecules in the presence of toluene and oxygen, at levetsl6t radicals/cms,

initiates a sequence of chemical reactions that rapidly produce an aerosol. Size distributions of the aerosol
particles are examined, using a scanning mobility particle sizer, as a function of time, photolysis energy, the
initial concentrations of toluene and chlorine, and of added NO ang Hie number of particles and the
volume of aerosol both exhibit a steep nonlinear increase as the initial chlorine atom level is raised. Surprisingly,
the number of particles displays a strong inverse dependence on the initial toluene concentration, whereas the
aerosol volume remains nearly unaffected by toluene level. Kinetic measurements of particle formation made
using a flow reactor reveal an incubation period after initiation of the-@;sHsCH; reaction, followed by

steep increases in particle number and volume. The particle number rapidly reaches a plateau, whereas the
aerosol volume continues to increase with time. The earliest observed particles are unexpectedly large, with
mean diameters as high as 100 nm; a continuous growth frathnm is generally not observed. Both NO

and HQ suppress aerosol formation. These observations prompt us to postulate a mechanism whereby a
minor reaction channel between chlorine atoms and benzylperoxy radicals to produce a Criegee intermediate
controls the number of critical nuclei. This rate-limiting step is followed by rapid condensation of semivolatile
compounds onto the nuclei. Because the aerosol volume can represent 10%, or more, of the toluene consumed,
this necessarily includes products from the major oxidation pathways. As part of this work, we report 295 K
rate constants df; = (8 & 2) x 102 cn?® s7? for the benzylperoxy self-reaction, akg= (2.7 & 0.5) x

10 cm? s for its reaction with NO.

I. Introduction ozone. The concentration of secondary aerosol varies widely
with location and time. For example, during extreme smog
episodes in the Los Angeles basin SOA may account fer 70
75% of the total organic aerosol burd&rl. The precursors to
SOA derive from both biogenic sourcé.g., terpenes from
conifer trees, and anthropogenic sources such as aromatic
compound%emitted from fossil fuel combustion.

The relative contribution of these sources to the overall PM
burden remains an important issue. A good deal of work has
gone into smog chamber studiégand model developmerit13
of the gas versus aerosol partitioning of organic vapors.
Photochemical oxidation modifies the hydrocarbons that are
emitted into the atmosphere, providing them with a variety of
functional groups such as carbonyl, hydroxy, hydroperoxy,
carboxylic acid, and others, many of which have very low vapor
pressures and can condense onto nuclei, and others that may
adsorb onto preexisting aerosol dropltsThe OH-initiated
oxidation of aromatic compounds, including toluene, figures
prominently in this regard. Seinfeld and co-workers have
reported that it is the aromatic content of gasoline that

Attention to the sources and fates of atmospheric particulate
matter (PM) has surged in recent years following epidemiologi-
cal findings that reveal a correlation between particle concentra-
tions and adverse health effeétAlthough the correlation is
weak, and the toxicological mechanism remains unknown, there
has been sufficient concern for the Environmental Protection
Agency to reexamine the ambient particulate standard and to
issue a new Pls standard for particles with aerodynamic
diameters below a 2.,6m cutpoint® Source apportionment of
PM is a daunting task, made difficult by the very wide range in
chemical and physical properties of this atmospheric constituent.
Differentiation of PMo and PM s cutpoints mitigates this
somewhat by distinguishing to a degree PM generated via
mechanical, abrasive, processes, which produce primarily
particles in the £+10 um diameter range, from those created
chemically, which tend to be smaller thal um.

Despite this, understanding the origins of PM remains a
complex issue. Even PM particles are produced by a variety
of anthropogenic and biogenic sources. To complicate matters, . - .
they arise from both primary and secondary origins. Soot from determ!ne§ Its a.erosol-formmg pqtenﬂél. . )
combustion sources, both stationary and mobile, is an example A principal aim of atmospheric aerosol chemistry is to
of a primary PM source, whereas sulfate and nitrate aerosmscharacterlze the quantities of semivolatile species _produ_ced fr_om
are major secondary constituents. Another secondary sourcePhotochemical oxidation of anthropogenic and biogenic emis-
about which considerably less is known, is secondary organic SIoNS; and to combine these data with thermodynamic properties
aerosol (SOA). This class of particles is formed by the in order to model the aerosol-forr_nlng potential o_f the emissions.
photochemically initiated oxidation of volatile organic com- 1 N€ intent of the present work is somewhat different. It is to

pounds, under conditions similar to those leading to tropospheric c0Nnect the gas phase chemistry that initiates the oxidation
process, a subject that has received considerable attention, with
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istics? Thus, the experiments reported herein are not meant topulse energy (180500 mJ) and on the amount of 00.1—
represent atmospheric conditions. First, the initial radical 0.5 Torr), creates chlorine atom concentrations ranging from
concentrations are much higher than in the atmosphere. But the(1—14) x 10 cm~2 along a 1.5 cm diameter cylindrical volume
radicals are formed only during a very narrow time interval to traversing the center of a 3.5 cm diameter, 52.8 cm long,
initiate the chemistry, and not continually as in steady state smogtemperature controlled, fused silica reaction cell. The bulk gas
chamber experiments; thus, the typical aerosol yield is actually flow velocity is typically 15 cm/s; thus, 3.5 s is required to
less than in the latter experiments. Second, chlorine atoms, andeplace the full volume of the cell with a new gas charge. Laser
not hydroxyl radicals, are used here to initiate the radical repetition rates 0&£0.2 Hz are used to avoid the photolysis of
chemistry. Except in special circumstances, such as the possiblegaseous products or aerosol particles by successive laser pulses.
role of halogen chemistry in ozone removal during the arctic ~ The photolyzed chlorine atoms rapidly attack toluene, almost
sunriset® Cl-initiated oxidation of hydrocarbons is of minor entirely by hydrogen abstraction from the methyl gréupe
tropospheric importance. In fact, the supposedly simpler Cl produce benzyl radicals, which quickly adg @ form ben-
reaction with toluene, which occurs via hydrogen abstraction zylperoxy radicals

from the methyl group, was not expected to yield an aerosol, Cl + C.H.CH. — C.H.CH. + HClI 1
since it is the ring-opening products from OH attack of the e e @
aromatic group that are attributed to aerosol formation. CeHsCH, + O, + M — C;H.CH,0, + M )

In this paper we present a kinetic and mechanistic examination
of the Cl-initiated oxidation of toluene starting with the Typically, with toluene and @concentrations of-1 and~ 20
chemistry of the initial hydrocarbon radicals that are formed, TOIT, respectively, the peroxy radical formation occurs on the
and continuing with an exploration of the physical and chemical time scale of a few microseconds or less. The benzylperoxy
characteristics of the aerosol that is produced. Flash photolysis/concentration, which to first order is independent of toluene
time-resolved UV spectroscopy allows us to identify the and Q concentrations at these levels, is determined optically
benzylperoxy radical and observe its conversion to benzaldehydevia its UV absorption over the 22840 nm range (the
(also benzyl alcohol). The dynamics of aerosol formation are absorption cross section is calibrated against that of ethylper-
explored by measurements of particle number, size, and volumeoXy*9). Subsequently, the benzylperoxy radicals react among
as a function of time and initial reactant conditions. After a themselves, or with NO or HOwhen these are added, on time
description of the experimental method in section II, the gas Scales of 10*s, and aerosol formation is observed on the'10
phase and aerosol data are presented in sections Ill and IV,S time scale. The details of this chemistry are the subjects of
respectively. A number of key observations presented in sectionsections lll and IV. At times longer than about 50 ms, the
IV motivate the aerosol mechanism that we subsequently feaction products initially created in the volume swept out by
propose in section V. One is that nuclei mode particles are not the laser beam begin to mix with the remainder of the gas
observed; rather there is an initial quiescent stage exhibiting Volume (diffusion to the walls occurs with a time constant of
no particles, after which there is a rapid rise in particle number, ~800 ms), leading at long times to a factor of 5.4 dilution of
but these are already 2000 nm in diameter when they first ~ these products relative to the initially created chlorine atom
appear. A second observation concerns the role of toluene;concentration.
raising the toluene level has the unanticipated effect of lowering  Toluene was obtained from Aldrich with a purity of 99.5%.
particle number, yet leaving the aerosol volume largely unaf- The Cbk was provided by Matheson as a 5% mixture in &,
fected. These observations suggest that separate chemicd(99.8%) and M (99.999%) were obtained from MI Airgas. Gas
pathways are responsible for nucleation and particle growth; a flows are regulated by Tylan/Millipore mass-flow controllers,
minor channel is key to initiating formation of the critical nuclei, €xcept for the Gl which is controlled by a needle valve.
whereas the major oxidation pathways contribute the substantialToluene is introduced to the gas mixture by a syringe pump
portion of the aerosol volume. The observations supporting this Which delivers a controlled amount of liquid toluene into a

mechanism, as well as the issues of coagulation and condensaflowing stream of nitrogen that is preheated to £00in order
tion are the subjects of section V. to ensure that the toluene vaporizes prior to mixing with the O

and C}. Typical concentrations used in the experiments are 0.3
3.0 Torr of toluene, 0.20.5 Torr of chlorine, and 24530 Torr
of oxygen, with nitrogen added to bring the total pressure to
Three types of experiments to characterize aerosol formation760 Torr. All the experiments are performed at 295 K.
by the chlorine-initiated oxidation of toluene are reported: (a) B. Time-Resolved UV SpectroscopyThe kinetics of the
UV absorbance measurements to investigate the initial gas phasé&enzylperoxy chemistry is monitored using UV absorption
chemistry, (b) measurements of the aerosol particle size spectra taken with 1@s resolution at various times (1 to
distributions, and (c) GC/mass spectrometric analysis of par- 100 ms) following initiation by the photolysis pulse. A
ticulate matter collected on filters. These were carried out using deuterium lamp provides the broadband UV probe source. The
two apparatuses. In one case, chlorine atoms are formed by flastprobe light is collimated and counterpropagated along the axis
photolysis; in the other they are generated at prescribed pointsof the flow cell, overlapping the volume swept out by the
along a continuous flow reactor. The UV absorbance measure-photolysis laser beam. After dispersion by a 0.32 m monochro-
ments were conducted solely with the flash photolysis apparatus,mator (Instruments SA, HR320) with a 147 groove/mm grating,
whereas particle measurements were performed using bothitimpinges a gated, intensified, diode array detector (Princeton

Il. Experimental Section

systems. The experimental details follow. Instruments, IPDA-700SB and ST1000 controller). Spectra are
A. Flash Photolysis SystemThis system has been previously recorded at a resolution of 2 nm and wavelength calibration of
described with respect to our gas phase kinetics sti#iés. the diode array is achieved with a low-pressure mercury lamp.

To initiate the chemistry, a 10 ns pulse of 351 nm light from The spectra are typically averaged over 500 laser flashes. They
an excimer laser (Lambda Physik LPX301) is used to dissociate normally cover the range of 1940 nm; however, due to

a small fraction of molecular chlorine in a slowly flowing4CI absorption by toluene, the usable range in the present experi-
CsHsCH3/O2/N, gas mixture. The laser beam, depending on ments is limited to wavelengths greater tha@20 nm.



84 J. Phys. Chem. A, Vol. 105, No. 1, 2001 Karlsson et al.

A number of absorbing species relevant to Cl-initiated toluene  The SMPS is normally used to monitor aerosols whose
oxidation contribute to the spectrum of the reaction mixture concentrations remain constant over th2 min necessary to
including benzylperoxy, Hg) benzaldehyde, benzyl alcohol, and scan the size range. The current situation is somewhat different.
toluene. The absolute UV cross sections for the latter three, The photolysis laser flashes at intervals ranging from 5to 10 s,
stable, species are measured by flowing a known quantity of whereas the gas charge in the cell is removed over a 3.5 s period.
each compound through the flow cell and recording the Nearly 1 s isthen required to reestablish the aerosol after the
corresponding absorption spectrum. The HEoss section is next laser pulse. Thus, there exist periods of abeté & during
reported in ref 22. The benzylperoxy absorption cross section the SMPS scan that the aerosol concentration decreases toward
is measured in the present study via calibration against anzero before being replenished to its nominal value. The mixing
ethylperoxy spectrum created under identical conditions of laser that occurs within the reaction cell damps these fluctuations.
power and gas composition, except for replacing the toluene Averaging typically three distribution measurements further
by ethane. The composition of UV absorbing species at a time reduces the remaining undulations in the recorded size distribu-
t after photolysis is then determined by fitting the absorbance tions. The particle concentrations are corrected by accounting
at that time to a superposition of the reference spectra, namelyfor the duty cycle defined by the laser repetition rate relative to

the gas replenishment rate. For laser repetition rates slow enough
Abs() = Z[Xi]t a(x)! 3) to allow complete gas exchanges between pulses, the corrected
size distributions are independent of repetition rate. The size
wherel represents the path lengththe absorption cross section,  distributions are also corrected for the dilution of the irradiated
and ] the concentration of thith species at delay time To volume into the total volume of the reaction cell (a factor of
simplify the fitting procedure, benzaldehyde, benzyl alcohol, 5 4). The following aerosol characteristics are determined from
and a residual absorption at long timesl0 ms) that could  the corrected data: total number concentration, (geometric)
not be accounted for by these two species are combined into 8mean particle diameter, and the aerosol volume concentration.

generic produgts category. . D. Continuous Flow Reactor. The necessity of sampling
C. Particle Size Distributions. Particle number concentra- the aerosol to measure its size distribution precludes an
tions and their sizes are measured using a scanning mObIIItyexamination of its time evolution using the flash photolysis

partlcl_e sizer (SMPS.) (TS, Inc., Model 3934). Th.|s IS ac- apparatus. To overcome this, a continuous flow reactor has been
comphshed by sampling a small f“”?c“"” O.f thg gas mlxturg (03 designed. It consists of a 165 cm long, 2.9 cm diameter quartz
L/rﬂnanhrom a tolta(; flow of |828 It;/mm)h?? I egtsltthe react;]on tube through which a §HsCH3/Cl,/O,/N, gas mixture flows.
cell. 'he sampied aerosol IS brought to a Bollzmann Charge oy, ine aoms are continuously generated at a prescribed point
equilibrium by passing it by &Kr radioactive source, and then along the reactor by directing UV lighti (> 300 nm, beam

injected along the outer wall of a cylindrical classifier through width ~1 cm) from a 100 W Hg arc lamp transversely across
which passes a 3.0 L/min flow of particle free sheath air. An the tube. A minimum of 30 cm is allowed to establish a steady

electric field, placed across the outer wall and a central electrodegas flow before the Giphotolysis occurs. The toluene oxidation

anng the axis of the pla55|f|er, drqus the positively char.ged initiated at this point continues until the gas mixture is sampled
particles toward the axis of the classifier. Small aerosol particles ;
- ) . e . ' at a distance of 5100 cm downstream from the lamp. At 1

with high electrical mobility move across rapidly and impact : .

; ) ) . i~ . atm pressure and a typical flow rate of 20 slpm (standard liters
the axial electrode; large particles with low mobility exit the . P . )

- . . . per minute), the flow velocity is approximately 50 cm/s; thus,
classifier along with the excess sheath air. Only a small fraction - .
the evolution of the aerosol can be examined over theD.4

of particles within a narrow mobility range find their way . : .
through an exit aperture and are counted by a condensationtlme range. Based on the flow velocity and the 1 cm photolysis

particle counter (CPC, TSI Inc. model 3025). Upon scanning zone, the time resolut.ion 'r.so.oz S AIthough diffusion in the
the applied voltage from 0 to 10 kV (at the 0.3 L/min sample flow cell apd sample line likely dggrades this value somewhat,
. T . changes in the aerosol properties can be observed over the
and 3.0 L/min sheath gas flow rates), the distribution of particles 0.1 s time scale
in the 16-670 nm mobility diameter range is measured witha = . ) ) . o
size resolution of about 5% (the 3025 counter records particles _AS With the flash photolysis apparatus, dissociation of the
down to 3 nm, although diffusion losses in the classifier affect Cl2 rapidly generates benzylperoxy radicals via reactions 1 and
performance below about 10 nm). 2. These reactions are comp_lete vx_/ell W|t.h|n the approximately
It should be noted that the Cpresent in the gas mixture 10 ms that the flowing reaction mixture is exposed to thke
affects the performance of the CPC. The TSI model 3010 CPC ¢M wide beam of the Hg lamp; thus, wavelengths bete800
is unusable because even smal), 1 Torr, quantities of chlorine nm are filtered out in order to minimize potential phqtochem|stry
cause the counter to register an overflow count rate, perhaps®f the peroxy radicals or their subsequent reaction products.
due to Cp and butanol reactions promoted by the metallic The substitution of ethane for toluene, and the collection and
saturator. Gldoes not cause such artificial counts with the model analysis of the acetaldehyde and ethanol products from the flow
3025 CPC, which uses a felt saturator, but it does contribute to reactor, provide an estimate that an initial radical concentration
contaminating the pumps and counting optics internal to the Of ~3 x 10" cm~2 is generated under typical flow conditions.
CPC, potentially leading to unreliable measurements. We did In the present experiments, the flow reactor operates at a
not completely avoid this problem in some of the earlier Reynolds number 0f~1000, thus near the upper end of the
experiments, and this is likely to be at least partly responsible laminar flow regime. Because chlorine atoms are photolyzed
for variations that appear in the absolute particle concentrationsuniformly across the cross section of the flow reactor, mixing
between some data sets in Table 3 below. However, within a issues are of limited importance. The subsequent benzylperoxy
set of measurements, the trends and relative changes in particlehemistry leads to aerosol formation in the interim between the
number and volume, e.g., as a function of initial chlorine atom photolysis and sampling points. Wall losses of the aerosol are
or toluene concentrations, are found to be quite repeatable, afound to be minimal. The introduction, either near the axis or
are the sizes of particles measured under a given set ofalong the walls of the reactor, of an ammonium nitrate aerosol,
experimental conditions. with a mean particle diameter 880 nm and a concentration
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TABLE 1: Cl-Initiated Toluene Oxidation Mechanism (R = CgHs)

no. reaction k(295 K) (cn?s™?) ref
Cl +hv — 2Cl

1 RCH; + Cl— HCIl + RCH, 6.1x 10°% 21

2 RCH,+ O, + M — RCH,O, + M 1.4x10°% 25
RCH,+ Cl — RCHCI 2.0x 1070 26
RCH,+ Cl,— RCH,CI + CI 13x10% 27
RCH, + RCH, — RCH,CH;R 4.1x 10712 28
RCH, + RCH,0O, — 2RCH0O <1lx 10710

4 RCH0, + RCH,O, — products ke=7.7x10% 21

da RCHO,+ RCH,0, —~ 2RCHO + O, 0.4k,

4b RCHO, + RCH,0; —~ RCHO+ RCH,OH+ O, 0.4k4

4c RCHO,+ RCHO, — RCH,OOCHR + O, 0.2,

12 RCHO; + Cl — products kip=1.5x 10710 3&

12a RCHO; + Cl — RCH,0O + CIO <0.1ks2 present work

12b RCHO, + Cl — RCHOO+ HCI 0.%2

5 RCHO + O, — RCHO+ HO;, 1x 10+ 29
RCH,0 + RCH,O — RCH,O0H,CR 1x 107 24, 3¢
RCH,0O+ RCH,O — RCHO+ RCH,OH
RCH,0 + RCH,O, — products 3x 10712 312

7 RCHO;+ HO, — RCH;O0H + O, 1.0x 101 21
HO, + HO,— HOOH+ O, 29x10°% 29

HO, Generation
CH3;OH + Cl — CH,OH + HCI 5.0x 107 29
CHon + 02_’ HOz + CHzO 9.1x l(TlZ 29
CH,OH + Cl, — CICH,OH + CI 27x 101 32
CH,OH + CH,OH — products 1.5« 101 33
CH,O + CI— HCO + HCI 7.3x 101 29
HCO+ O, —HO, + CO 5.6x 107%2 29
NO Chemistry

RCH, + NO — products 9.5¢ 10712 34

6 RCHO,+ NO — RCH,O+ NO, 27x 101 present work
RCH,0;+ NO; — RCH,O;NO, 9x 107% 2%
RCH,O+ NO— products k=6 x 101! 29
RCH,0+ NO— RCH,ONO 0.8x k
RCH,O+ NO— RCHO+ HNO 0.2x k
RCH,0+ NO; — RCH,ONO, 3x 101 2%

a Estimated by comparison to analogous ethylperoxy or methylperoxy rate constant.

of 2500 particles/ci(which is typical of the aerosol photo-  sampled without dilution. Comparison of SMPS measurements
chemically initiated from toluene) undergoes less than a 10% of particle concentration upstream versus downstream of the
loss over the 100 cm reactor length. filters confirms their efficiency to be>98%. Typically, 26-
After the prescribed reaction distance, the gas mixture is 900 ug of particulate material, depending on experimental
sampled through a diluting nozzle in order to quench further conditions, is collected over a period of approximately 45 min
aerosol chemistry or dynamics prior to analysis with the SMPS. (~500 laser shots).
The diluter consists of two concentric cylinders ending in ablunt ~ The aerosol mass is determined by comparing the pre- and
nose cone. From this end, a small fraction of the aeroso{0.2 postsampling filter masses. After weighing, the support ring
1.0 L/min) is pulled through a small orifice into the central tube, around the filter is removed (it contains the preservative BHT)
which is constructed of sintered stainless steel. Pressurized N and the filter is immersed in 2 mL of methylene chloride and
introduced into the outer annulus, enters through the sinteredagitated in an ultrasonic bath for 3 min. 2 aliquots are
walls to dilute the sample. The total flow relative to the N injected into a Finnigan MAT GC/MS for chemical analysis.
diluent flow, both controlled using Tylan/Millipore flow con-  Secondary extractions with hexane or methanol yield about 3%
trollers, determines the dilution ratio, which can be varied from additional material, and do not reveal any substantial new
0:1 to >50:1 (typically 40:1). A short,~35 cm, 0.64 cm components.
diameter Tygon tube brings the diluted aerosol to the SMPS In addition to the unknown samples, reference compounds
inlet. At the sample flow rate of 0.3 L/min, the transit time is corresponding to identified components in the aerosol, as well
2 s, and the diffusive loss of 10 nm particles is 12%; for larger as surrogates for suspected components, are injected into the
particles the loss becomes progressively small@ests using GC/MS in order to quantify the instrument response. The
ammonium nitrate aerosols reveal a linear relationship, with a compounds benzaldehyde, benzyl alcohol, toluene, and benzyl
slope of 0.97+ 0.02, between the calculated dilution factor chloride (formed in our experiments via thglgCH, + Cl, —
and the measured reduction in aerosol (humber and volume)CgHsCH,CI + Cl reaction) are identified by comparison against
concentration. The reported aerosol number and volume con-reference standards. Benzyl hydroperoxide and benzyl nitrite
centrations are corrected back to their concentrations in the flow are tentatively identified via their mass spectra. Additional

reactor. reference compounds used to help identify and quantify the
E. Particle Chemical Composition. Aerosol samples for  aerosol composition includ@-chlorotoluene,p-creosol, p-
chemical composition analysis are collected ongen2 Teflon nitrotoluene, dibenzyl, benzyl ether, and benzyl benzoate. On

filters (Gelman Scientific). In both systems, flash photolysis and a relative 6-10 scale, the GC response to these compounds
continuous flow, the filters are located at the exits of the reaction varies between 4.9 and 8.2, suggesting that the instrument
vessels, in series with the exhaust pumps, and the aerosol isensitivity to the various toluene oxidation products that are
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Figure 1. Time-resolved UV absorbance spectra after flash photolysis Figure 2. Reference spectra of the principal species contributing to

of & Ch/CeHsCHy/O,/N, reaction mixture. the UV absorbances: penzylperoxy, benzaldehyde, hydroperoxy., benzyl
alcohol, and toluene. Lines represent the present measurements; symbols
observed, but not identified, varies less thad0%. Control represent the data from ref 21: circlegHgCH.O, and inverted triangles

experiments, in which gaseous toluene, benzaldehyde, andesCHO:
benzyl alcohol are flowed at concentrations relevant to the 4

current experimental conditions, reveal that these compounds g [CI}, = 4.5 x 10"/em® Iol::ene 1.4 Torr
are not collected from the gas phase by the filter; thus, their T=295K 0'8‘/:6‘312 53
identification from the filter samples implies that they are found <> Benzyl peroxy 2

N, 673

w
T
MY

in the aerosol phase.

lll. Results: Gas Phase Chemistry

Benzaldehyde |

~

Since aerosol formation is initiated by the chemical attack
of toluene by chlorine atoms, it behooves us to describe briefly
the principal features of the underlying gas phase chemistry (the
reaction model is listed in Table 1). A limited amount of data
is presented here: rate constant measurements for the benzylp
eroxy self-reaction rate are provided that confirm the single
previously reported value, and new measurements of the rate

Concentration (10“/cm

constant for the benzylperoxy reaction with NO are given. These 0 L. . . L
are not meant to represent a definitive study of these reactions, 0 200 400 600 800 1000
which would take us too far afield from the present objective, time (us)

but they help p'_‘OVide a foundation for_ the gas phase chemistry Figure 3. Concentration versus time profiles of benzylperoxy, ben-
that accompanies, and leads to, particle formation. . zaldehyde, and HOfollowing the self-reaction of benzylperoxy.

A. Peroxy Radical Chemistry. Chlorine atoms formed in  Symbols represent concentrations deconvoluted from time-resolved UV
the presence of toluene and oxygen by flash photolysis rapidly spectra; lines represent calculations based on the reaction model of
convert, via reactions 1 and 2, a fraction of the toluene molecules Table 1.
in the gas mixture (on the order of #@m~3) to benzylperoxy . .
radicals. The principal fate of the peroxy radicals, in the absencethe benzaldehyde product formed in reaction 4b. Benzyl alcohol

of other reaction partners such as NO, orHQs to undergo also exhlblts.a UV.absorptlon at210 nm (Figure 2)’ but it 1S
self-reaction: thus weaker and is buried under the toluene absorption that in the

present experiments limits the UV range *®210 nm. The
CsHCH,0, + C;H:CH,0, —~ 2C;H.CH,O + O, (4a) alkoxy radicals produced by reaction 4a can react with each
other to form predominantly benzaldehyde and benzyl alcéhol,
— CgH;CHO + with benzylperoxy radicals to produce stable products, or they

C4H-CH,OH + O, (4b) can react with molecular oxygen
— C4H,CH,00CH,CH; + O, C¢HsCH,O + O, — C;H;,CHO + HO, (5)

(4¢) to form hydroperoxy radicals and additional benzaldehyde, HO
The branching fractions for channels 4a, 4b, and 4c are 40%, exhibits a broad absorption band at 208 nm and, thus, contributes
40%, and 20%, respectively.Only channel 4a propagates to a small extent to the absorbance at the short-wavelength side
radicals, whereas the other two channels lead to stable moleculaof Figure 1. It reacts with benzylperoxy radicals to forgHg
products. CH,OOH, or with itself to produce HOOH.

Figure 1 illustrates the effect of the oxidation chemistry on ~ Comparison of the UV absorbances taken at various times
the UV spectrum of the reaction mixture. An initially modest, after photolysis to reference spectra, such as those depicted in
broad, absorption over the 22300 nm region grows to a  Figure 2, provides a means to extract, via (eq 3), concentration
narrower and more intense feature centered about 230 nm. Theversus time profiles for the UV-absorbing species. Figure 3
former belongs to the benzylperoxy radical, and the latter to illustrates the benzylperoxy, benzaldehyde, and Eé@centra-
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TABLE 2: C¢HsCH,O, Reaction Rate Constant to the gas mixture (see Table 1). The principal effect of
Measurements introducing HQ at the beginning of the reaction sequence is to

reaction toluene Cl, O, NO Cllo k2 increase the yield of benzyl hydroperoxide, from the reaction
partner  (Torr) (Torr) (Torr) (Torr) (10M“cm™3) (1012cm?/s)

CeHsCH,0, 1.4 025 46 46 7.&1.2 CgH;CH,0, + HO, — C;H;CH,00H + O, (7)
0.73 014 46 1.6 a3
03 024 47 4.3 6 3 _ .
NO 15 023 49 0.025 4.32 385 relative to those of benzaldehyde and benzyl alcohol. Thus, again
15 0.24 48 0.051 4.48 257 using the example given above and adding 0.8 Torr of@HH
15 023 48 0099 434 285 changes the product distribution to benzaldehyde, 1.0; benzyl

aError bars aret20 and include fitting and systematic uncertainties. ~alcohol, 0.33; dibenzyl peroxide, 0.17; and benzyl hydroper-
oxide, 1.0, all in terms of 28 molecules/cri The HQ + CgHs-

tions versus time as deconvoluted from the UV data, and CH,0, rate constant has been previously repcited (1.0+
compares them to the best fit predictions from the reaction model 0.2) x 10-11 cm? s7%, and is not remeasured here.
listed in Table 1, treatings as an adjustable parameter (the
scatter in the H@data arises from the difficulty in deconvo-
luting its absorption from the stronger overlapping benzaldehyde
and benzyl alcohol spectral featuresFigure 2). Three rate We turn now to examine the characteristics of the aerosol
constant determinations, utilizing different toluene concentra- that is produced from the toluene oxidation. To gain an
tions, are listed in Table 2. The listed errors are 95% confidence ynderstanding into the process of particle formation, we
limits that arise primarily from the noise associated with the jnvestigate how particle number, size, and volume change as
UV absorbances, but also include a 10% systematic uncertaintyexperimentally accessible parameters such as reactant concentra-
in the benzylperoxy UV cross section. The weighted average tions and time are varied. A discussion of the implications of

yields a rate constant &4 = (8 + 2) x 10'?cm® s7%, which these results regarding the mechanism of aerosol formation is
is in excellent agreement with the previously reported Vlue postponed to section V.

of 7.0+ 16) x 102cmPs % o A. Dependence on [Cl. In the absence of molecular
The major products from the Clinitiated oxidation of toluene, . orine. toluene. or the UV pulse to initiate oxidation, no

using typicalinitial congitiols of [C= 4 x 10 cm2 and particles are formed. When all three are present, increasing either
[CeHsCHgJo = 4.9 x 10'°cm =, are predicted by the model of 5 chiorine concentration or the laser intensity leads to a
Table_l to be benzaldehyde, 1.8; benzyl alcohol, 0.54; dibenzyl onlinear increase in the number of particles formed, as
pergmde, 0.33; and benzylhydroperoxide, 0.72, all in terms of j,gtrated in Figure 4. The increase in particle yield does not
10 molecules/cri Together, these account for about 96% of ~4aeng on whether [gh o the laser pulse energy is increased:
the chlorine atoms generated by photolysis. The minor channelsy,piing either leads to approximately the same increase in
listed in Table 1 account for the remainingt%. particle number. This indicates that neither molecular chlorine
B. NO and HO, Chgm|stry. NO typically reacts rapidly with nor laser power per se are involved in particle formation, for
peroxy radicals; thus, its presence can radically alter the prOdUCtSexample eliminating the possibility that the photolysis laser

produced from the toluene oxidation. The reaction weakly photoionizes the reaction mixture, and thereby generates

nucleation sites for particle formation.
C¢H:CH,0O, + NO — C;H;CH,O + NO, (6) P ) o _
Instead, the Glconcentration and photolysis light intensity
converts the peroxy radical to the corresponding alkoxy radical, Play indirect roles, affecting the aerosol level via the initial
producing NQin the process. In effect, the added NO eliminates chlorine atom concentration that is generated. Figure 5, provides
the molecular products formed from the self-reaction. The & more detailed look at how the aerosol depends on the initial
alkoxy radical then experiences a competition between reactingradical concentration (a complete list of the experimental results
with NO to form benzyl nitrite, or with @to form benzaldehyde IS provided in Tables 3 and 4). Measurements made using both
and HQ. The net result has a dramatic effect on the oxidation the flash photolysis and continuous flow reactor systems show
products; thus, ignoring the minor reactions with the NO &4 orders of magnitude increase in particle number concentra-
produced from reaction 6, the addition of 0.1 Torr of NO to the tion as [Cl} is increased from (£14) x 10" cm3, with a

IV. Results: Aerosol Formation

example above changes the product distribution tox1 104 very steep increase at low [Glfhat subsequently flattens out.
benzaldehyde/chrand 2.5x 10 benzyl nitrite/crd. It also leads ~ The aerosol volume exhibits a less dramatic increase with initial
to a roughly 4-fold reduction in particle number. chlorine atom level because the average particle diameter

Rate constants for thegBsCH,O, + NO reaction have not  decreases from about 150 to 50 nm. At low jQirticle number
been previously reported. It is measured at 295 K as part of the grows roughly as [Cif, whereas particle volume exhibits a more
present work using the time-resolved UV method described nearly [CIL® dependence. At the higher end of the f3nge
above for the peroxy self-reaction measurements. The resultsthese reduce to fourth- and second-order dependences, respec-
are reported in Table 2, including 95% confidence limits that tively, the number being limited by particle coagulation, and
include both signal noise and uncertainty in the UV cross the volume being limited by the time and material available
sections. Taking the average of the measurements gives for particle growth. Assuming the generic “toluene oxidation
(2.7+ 0.5) x 10~ cme sL. This value is on the high side of product” to have a molecular weight of 100 amu and a density

peroxy-+ NO rate constants, which typically range from (0.5  of 1.0 g/cn?, the aerosol phase represents approximately 10%

2) x 107 ¢ 57135 of the total product volume, as illustrated in the lower panel of
Although HO is generated as a secondary intermediate Figure 5.

originating from the self-reaction of benzylperoxy radicals, The flow reactor data in Figure 6 illustrate the role that time

added HQ@ can also dramatically affect the nature of the plays in aerosol development. At low initial chlorine atom levels

oxidation products. In the present experiments, it is generated([Cl]o = 1.3 x 108 cm3, or [Cl]p = 1 x 10" cm3) there is

by chlorine attack of methanol that is added along with toluene a ~0.6 s incubation time after which particles appear at a rate
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TABLE 3: Aerosol Measurements: Flash Photolysis

Karlsson et al.

experimental conditions (Torr)

SMPS measurements

[C!JO particle no. particle volume mean dia
variable (x 10%cmd) toluene [CH [O2] [CH30H] [NO] (x1Cflcmd) (x 10" nm3/cm?) (nm)
[Cllo 1.3 15 0.12 47 0.01 0.14 76.7
2.2 1.5 0.12 47 0.27 9.7 155.5
2.6 1.5 0.25 47 1.1 12.4 89.5
3.7 1.5 0.12 46 9.9 58.8 81.6
4.6 15 0.25 46 17 55.8 65.1
4.8 15 0.46 46 17 42.0 59.5
8.0 15 0.25 46 83 144 54.9
8.4 1.5 0.46 46 76 128 54.6
14 1.5 0.46 46 151 305 58.7
[O2] 43 15 0.24 24 7.1 28 70.7
43 15 0.24 47 8.7 29 66.9
43 1.5 0.24 95 9.7 26 63.1
4.3 1.5 0.22 53 5.2 24 67.2
43 15 0.22 530 7.6 16 55.7
[toluene] 1.6 0.031 0.24 49 16 3.7 29.3
1.6 0.062 0.24 49 20 9.3 374
1.6 0.12 0.24 49 19 13.7 42.0
1.6 0.16 0.24 49 21 17.3 42.9
1.6 0.22 0.24 49 16 17.7 47.3
1.6 0.31 0.24 49 12 19.8 53.4
1.6 0.62 0.24 49 4 24.1 76.6
1.6 1.3 0.24 49 0.68 16.0 113.6
1.6 1.6 0.24 49 15 26.9 110.8
1.6 3.1 0.24 49 0.25 9.6 90.5
1.6 0.030 0.21 a7 3.1 0.75 30.6
1.6 0.060 0.19 47 1.8 0.36 27.6
1.6 0.30 0.19 47 1.3 2.0 55.0
1.6 15 0.19 47 0.04 0.88 120.3
1.6 2.2 0.19 47 0.01 0.45 103.6
31 0.030 0.21 a7 8.0 2.2 31.1
3.1 0.060 0.19 47 7.8 2.9 33.7
31 0.30 0.19 47 7.3 6.7 43.8
31 1.5 0.19 47 1.1 12.2 95.3
3.1 2.2 0.19 47 0.27 9.0 137.8
5.5 0.030 0.21 47 14.2 5.9 34.2
5 0.060 0.19 47 12.7 6.7 36.8
5.5 0.30 0.19 47 13.9 15.7 45.5
55 15 0.19 47 8.0 36 65.6
5.5 2.2 0.19 47 4.6 39 78.8
43 0.31 0.24 47 245 11.3 38.6
43 0.77 0.24 47 12.8 13.1 47.6
43 15 0.24 47 4.4 14.4 66.9
43 24 0.24 47 1.8 14.3 88.5
43 3.1 0.24 47 1.1 14.1 102.6
HO, 3.8 1.55 0.23 49 0 2.8 26 84.3
3.8 1.47 0.22 48 0 5.2 44 82.3
4.7 1.55 0.23 49 0.41 0.75 19 124.4
5.5 1.47 0.22 48 0.77 0.45 25 166.3
5.5 1.55 0.23 49 0.81 0.11 9.5 184.6
6.7 1.55 0.23 49 1.6 0.02 1.2 140.2
NO 3.8 1.55 0.24 48 0 11.8 79 81.3
3.8 1.55 0.24 48 0.25 0.04 0.18 66.6
3.8 1.55 0.24 48 0.19 0.27 1.09 69.6
3.8 1.55 0.24 48 0.13 1.63 5.5 68.3
3.8 1.55 0.24 48 0.08 6.0 15.2 64.6
3.8 1.55 0.24 48 0.03 10.1 31 68.7
3.8 1.55 0.24 48 0.02 5.6 34 85.3
3.8 1.55 0.24 48 0 19.2 76 68.0
4.0 1.6 0.25 49 0.40 0.0008 0.004 42.8
4.0 1.6 0.25 49 0.34 0.002 0.01 47.6
4.0 1.6 0.25 49 0.31 0.01 0.03 58.1
4.0 1.6 0.25 49 0.28 0.02 0.07 61.7
4.0 1.6 0.25 49 0.25 0.03 0.10 59.6
4.0 1.6 0.25 49 0.20 0.16 0.75 715
4.0 1.6 0.25 49 0.15 0.62 21 67.9
4.0 1.6 0.25 49 0.10 1.63 4.4 62.9
4.0 1.6 0.25 49 0.06 4.0 8.6 57.9
4.0 1.6 0.25 49 0.02 25 12.9 77.9
4.0 1.6 0.25 49 0.00 5.0 29 71.0
4.2 1.54 0.24 47 0.49 0.02 0.05 64.0
4.2 1.54 0.24 47 0.24 0.14 0.54 67.5
4.2 1.54 0.24 47 0.24 0.03 0.63 54.2
4.2 1.54 0.24 47 0.11 1.9 3.8 59.5
4.2 1.54 0.24 47 0.11 15 3.1 62.0
4.2 1.54 0.24 47 0.00 5.4 22.6 72.8
4.2 1.54 0.24 47 0.00 8.8 275 68.8
4.2 1.54 0.24 47 0.00 8.7 28.9 66.9
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Figure 4. Aerosol particle number as a function of laser pulse energy
and initial Cb concentration. The numbers imprinted on each bar
represent [CHin units of 104 cm2.

of ~5 x 10* cm=3 s71, but only a relatively few are formed.
As [Cl]o is increased, the incubation time decreases and
progressively higher particle number concentrations are pro-
duced. At [Chlo = 5.2 x 10% cm™2 ([Cl]o = 5 x 10" cm™®)

the incubation time shrinks t60.1 s and the particle formation
rate increases to2 x 10’ cm 3 s™L. Aerosol volume follows
qualitatively the same trends with respect to time and initial
chlorine concentration. This behavior is consistent with the CI-
initiated toluene oxidation yielding semivolatile species that
subsequently nucleate. Higher Cl levels imply faster formation
and greater quantities of the semivolatile compounds and, thus
lead to higher nucleation rates.

Interestingly, there is an inverse correlation between patrticle
size and [Cl}. The mean diameter of about 80 nm observed
for the earliest particles under conditions of low [C$hrinks
to approximately 50 nm at the upper end of the {Cfnge. At
low [Cl]o the particles exhibit a slower secondary growth to
about 120 nm over a period of about 1.5 s, presumably from
the uptake of gaseous reaction products, whereas whefi$Cl]

high no secondary growth is observed (the data in Figure 6 show
a slight decrease in mean size, whereas a second similar datas

reveals the contour lines near 60 nm to be nearly horizontal).

A more detailed discussion of the aerosol dynamics is postponed

until the effects of toluene, oxygen, NO, and K@n aerosol
formation have been presented.

B. Dependence on Initial Toluene ConcentrationAccord-
ing to the reaction model in Table 1, the amount of toluene
initially present in the gas mixture should have little effect on
the overall reaction kinetics or the product distribution. The

toluene serves simply as a precursor for benzylperoxy radicals.

With the typically employed quantities of1 Torr of toluene
and 50 Torr of @, the photolyzed chlorine atoms are converted
by reaction 1 to benzyl radicals inl us and subsequently via
reaction 2 to benzylperoxy radicals in anothet us. Thus,
the high sensitivity of particle number density on the initial
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lost by recombination or to the walls of the reaction vessel, is
a decrease in aerosol volume noted, and even here the
dependence is much more muted as compared to number
concentration. The lack of change in aerosol volume arises
because of a nearly exponential increase in particle diameter
with increasing [GHsCHjs]o that effectively cancels the loss in
particle number density. Again, the aerosol phase represents
nearly 10% of the toluene oxidation products.

Figures 8 and 9 portray the combined influences of time and
toluene level on the aerosol dynamics. The former figure
illustrates the evolution of the number-weighted particle size
distribution for toluene concentrations differing by a factor of
10. As indicated in the previous section, the evolution can be
divided into three periods: First, there is an incubation period
(of about 0.5 s at the high FEIsCH3]p and <0.2 s at low [GHs-
CHj3Jo) during which no aerosol formation is observed. Second,
there appears over the nexBGs a steep increase in particle
number concentration (the rate decreases frat® cm=3 s71
at [C6H5CH3]0 =43x 105cm3to~10Fcm3stat [C6H5-
CHg]o = 8.6 x 10'% cm™3). Third, the particle number reaches
a plateau, but the distribution shifts to larger size, with the mean
particle diameter growing from-25 to ~30 nm during the
interval of 0.8-2.0 s at the low [@HsCHz]o and from~75 to
~95 nm during the interval of 1:32.0 s at the high [6Hs-
CHgo. Itis surprising that the data give the appearance that the
particles are born “nearly full grown”. At the low initial toluene
conditions, 20 nm particles are clearly evident, and the mean
diameter only grows te-30 nm. In contrast, the mean particle
diameter at the high toluene level is already~at0 nm at the

time that the particles are first observed. This is not the expected

aerosol evolution, in which a large number of very small
particles,<20 nm, are initially formed and coagulate to produce
a progressively smaller number of successively larger particles
as time progresses.

Figure 9 amplifies the contrast between the evolutions of
particle number versus aerosol volume. Except for the incubation
period and initial sharp rise in particle number, the dependencies
of particle number on time and §8sCHjs], are nearly orthogo-

&al to those of aerosol volume. Particle number reaches a plateau

constant in time, the height of which is dictated byteCHj3]o.

In contrast, aerosol volume increases with time, but in com-
parison to particle number it is nearly independent ofH&
CHg]o. As stated above, the different behaviors of particle
number and volume evolutions remain consistent because of
the nearly 3-fold increase in particle size as the toluene
concentration is raised from {8) x 10 cm™3.

C. Dependence on @ As seen from the results in Table 3,
the G level has at best a minor impact on the aerosol
characteristics. An increase in, ©@oncentration by a factor of
20 affects particle number and aerosol volume by less than a
factor of 2. There is at most only a slight increase in particle
size.

D. Aerosol Mass and Chemical CompositionThe results

toluene concentration, displayed in Figure 7 and in Tables 3 from collecting aerosol samples onto filter substrates are listed
and 4, is unexpected. That the toluene and particle numberin Table 5. For the flash photolysis experiments, the raw mass,
concentrations are inversely related, whereas the aerosol volumeanging from 0.1 to 2.6 mg, is converted into a mass concentra-
remains nearly unaffected, is even more surprising. tion by normalizing for the number of laser pulses and for the
In Figure 7, the number concentration of particles decreasesirradiated volume of 93 ciAs the initial toluene level is varied

nearly exponentially as §E1sCHz]o is raised N = 7.8 x 10’ by a factor of 7, there is less than a 40% variation in the aerosol
exp(—0.62 x 10716 [Ce¢HsCH3]o) particles/crd andN = 1.8 x mass concentration, which corroborates the aerosol volume
107 exp(—0.48 x 10716 [CgHsCHg]o) particles/cm, respectively, measurements made with the SMPS (Table 3). Utilizing the

for the flow reactor and flash photolysis data). In contrast, the assumption of 100 amu for the aerosol constituent compounds,
aerosol volume is almost independent of toluene level. Only at the mass concentration is further converted into an effective
very low [CsHsCHzg)o, where the photolyzed chlorine atoms are gaseous molecular concentration of oxidation products that
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TABLE 4: Aerosol Measurements: Flow Reactor

Karlsson et al.

experimental conditions (Torr)

SMPS measurements

model
dilution (est) [Clb particle no.  particle volume [Criegee]
variable  toluene Gl O, CH;OH NO ratio (x10%cmd)  (x10°cm?)  (x10"nmfcm?)  dia (nm)  (x10YYcmd)
CsHsCH3 0.13 0.79 59 40 1.8 79 15 30 38
0.33 0.79 59 40 1.8 45 21 39 14
0.66 0.79 59 40 1.8 17 21 53 6.1
13 0.79 59 40 1.8 3.5 21 90 2.4
2.6 0.79 59 40 1.8 0.47 17 164 0.8
Cl, 13 0.39 60 36 13 0.027 0.57 134 0.8
1.3 0.59 60 36 1.9 1.3 17 113 2.0
13 0.79 60 36 25 4.7 25 83 3.3
1.3 1.18 60 36 3.8 19 38 59 7.1
1.3 157 60 36 5.1 39 49 51 13
HO. 1.29 06 58 0 20 1.4 0.2 15 105 15
1.29 0.76 58 0.34 20 1.7 0.06 0.55 105 1.3
1.25 0.7 58 0 19 1.6 0.19 0.8 100 2.0
1.25 0.93 58 0.49 19 2.1 0.026 0.17 100 1.7
1.26 0.6 57 0 20 1.4 0.13 0.9 110 1.5
1.26 091 57 0.66 20 2.1 0.002 0.016 100 1.3
NO 2.65 0.79 58 0 36 1.8 0.03 1.1 190 0.78
2.65 0.79 58 0.0021 36 1.8 0.007 0.08 120 0.78
2.65 0.79 58 0.0042 36 1.8 0.002 0.007 88 0.78
2.65 0.79 58 0.021 36 1.8 0 0 0.78
2.65 0.79 58 0.104 36 1.8 0 0 0.77
0.33 0.79 58 0 36 1.8 1.8 4.9 40 14
0.33 0.79 58 0.0021 36 1.8 0.3 0.16 54 14
1e+9 did not yield a higher thanr10% conversion to aerosol. Another
CeHsCH,O, (maxte7 v possibility is that gaseous compounds were collected onto the
A1e+8 3 — filters in addition to the aerosol particles. Although control
e T e _ experiments showed that toluene, benzaldehyde, and benzyl
% Criegee /185 alcohol are not trapped by the filters, it is possible that other
2 146 v gaseous oxidation products do adsorb onto the filters, or that
© .
= v . they, and possibly toluene, benzaldehyde, and benzyl alcohol,
g 1e+5 G a  reactor adsorb onto or react with the aerosol particles that have been
8 100a ] L trapped by the filter.
v [toluene], = ~4.6 x 10"® om® A typical chromatogram of the extract from particulate matter
1e+3 ‘ ‘ ‘ . . ‘ . collected onto filter substrates is shown in Figure 10A. The two
o 2 4 6 8 10 12 14 major components, benzaldehyde and benzyl alcohol, are
v!| 160 positively identified by comparison to the respective reference
4~1000 v — compounds. These two components, plus the tentatively assigned
E o w max "product volume*/10 [ 140 g benzyl hydroperoxide, comprise23% of the mass collected
ng .: — paricle volume | 120 & by the filters. As with the total mass, the concentrations of these
o 100 o g species are insensitive to the variation in initial toluene level.
s L 100 It is interesting, however, that benzaldehyde and benzyl alcohol
g ol S g | 8o 3 are found in nearly equal amounts in the aerosol, whereas the
8_ . mobilty diameter — € oxidation chemistry yields via reactions 4chB a 3:1 benzal-
2 0% | 60 . dehyde to benzyl alcohol ratio. Figure 10B shows the chro-
11 v 0 w matogram plotted in terms of the intensity of the mass 91 benzyl
. . . . - . . 40 - . .
o 2 4 & & 10 12 14 fragmept, which, aside from benzyl alcohol and_benzyl chloride,
[C1, (10 em®) is dominated by the aerosol components eluting between 900

Figure 5. Aerosol characteristics as a function of initial chlorine atom
concentration. (Top) Measured particle number (symbols) and model
calculations of peak benzylperoxy radical and Criegee intermediate
concentrations (lines). (Bottom) Measured particle volume concentration
(filled symbols) and geometric mean diameter (open symbols) and
calculated maximum “product volume” (line). Flash photolysis data
are from Table 3 ([C{ varied); continuous flow data, &t= 2 s, are
from Table 4 ([C}]o varied).

and 1200 s. Compounds eluting between 400 and 800 s do not
exhibit a benzyl fragment, but largely do contain the mass 77
phenyl fragment.

E. Effects of NO and HO,. Both NO and HQ react rapidly
with benzylperoxy radicals and compete with this radical’s self-
reaction. Since this competition alters the primary toluene
oxidation pathway, it is instructive to examine how these
reactants affect aerosol formation. The reaction betweeh-C

ended up in the aerosol phase. The results indicate an effectiveCH20, and HQ is expected to proceed primarily via reaction

concentration of~1 x 10" molecules/cry or about 25% of
the initial radical concentration. This is-3 times more aerosol

7 to form benzyl hydroperoxid®&. Even in the absence of the
methanol precursor, HOis formed as a secondary toluene

product than indicated by the SMPS measurements. Oneoxidation product by the 1sCH,O + O, reaction. The primary

explanation for the discrepancy could be the difficulties implications of cogenerating HO, therefore, are to increase
mentioned in section IIC regarding the CPC and molecular its presence, and to introduce it earlier in the oxidation pathway.
chlorine; however, even the most careful of these experimentsThis leads to a higher yield of the benzyl hydroperoxide product
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= 3
—N . . -
o about 3 orders of magnitude as the NO level is raised over the
(0—1) x 10'%cm~3range. Even in the presence of NO, decreas-
2 ing the amount of toluene increases the particle number concen-
tration (Table 4). The NO has little effect on the mean particle

diameter, which exhibits only a small decline, from about 75
0 ) 1 2 to 65 nm, over the range of NO explored. Therefore, the aerosol
time (s) volume dependence on NO essentially mirrors the decrease in
Figure 6. Aerosol time evolution as a function of initial radical ~ particle number.
concentration (based on [fd): (top) particle number; (middle) particle Since the rate constant for thgtsCH,O» + NO reaction is
volume; (bottom) particle diameter. Reaction conditions are listed in ghout 4 times faster than for the benzylperoxy self-reaction
Table 4 ([C}] varied). (Table 2), even a small amount of NO will change the

distribution of primary oxidation products. With no added NO,
at the expense of benzaldehyde and benzyl alcohol. However,.o5tions 4 and 5 imply a 3:1 ratio of benzaldehyde to benzyl

since reaction 7 is a radical termination step, another important 5;-onol. Adding NO increases this ratio, because reactions 6

effect is that the added Hdeads to a more rapid loss of radicals  gnq 5 Jead solely to the benzaldehyde product. When the NO

from the reaction mixture, thereby potentially inhibiting the |ayel becomes comparable to, or exceeds that of, benzylperoxy,

formation of the critical nuclei. there is sufficient NO for the production of benzyl nitrite, via
The data in Tables 3 and 4 show that, as the amount of added

HO, approaches the initial gElsCH,O, concentration, there is C¢HCH,O + NO — C;H,CH,ONO (8)

a 1-2 order of magnitude decrease in the particle number

concentration. The aerosol volume also decreases as additiongl, pecome important. As the NO level is raised further, the nitrite
HO: is introduced into the reaction mixture. In the flow reactor .4 supplant benzaldehyde as the major oxidation product.
experiments, the particle diameter remains-a05 nm; thus, These changes in oxidation product distribution are consistent
the volume decrease simply mimics the decline in particle \yit the decrease in aerosol mass collected onto filters and the
number. In the flash photolysis experiments the particle d'ameterchanges in chemical composition listed in Table 5. The aerosol
increases to about 160 nm with added Aifartially offsetting mass concentration per photolysis pulse falls by a factorkf
the decline in particle number. This difference in behavior a5 NO is increased from @ 1015 to 4 x 10 cm 3, or a factor
possibly originates from the 2.5 times higher initial radical of ~5 for a (0-3) x 105 cm3 change in NO, in agreement
concentrations used in the flash photolysis experiments. with the decrease in aerosol volume shown in Figure 11.
Figure 11 displays the effect of NO on the aerosol number However, the mass decreases in benzaldehyde and benzyl
and volume concentrations. The number of particles experiencesalcohol components are approximately 2 times greater. There
a nearly exponential decline as a function of added NO, falling is an increase in the tentatively assigned benzyl nitrite compo-
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Figure 8. Time evolution of aerosol size distribution for initial toluene
concentrations of 1.3 Torr (A) and 0.13 Torr (B).
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0 1 2
nent, as well as other unidentified components, as indicated by time (s)
the fact that a progressively smaller fraction of the aerosol mass ] ) )
is attributable to the listed species. Figure 9. Aerosol evolution as a function of toluene concentration:

(top) particle number; (middle) particle volume; (bottom) particle
. . diameter. Reaction conditions are listed in Table 4K{{CH;] varied).
V. Discussion

It is useful to summarize the salient features of the aerosol for critical clusters AG*) %
formation measurements described above. The time evolution

occurs in three phases: an incubation period, rapid growth in J =K exp(—AG*/KT)

particle number and aerosol volume at a diameter that is near 2 2 2 3

fully grown, and a plateau region during which the particles in J= (ﬁ) nv exr{—lﬁn—uo) 9)
some cases exhibit slow secondary growth. Increasing the initial mre S 3(k'|)3(ln Sz

radical concentration leads to a shorter incubation time, larger

particle number and aerosol volume, smaller particle diameter, and is expressed in terms of the supersaturaédienP/Pe, and
and less secondary growth. Increasing the initial toluene level physical properties of the bulk liquid. Hera is the mass of
results in a longer incubation period, lower particle number, the vapor phase molecules,is their concentrationy is the
larger mean diameter, and more secondary growth. Particlemolecular volume, and is the surface tension. In a qualitative
volume is comparatively unaffected by toluene concentration. sense, the variations in aerosol formation with changes in initial
The addition of either NO or HOsuppresses both particle radical concentration follow eq 9; increasing [(38ads to higher
number and aerosol volume. concentrations (supersaturations) of toluene oxidation products
The three phases of aerosol evolution evident in Figures 6, and this, in turn, leads to higher nucleation rates and greater
8, and 9 can be associated with the gas phase oxidationparticle concentrations. However, a more quantitative application
chemistry that produces semivolatile products, the nucleation of eq 9 is at present untenable for two reasons: (1) the nucleating
of these species as they reach supersaturation, and the growtBpecies have not been identified and (2) it is not evident that
of the critical nuclei. In classical nucleation theory, which applies there is a clear separation between the time scale of the gas
to stable supersaturated vapors (or mixtures), the nucleation ratgphase chemistry leading to semivolatile products and the time
is derived from consideration of the free energy of formation scale of their subsequent nucleation. That is, the observed
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TABLE 5: Particulate Mass and Composition

J. Phys. Chem. A, Vol. 105, No. 1, 200393

NOor filter massconc eff no. RCH,OOH RCH,ONO

Cllo toluene CHzOH  mass per pulsé cone® RCHs* RCHCGF RCHOH®  (tent.) (tent.) identified/

variable (10cm3) (10%cm=3) (10%cm=3) (ug) (ng/cn?) (10¥cm3) (ng/cn¥) (nglcn?) (ng/cn?)  (nglcn?)  (nglen®)  filter mass

toluene 4.2 1.0 370 11 0.67 0 1.2 11 0.06 0.21
4.2 4.9 650 19 1.2 0 2.5 2.3 0.15 0.26

3.9 1.0 820 16 1.0 0 1.7 1.7 0.09 0.22

3.9 4.9 940 19 1.1 0 2.0 1.9 0.09 0.22

3.7 7.3 840 17 1.0 0 1.8 1.7 0.10 0.21

NO 3.9 4.9 0 940 19 1.1 0 2.0 1.9 0.09 0.00 0.22
3.5 4.9 6 400 8.0 0.48 0.14 0.45 0.35 0.04 0.11 0.15

3.2 4.9 25 220 4.4 0.26 0.06 0.19 0.15 0.02 0.06 0.11

29 4.9 40 100 2.0 0.12 0.00 0.07 0.04 0.01 0.01 0.06

4.2 4.9 0 1830 23 1.4 0.00 15 1.6 0.14 0.00 0.14

4.0 4.9 8 1180 15 0.91 0.21 0.49 0.47 0.06 0.11 0.11

4.4 4.9 17 930 12 0.73 0.16 0.30 0.26 0.04 0.08 0.08

4.2 4.9 32 390 5.0 0.30 0.07 0.17 0.16 0.02 0.04 0.10

HO, 5.3 4.8 1.7 380 7.6 0.46 0 0.73 0.79 0.06 0.21
3.7 4.8 0 960 19 1.2 0 1.9 2.2 0.15 0.23

HO, 2.1 4.1 0.49 550 0.43 0.026 0 0.045 0.046 0.005 0.22
flow reactor 2.1 4.1 0 2620 1.8 0.11 0 0.13 0.15 0.013 0.16

aMass conc= filter mass/no. of laser pulses/irradiated volurh&ff no. conc= mass
molecular weight of 100 amu for the molecules comprising the aerbBok CgHs.

concentrated/mass per molecule, assuming a generic
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Figure 10. Gas chromatogram of aerosol particulate matter extracted
with methylene chloride: (A) based on total ion count; (B) based on
ion count of 91 amu peak in mass spectrum.
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Figure 11. Aerosol characteristics as a function of added NO
concentration: (top) measured particle number (symbols) and model
calculations of peak benzylperoxy radical, Criegee intermediate, and
benzyl alcohol concentrations (lines); (bottom) measured particle
volume concentration (symbols) and calculated maximum “product

volume” (line). Data and reactant concentrations are listed in Table 4
(NO varied).

25 100

rather only the nearly fully grown ones. Since the mean free
path at the 1 atm pressure and 295 K temperature of these
experiments is 65 nm, the coagulation occurs primarily in the

incubation times could arise from the gas phase oxidation free molecule regime; thus, the coagulation rate constant,

chemistry, the nucleation dynamics, or both.

approximated as the collision of two identical diameter spheres,

Let us examine the aerosol dynamics from a somewhat is

different viewpoint. Assume that some combination of semiv-
olatile products produces critical nuclei. These then evolve to

the observed particle number and aerosol volume concentrations

kcoaguI= oldgl = (96kTDp/P)l/2

by a combination of coagulation and condensation/adsorption. where D, is the particle diameter angd is its density. At a
Let us suppose first that coagulation is the dominant process,constant aerosol volume concentration 8, the number
but that for some reason we do not observe the small particles,concentration of particles, all assumed to have dianiggers
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[particle] = 6Va/zDy. Thus, in this simplified treatment, as rO -Y% RONO

the particles grow by coagulation, their collision frequency falls 1 B B

as / NO NO,/ NO,/

RH.O, '« 4 4

Cl—> RO, = + Criegee % ? .
6Va(96kT\ V2 ™a critical
_ -5/2
Z= F(TT) DP (10) l RO, radicals & proc{ucts nucleus
RO.R .0 products -

At Va = 5 x 10" nmf/cm?, near the high end of the aerosol ROH, __. HO, R,0 \

volumes recorded in the present experiments, the collision ROOR ROOH ... o volatile

RH prods.

frequency drops to 173 when the particle diameter reaches

about 30 nm. Under a more moderate aerosol volume »of 1

10" nmf/cmd, the 1 s? collision frequency is reached at a

particle diameter below 20 nm. The implication is that for the ) )

aerosol volume concentrations recorded in this study, particle Products that are present in small concentrations (from eq 11,

growth by coagulation “freezes out” for particles larger than the concentration required for a growth of 20 nm/$ligiec =

the 15-30 nm range, well short of the 70 nm nascent mean 1 x 10'2 cm™3, assuming a sticking coefficient of unity), or

particle diameters that we typically observe. from the adsorption and dissolution _of major species that are
Suppose instead that the critical nuclei, perhaps after an initial Présent at levels below supersaturation. .

period of coagulation, grow primarily by condensation/adsorp- The latter possibility is consistent with our observations that,

tion. Staying in the free molecule regime, the rate constant is although neither of the principal oxidation products, benzalde-
well approximated as hyde or benzyl alcohol, is formed in quantities above their

saturation vapor pressure, they are both nonetheless found in
_ 2
kcond_ (ﬂ/4)Dp |-—ll/moIeA:|

the filter collected aerosol particles. For an initial radical
concentration of [Cj = 4 x 10 cm™3, their concentrations

where the collision cross section is dominated by the particle &€ 1.8x 104 cm™3 and 0.6x 10** cm3, well shy of their
diameter and the relative velocity is dictated by the gaseous éSpective vapor pressures of 2410'° and 2.5x 10 cm™
molecular motion. From this, the particle’s diameter growth rate at 20°C.*” The presence of these species in the aerosol particles
becomes suggests that they are incorporated into the aerosol via adsorp-
tion and possibly dissolution.

Thus far, the aerosol dynamics described above explains the
changes in aerosol properties and evolution that arise from

wherem is the mass per moleculBlnmoec is the concentration  Variations in [Clp and from the addition of NO and HQ
of condensable Specie& ap]d; the partic|e’s density_ The rate aSSUming that the latter interfere with aerosol formation by
of change in diameter is independent of particle size. The reacting with the benzylperoxy radicals and, thereby, altering
average Speed of our assumed 100 amu “generic" Oxidationthe nature of the oxidation prOdUCtS. HOWeVer, it does not
product ismeied = 2.5 x 10% cm/s at 295 K. Assuming further ~ €xplain the sensitive dependence of aerosol formation on
that 10% of the oxidation products are condensable (from a total changes in initial toluene level. As shown in the top panel of
product concentration of typically 4 104 molecules/cm?), Figure 7, the concentration of benzylperoxy radicals is nearly
the diameter growth rate is approximately 830 nm/s. Conse- independent of [€HsCHs]o over the same range that the particle
quently, less than 0.1 s (the approximate time resolution of the Number concentration falls by 3 orders of magnitude. Likewise
flow reactor) is needed to grow the nuclei to the 70 nm diameter the levels of principal oxidation products (benzaldehyde and
range at which particles are typically first observed. As the benzyl alcohol) are insensitive to changes over this toluene
particle diameters surpass the 65 nm mean free path, theconcentration range.
condensation dynamics enters the transition regime between It is difficult to explain the influence that toluene has on the
molecular and diffusion-limited transport, and the partide aerosol evolution. To first order, it should not have one. Given
growth rate will slow as the vapor in the vicinity of the particles that it does, one would expect added toluene to increase particle
is depleted. formation, for example by secondary reactions with the radicals
The above analysis suggests that formation of the nuclei, duethat are photolytically produced, but not to decrease it.
either to gas phase chemistry or to the nucleation process,Furthermore, to the extent that such secondary chemistry alters
presents the rate-limiting step in the aerosol evolution. Once the amounts and natures of supersaturated oxidation products,
formed, the nuclei rapidly (on our observational time scale of changing the toluene concentration should affect both particle
~0.1 s) grow to a size dictated by the number of nuclei formed number and aerosol volume, and not just the former. For
and by the amount of available condensable material. This €xample, one might surmise that a minor reaction where Cl
explains, for example in Figure 8A, why there is a rapid increase atoms attack the aromatic ring of toluene increases the amount
in particle number between0.5 and 1.0 s, but the particle mean ©Of supersaturated vapors, but this should produce both higher

Figure 12. Postulated mechanism for aerosol formation from the CI-
initiated oxidation of toluene (R= C¢Hs).

de/dt = MN;pied Zmoted 20 (11)

diameter remains constant a0 nm.

Under conditions where high aerosol volumes are produced,

Va > ~4 x 102 nm3/cm?, coagulation will continue to be
competitive over the 0.1 s time scale for particles up~tt0
nm in diameter, and, therefore, will limit particle number. This
is illustrated by the leveling off of the particle number
concentration as a function of [Glabove a value of [Cl|= 4

x 10" cm~3in Figure 5. The additional slow secondary growth
at a rate of about 20 nm/s during the 20 s period (see
Figure 8A) occurs either from the adsorption of minor oxidation

aerosol number and volume concentratiéns.

We suggest that distinct chemical pathways, as illustrated in
Figure 12, are responsible for producing the critical nuclei versus
supplying the semivolatile material for particle growth. A
secondary reaction between chlorine atoms and benzylperoxy
radicals

CH:CH,0, + Cl — CH,CHOO+ HCI  (12)

is hypothesized to generate (probably after significant additional
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chemistry) the critical nuclei, whereas the major oxidation for the benzylperoxy self-reaction is in excellent agreement with
pathway yields the condensable species (for example 2086 the single available literature val@gln its reactions with NO

of the aerosol volume identified as benzaldehyde and benzyland HQ, the benzylperoxy radical again behaves like a
alcohol). The reactions of chlorine atoms with peroxy radicals substituted methylperoxy radical. Both reactions are fast and
are known to be very fast, and have been previously postulatedtypical of their class:ks = (2.7 & 0.5) x 1071 cm?® s~ andk;

to proceed in part{50% yield) via the Criegee intermedigfe, = (1.04 0.2) x 10 cm?® s71 (ref 21).
a biradical that is usually associated with the ozonolysis of The nonlinear increases in particle number and aerosol
alkenes’9-41 volume that occur as the initial radical concentration is raised,

This model explains both the inverse dependence of particle are consistent with the oxidation chemistry producing semiv-
number density on [HsCHs]o and the lack of an aerosol olatile species that grow in concentration to supersaturation and
volume dependence. Under high toluene concentrations, thesubsequently nucleate. Considerations of the net aerosol volume
photolyzed chlorine atoms are immediately consumed by lead to the conclusion that beyond about-BD nm, particle
reaction with toluene. As the toluene level decreases, the Clgrowth is dominated by condensation/adsorption, and that these
lifetime lengthens, thereby increasing the probability of reaction processes contribute the bulk of the aerosol volume. The
between chlorine atoms and benzylperoxy radicals. This raisessuppression of aerosol formation by the addition of NO orHO
the fraction of radicals proceeding via the Criegee intermediate, indicates the importance of the benzylperoxy radical as an
as indicated in the top panel of Figure 7. Qualitatively, the intermediate leading to the aerosol. Both species serve to
modeled Criegee concentration mimics that of particle number. scavenge the benzylperoxy radical and act as radical termination
Its quadratic dependence ongfzCHz]o is shallower than that  steps. NO limits the benzaldhyde and benzyl alcohol yields,
of particle number, but this is likely because nucleation of the leading instead to benzyl nitrite. Similarly H@lters the product
products from the Criegee intermediate remains a nonlinear distribution by producing benzyl hydroperoxide.
function of their concentration (as in eq 9). Although it is a  The essentially orthogonal dependencies of particle number
minor channel, approximately 6-10'3 Criegee intermediates/  versus aerosol volume on the initial toluene concentration and
cm® are produced over the range of toluene concentration the time dependence of the aerosol evolution require this model
explored. This is more than sufficient to nucleate the observed to be modified. Particle number is relatively insensitive to time,
10°—10® particles/crd; but since it represents 0.0292% of yet it decreases dramatically with increasing toluene level. In
the reaction products, the Criegee pathway is insufficient to contrast, aerosol volume is comparatively insensitive to toluene
account for the total aerosol volume. Because the growth of level, but increases with time. These observations suggest that
these nuclei occurs primarily by the condensation/adsorption separate chemical pathways are responsible for creating the
of compounds produced by the major oxidation pathway, and species that nucleates, as opposed to those forming the bulk of
since these product concentrations are little affected by the the particle volume. We propose that a reaction between chlorine
variation of [GHsCHz]o, aerosol volume remains nearly inde- atoms and benzylperoxy radicals to form a Criegee intermediate
pendent of toluene level. The net amount of condensableis the key step for determining particle number; however, the
material, approximately 10% of the oxidation products, finds evidence at this time is not conclusive. The proposed mecha-
fewer nuclei as [@HsCHg]o decreases; thus, the mean particle nism, though, explains the contrasting behavior of particle
diameter increases with increasing toluene concentration, asnumber and aerosol volume with respect to initial toluene level,
observed in the data. as well as the observed changes in particle diameter.

One might counter that toluene could similarly compete with ) o
a different secondary Cl reaction rather than the one with ~Acknowledgment. We appreciate a number of insightful
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occurs further down the principal oxidation pathway and, Foundation, and the Swedish Association of Graduate Engineers.
therefore, indicate this possibility on the model in Figure 12.
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