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ABSTRACT. An instrument has been developed for real-time, quantitative chemi-
cal analysis of organic particles in laboratory environments. In this apparatus,
which we call a Thermal Desorption Particle Beam Mass Spectrometer (TDPBMS),
particles are sampled into a differentially-pumped vacuum chamber, focused into a
narrow, low-divergence particle beam using aerodynamic lenses, and then trans-
ported into a high-vacuum region where they impact on a heated surface, evapo-
rate, and the vapor is mass analyzed in a quadrupole mass spectrometer. The
average composition of a continuous stream of particles is thus measured in real
time, and size-dependent composition can be obtained by passing the incoming
aerosol through a differential mobility analyzer. The TDPBMS can analyze multi-
component organic particles in the ~ 0.02-0.5 pm size range for compound
concentrations >~ 0.1-1 pg/ m® without particle matrix effects. By using careful
calibration techniques that account for particle shape and transport efficiency, the
particulate organic components can be quantified with an estimated uncertainty of
~ 20%. The utility of TDPBMS for laboratory studies of aerosol chemistry is
demonstrated by monitoring the tridecanoic acid concentration in secondary
organic aerosol formed during a smog chamber reaction of 1-tetradecene and
ozone.

*Corresponding author
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INTRODUCTION

Atmospheric fine particles (diameter < 2.5
um) are currently a major environmental
concern. Recent epidemiological studies
have found correlations between atmo-
spheric fine particle mass concentrations
and increased daily human morbidity and
mortality (Schwartz et al. 1996) and have
led the U.S. Environmental Protection
Agency to create a new primary national
ambient air quality standard for fine partic-
ulate matter (Wolff 1996). In addition, fine
particles are important contributors to visi-
bility degradation in urban areas, and re-
gions downwind of urban centers, and can
impact global climate by scattering and ab-
sorbing light and by altering cloud proper-
ties through their role as cloud condensa-
tion nuclei. The majority of these particles
are generated by combustion (primary par-
ticles) and by gas-to-particle conversion
(Seinfeld and Pandis 1998), with the latter
involving some combination of gas, surface,
and liquid-phase reactions which lead to
the incorporation of gaseous compounds
into particulate matter. The most impor-
tant gas-to-particle conversion processes in-
volve photochemical reactions of volatile
organic compounds (VOCs) of biogenic and
anthropogenic origin and inorganic com-
pounds including NO, and SO,, which pro-
duce condensable organic, sulfate, and ni-
trate vapors. These vapors form secondary
aerosol either by nucleating to form new
particles or by condensing onto preexisting
particles (mostly in the fine particle size
range ). Information is available on the ki-
netics of the initial reactions of VOCs and
on some of the volatile products and mech-
anisms of these reactions (Atkinson 1994,
1997). In addition, numerous measure-
ments of the yield of secondary aerosol
mass from VOC oxidation have been made
(Pandis et al. 1992; Odum et al. 1996, 1997;
Hoffman et al. 1997), and some of the
compounds found in the product acrosols
have been identified (Grosjean 1977;
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Forstner et al. 1997a, b; Yu et al. 1998).
However, since the chemical and physical
processes involved in secondary acrosol for-
mation in the atmosphere are extremely
complex and dynamic, they are still poorly
understood.

One of the major problems hampering
research in this area is the lack of on-line
techniques for rapid, real-time measure-
ments of aerosol properties, the most im-
portant of which are particle size and com-
position (Flagan 1993). Current methods
for sampling and analyzing aerosol particles
cannot provide the combined sensitivity and
time resolution necessary for detailed stud-
ies of these dynamic processes. An impor-
tant exception is laser desorption/ioniza-
tion mass spectrometry, which is currently
being developed by a number of groups for
rapid, single-particle analysis (Murphy and
Thomson 1995; Johnston and Wexler 1995;
Reents et al. 1995; Noble and Prather 1996;
Hinz et al. 1996; Reilly et al. 1997; see also
articles in this issue) and promises to yield
a wealth of new information on atmo-
spheric aerosol chemistry. Unfortunately,
most of these instruments are currently
limited to analyzing particles larger than
~ 0.1 pum in diameter because a particle
must be detected by light scattering before
it can be vaporized/ionized by a pulsed
laser beam. This disadvantage can be over-
come by freely firing the vaporization laser
rather than triggering it by a particle light
scattering pulse, and particles as small as
~ 0.01 pum have been analyzed using this
approach (Reents et al. 1995; Carson et al.
1997). However, without triggering, the par-
ticle hit rate is low due to dispersion of the
particle beam and the relatively low repeti-
tion rate (up to ~ 100 Hz) of pulsed lasers.
Laser methods also suffer from matrix ef-
fects and fluctuations in desorption/ioniza-
tion conditions which lead to large pulse-
to-pulse variations in ion signal that make
quantification difficult, and the multipho-
ton desorption/ionization process often
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leads to extensive fragmentation of organic
compounds.

The ideal instrument for laboratory stud-
ies of the chemistry of secondary aerosol
formation would perform real-time, quanti-
tative, chemical analyses of species from
molecules up to ~ 0.5 um particles. Future
research on laser-based, single-particle
methods will undoubtedly progress towards
this goal, but for the purposes of laboratory
aerosol studies, we have taken a simpler
approach. We recently constructed a parti-
cle beam mass spectrometer in which we
sacrifice information on single-particle
composition in order to obtain quantitative
data and analyze small particles. With this
instrument, particles are sampled into a
differentially-pumped vacuum chamber
where they are focused into a particle beam
using aerodynamic lenses. The particles are
then transported into a high-vacuum region
where they impact on a heated surface,
evaporate, and the vapor is mass analyzed
in a quadrupole mass spectrometer. We
refer to the technique as thermal desorp-
tion particle beam mass spectrometry
(TDPBMS). A similar instrument (without
the aerodynamic lenses) was developed
some years ago by others (Allen and Gould
1981; Sinha et al. 1982) for single-particle
analysis, but the relatively slow scanning
time of the quadrupole mass spectrometer
was poorly suited for analysis of the mil-
lisecond vapor plumes generated by indi-
vidual particles. For this reason single-par-
ticle analysis now generally employs time-
of-flight mass spectrometry in order to ob-
tain a complete mass spectrum for each
particle. On the other hand, the continuous
scanning of a quadrupole mass spectrome-
ter is well-suited for real-time analysis of a
continuous stream of chemically similar
particles, as is expected for a moderate
range of particle sizes sampled from a smog
chamber. Furthermore, this instrument has
superior quantitation capabilities due to
well-controlled and reproducible vaporiza-
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tion and ionization conditions and is not
limited in the size of particle that can be
analyzed, but by the flux of particle mass
entering the vaporization cell.

In addition to providing real-time infor-
mation on particle composition, TDPBMS
overcomes a number of difficulties associ-
ated with traditional methods for organic
particle analysis. Procedures such as filter
or impactor sampling, followed by solvent
extraction and gas-chromatograph y-mass
spectrometry (GCMS) (Forstner et al.
1997a, b), can suffer from artifacts due to
adsorption / desorption of vapors during
sampling (Ligocki and Pankow, 1989; Mc-
Dow and Huntzicker 1990) and contamina-
tion due to handling and analytical proce-
dures. With TDPBMS these problems are
minimized because the time required to
sample and analyze particles is <1 s and
particles only briefly contact a surface dur-
ing analysis. Thermal decomposition of un-
stable compounds, which can occur on a
GC column, is also reduced because vapor-
ization occurs in a vacuum.

In this paper we describe the TDPBMS
we have constructed and present the results
of detailed characterization studies which
are necessary for understanding the perfor-
mance of the instrument. We also describe
techniques we have developed for accu-
rately calibrating the instrument for quanti-
tative analysis of organic particles and
demonstrate the utility of the TDPBMS in
a smog chamber study of the chemistry of
secondary aerosol formation from an
alkene-ozone reaction.

EXPERIMENTAL
TDPBMS

A schematic of the TDPBMS is shown in
Figure 1. Acrosol is sampled either directly
into the TDPBMS or is passed through a
differential mobility analyzer (DMA) if par-
ticle size-dependent composition is desired.
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FIGURE 1. Schematic diagram of the TDPBMS and associated experimental apparatus.

The aerosol enters the TDPBMS through
an ~ 100 upm orifice (~ 0.075 L/min),
which reduces the pressure from atmo-
spheric to ~ 2 torr. Particles exit the orifice
at high speed due to the gas expansion and
then relax back to the velocity of the gas in
an ~ 20 cm long tube before entering an-
other tube containing a series of aerody-
namic lenses, which are particle focusing
devices developed at the University of Min-
nesota (Liu et al. 1995a, b; Schreiner et al.
1998). The focusing system consists of a 10
mm long cylinder with a 5 mm diameter
channel, followed by three thin-plate ori-
fices having hole diameters of 4.8, 4.5, and
4.3 mm, respectively, a 10 mm long cylinder
with a 4.0 mm diameter channel, and then
a nozzle with a 3 mm hole. The lenses are
separated by 5 cm long spacers. The pres-
ence of the lenses in the tube leads to a
periodic series of contractions and expan-

sions in the gas flow which causes particles,
because of their larger inertia relative to
gas molecules, to focus onto the axis of the
tube. These focused particles experience
only small radial accelerations (the on-axis
streamlines are parallel to the tube) as they
expand through the nozzle into vacuum,
resulting in a very narrow, low-divergence
particle beam. The width of the particle
beam is determined by Brownian motion of
particles in the nozzle and by lift forces
which act on irregularly-shaped particles
and increases with decreasing particle size.
Aerodynamic lenses make it possible to
sample particles ranging in size from ~
0.02-0.5 pm into a high-vacuum chamber
with near-unit efficiency.

After exiting the nozzle, particles enter
the first of three differentially-pumped
chambers, where the pressure is ~ 1072
torr. They travel 2 cm from the nozzle to a
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thin-plate skimmer with a 1 mm diameter
hole and enter the second chamber, where
the pressure is ~ 5 X 107° torr. They then
travel 2.5 cm to a thick-plate skimmer,
which is a double-sided flange containing a
2 mm diameter X 2.2 cm long channel, and
enter the detection chamber, where the
pressure is ~ 5 x107% torr. Thick-plate
skimmers are ideally suited for particle
beam instruments because, relative to a
thin-plate skimmer with the same hole di-
ameter, they significantly reduce gas con-
ductance while having a negligible effect on
particle transmission. A thick-plate skim-
mer of the dimensions used here only has
~ 10% of the gas conductance of a thin-
plate skimmer with the same hole diame-
ter. The vacuum is maintained by turbo-
molecular pumps mounted on each cham-
ber (250, 250, 70 L/s pumping speeds),
backed by an oil-free mechanical scroll
pump (300 L/min) to reduce contaminat-
ing organic vapors in the system. The
chambers are all 6 in diameter stainless
steel and are ~ 20, 20, and 30 cm long,
respectively. The system is sealed almost
entirely with copper gaskets, with the ex-
ception of the acrodynamic lens tube, which
is sealed using Viton O-rings. Because the
pressure is reduced from atmospheric in
the sampling region to ~ 107% torr in the
detection region, the sampling process con-
centrates the particle mass relative to the
surrounding gas by ~ 10 orders of magni-
tude, making it possible to analyze the par-
ticles in the absence of contaminating
background gases. The residence time of
particles in the low-pressure zone between
the orifice upstream of the particle relax-
ation tube and the detection chamber is
~02s.

Inside the detection chamber the parti-
cles are vaporized upon impaction on the
walls of a resistively-heated, V-shaped
molybdenum foil which has an ~ 3 mm X 5
mm opening and is ~7 mm deep. The
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vaporization cell has a shape similar to one
used by Sinha et al. (1982), but is mounted
outside the mass spectrometer ionizer so it
can be operated at lower temperatures
(~ 165°C) in order to obtain maximum sig-
nal and minimum fragmentation for or-
ganic compounds. The temperature is mon-
itored with an attached chromel-alumel
thermocouple and controlled to within
+ 3°C using an Omega CN7700 series tem-
perature controller. After vaporization the
molecules diffuse into an ionizer where they
are impacted by 70 eV electrons, and the
resulting ions are mass analyzed in a
quadrupole mass spectrometer (Extrel
MEXM 500, 1-500 amu mass range)
equipped with a conversion dynode /pulse
counting detector.

TDPBMS Characterization and Calibration
Techniques

Particles for instrument characterization
and calibration are generated by nebulizing
a solution containing one or more organic
compounds in isopropyl alcohol or ammo-
nium sulfate in water using a Collison at-
omizer with clean air (Aadco Pure Air
Generator, RH < 1%, total hydrocarbons
<5 ppb) as the carrier gas. The aerosol
passes through diffusion dryers containing
activated charcoal or silica gel, which ad-
sorbs the alcohol or water solvent, and the
particles are then charged to near-Boltz-
mann equilibrium (Liu and Pui 1974a) as
they pass through a radioactive bipolar
charger containing *'°Po. Approximately
80-90% of the charged particles are singly
charged. The acrosol next enters a DMA
(Liu and Pui 1974b), which separates parti-
cles according to their electrical mobility
and allows those with mobilities in a nar-
row, selected range to exit into a flow lead-
ing to the TDPBMS. The measured mobil-
ity can be expressed as a mobility diameter,
D,, that is equal to the geometric diameter
for spherical particles (we will use the term
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particle diameter rather than mobility di-
ameter). The DMA provides near-monodis-
perse distributions of charged, size-selected
particles for our experiments. The particles
we used had diameters in the range of
~0.02-0.5 pm, and the DMA was oper-
ated under conditions such that the full-
width at half-maximum of the diameter dis-
tribution was ~ 10% of the selected diame-
ter for diameters < 0.25 pum and ~ 20%
for diameters >0.25 um.

The efficiencies for particle transport
from atmospheric pressure into the vapor-
ization cell were determined from measure-
ments of the particle beam current entering
the vaporization cell and the current of
particles exiting the DMA (Liu et al. 1995b).
The particle beam current was measured by
connecting an electrometer to the vaporiza-
tion cell, and the current of particles exit-
ing the DMA was measured using a Fara-
day cage and electrometer (Figure 1). The
transport efficiency is calculated by multi-
plying the ratio of the particle beam and
DMA currents by the ratio of the flow rates
(13.5 in our experiments) into the Faraday
cage and the TDPBMS. The value obtained
has contributions from larger, multiply
charged particles, which can have different
transport efficiencies than the singly
charged particles. Using the measured ef-
ficiencies, the particle size distributions, and
charging theory in a manner similar to that
described below for calculating contribu-
tions of multiply charged particles to
acrosol mass, we estimate that the effects
on transport efficiencies are < ~ 5%. These
transport efficiency measurements must be
made with an unheated vaporization cell.
However, once the transport efficiencies are
known, the particle current into a heated
vaporization cell can be determined by
measuring the current of particles exiting
the DMA and multiplying by the transport
efficiency and TDPBMS/DMA flow rates.
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Characterization and calibration of the
TDPBMS requires the introduction of
known mass fluxes (mass/time) of particu-
late compounds into the vaporization cell.
The mass flux into the vaporization cell is
equal to the product of the mass of com-
pound per particle and the particle flux
(number/time) into the cell. The mass of
compound per particle can be calculated
from the particle size and composition. The
particle flux into the vaporization cell can
be calculated from the particle beam cur-
rent, which is determined as described
above. Although most of the particles exit-
ing the DMA are singly charged (~ 85%
for 0.1 pm), a small fraction of multiply
charged particles which have larger diame-
ters but the same electrical mobility as the
singly charged particles are also transmit-
ted. In our mass flux calculations we cor-
rect approximately for the presence of dou-
bly and triply charged particles using the
equations

M= y[ﬂppr/6]
XMDMAEl VTDPBMS/ VDMAe}L (1)

and
y=|F +F(D,/D,)
+F,(Dy/D,)]
/| F,+2F, +3F,], (2)

where M is the particle mass flux,
D,, D,, Dy and F,, F,, F, are the diameters
and number fractions of singly, doubly, and
triply charged particles, respectively, p, is
the particle density, Iy is the DMA cur-
rent, E, is the transport efficiency of singly
charged particles, Vipppys and Vpya are
the volumetric flow rates into the TDPBMS
and DMA, and ¢ is the electron charge.
The second term in Equation (1) is the
mass of a singly charged spherical particle,
the third term is the number flux of parti-
cles into the vaporization cell, assuming
that all the particles are singly charged, and
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the correction for multiply charged parti-
cles, with the numerator in Equation (2)
correcting the particle mass and the de-
nominator correcting the particle number
flux. If the DMA is operated at voltage U
in order to select singly charged particles of
diameter D,, then D, and D, are the
diameters of singly charged particles calcu-
lated to pass through the DMA at voltages
2U and 3U. The values of F, F,, and Fj
can be calculated using diffusion charging
theory and the particle size distribution us-
ing a simple procedure that has been previ-
ously shown by one of us (Ziemann et al.
1995a) to yield results in good agreement
with measurements made on 0.13 pm parti-
cles. For example, using values of F, =
0.85, F, =0.13, and F;=0.02 for 0.13 um
particles and D, =0.13 um, D, =0.200
pum, and D, =0.262 um, we obtain y =
1.25. Since the correction for triply charged
particles only changes the value of y by
~ 3%, we have neglected corrections for
particles with more than three charges. In
Equation (1) we have also assumed that
multiply charged particles have the same
transport efficiencies as singly charged par-
ticles, which is given by E,. This is not the
case for all sizes and shapes of particles.
However, since our calibration procedure
employs spherical particles with sizes such
that the transport efficiencies of singly and
multiply charged particles are all close to
100%, the assumption leads to negligible
error when compared with other sources of
error. When Equation (1) is used for multi-
component particles, the particle density is
calculated by assuming that the mixture
behaves ideally, so that the particle volume
is the sum of the volumes of the pure
components (Adamson 1979). The resulting
equation is

sz[z Zi/Pi]_la (3)

where x;, and p; are the mass fraction and
density of component i, respectively. The
mass flux of component i, M,, is then ob-
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tained by multiplying Equation (1) by yx;,
which is known from the atomizer solution
composition (assuming that no particle
evaporation occurs). The mass concentra-
tion of particulate component i in the air
entering the TDPBMS (e.g., ug/m?> air),
C,, which is a quantity used in calibrations,
can be calculated using the equation

C; =M,/ Vippeus Er =M/ Vrpppws Ei
= VZf[”PpD%/6HIDMA/ Vomac!- (4)

In deriving Equations (1)-(4) we have as-
sumed that the particles have spherical
shapes. The validity of this assumption will
be discussed later.

Smog Chamber Technique

Secondary organic aerosol was formed in a
smog chamber experiment in order to
quantify one of its components, tridecanoic
acid [CH;(CH,),,COOH |, by TDPBMS and
gas chromatography. The aerosol was gen-
erated by reacting 0.6 ppm of 1-tetradecene
[CH,(CH,),;CH=CH, | with ~ 1.5 ppm of
ozone in an ~ 7000 L Teflon chamber con-
taining dry, clean air. First, 25 mL of cyclo-
hexane was added to the chamber to scav-
enge >95% of the OH radicals formed in
the ozone-alkene reaction (Atkinson et al.
1992). Next, l-tetradecene was added by
evaporating 40 uL of the gently heated
liquid from a glass bulb into a flowing clean
air stream. Ozone was made using a Wels-
bach T-408 Ozone Generator and added to
the chamber last by flowing clean air
through a 0.5 L bulb containing ~ 2%
ozone. During these additions a fan was
run to keep the chamber well mixed.

The particle size distribution was mea-
sured using a scanning electrical mobility
spectrometer (SEMS) (Wang and Flagan
1990) with a TSI 3010 condensation particle
counter detector. These data were cor-
rected for multiple charging, particle losses
in the DMA and the sampling lines, and
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the counting efficiency of the condensation
particle counter using the inversion pro-
gram INVERSE (Hagen and Alofs 1983).
The output of this inversion includes the
particle size distribution, number concen-
tration, and volume concentration, the lat-
ter of which can be converted to a mass
concentration by multiplying by an assumed
density of 1 g/cm® (Odum et al. 1996).
Aerosol was sampled into the TDPBMS
and SEMS through stainless steel tubing
inserted into ports in the chamber walls to
minimize particle sampling losses (Mc-
Murry and Rader 1985). Aerosol was sam-
pled directly into the TDPBMS (bypassing
the DMA) at 0.075 L/min and the SEMS
was operated at acrosol and sheath air flows
which provide a resolution of ~ 20% in
particle size measurements (Liu and Pui
1974b). Filtered chamber air was used for
sheath air to reduce evaporation that could
occur from exposure of particles to clean
air that is undersaturated with respect to
the organic particulate species. When the
TDPBMS signal became approximately
constant, indicating that the gas-phase re-
actions had stopped, the TDPBMS was cal-
ibrated using known concentrations of pure
and mixed (1:1 with DOS) 0.2 um tride-
canoic acid particles (the results were the
same). The transport efficiency of the
chamber particles was also measured at this
time by using equal aerosol and sheath
flows in the DMA to obtain a broad size
distribution for 0.2 um particles (FWHM
~ 100%). Since this was the diameter of
average mass of the aerosol, this efficiency
should be reasonably representative of the
total acrosol mass. Samples for gas chro-
matographic analysis of tridecanoic acid
were also collected at the end of the reac-
tion by withdrawing 0.2 L of chamber air
through solid Tenax adsorbent. This proce-
dure collects both gases and particles. The
Tenax samples were then thermally des-
orbed at ~ 250°C onto a 30 m, 0.53 mm
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ID, DB-1701 column in a Hewlett-Packard
5890 GC equipped with a flame ionization
detector. The column was initially held at
50°C and then temperature-programmed to
240°C at 10°C/min. The tridecanoic acid
was identified and quantified by comparing
its retention time and peak areca with a
standard compound. The identification was
verified by GCMS analysis on a Hewlett-
Packard 5970 MSD with 5890 GC using a
similar column and procedure as for the
GCFID analysis. Ozone concentrations
were measured using a Dasibi 1003-AH
Ozone Analyzer. The chemicals used in all
of these experiments were obtained from
Aldrich Chemical, Inc., and were used with-
out further purification.

RESULTS AND DISCUSSION
Particle Sampling and Vaporization

In order to calibrate the TDPBMS for
quantification of organic compounds it is
necessary to characterize particle transport
and vaporization in the instrument. The
efficiencies with which particles are sam-
pled from atmospheric pressure and trans-
ported into the unheated vaporization cell
in the TDPBMS was evaluated in a series
of measurements using monodisperse
aerosol particles of various sizes and com-
positions. The results of these experiments
are shown in Figure 2. The stated diame-
ters are for singly charged particles, but as
discussed above there is a small contribu-
tion (< 5%) to the measurements from
larger, doubly and triply charged particles.
Over the range of particle diameters from
0.02-0.5 um the transport efficiencies were
greater than 40% for all particles, but dif-
fered with particle size and composition.
The efficiency is a reflection of the width of
the particle beam, with wider beams having
lower efficiencies because of particle losses
at the skimmers and the entrance to the
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FIGURE 2. Measured size-depen-
dent efficiencies for transport of or-
ganic particles of various composi-
tions from atmospheric pressure into
the TDPBMS vaporization cell.
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vaporization cell. Particle losses are small
between the DMA and the particle beam
lens. The decrease in efficiency with de-
creasing particle size is due to broadening
of the beam by Brownian motion of the
particles in the lenses and nozzle, and the
decrease at larger particle sizes is probably
due to decreased focusing efficiency by the
lenses. Particle composition influences the
efficiency through its effect on particle
shape. Lift forces acting on nonspherical
particles during nozzle accelerations cause
broadening of the particle beam (Liu et al.
1995a, b), therefore the efficiencies are
highest for spherical and highly symmetric
particles and lower for those with irregular
shapes. This effect has been demonstrated
for a variety of inorganic compounds (Zie-
mann et al. 1996). The highest efficiencies
measured here were for dioctyl sebacate
(DOS) [-(CH,),CO,CH,CH(C,Hj)
(CH,); CH, |, particles, since they are lig-
uid drops. Glutaric acid, which is a solid
dicarboxylic acid [HOOC(CH,);COOH|,
also has high efficiencies, suggesting a
spherical or regular shape. The lowest ef-
ficiencies were measured for palmitic acid,
which is a solid, long-chain monocarboxylic

acid [CH,(CH,),,COOH| that apparently
forms irregularly shaped particles. How-
ever, the presence of DOS in a 1:1 mixture
with palmitic acid leads to a more spherical
particle, as reflected in the increased effi-
ciencies.

The efficiency curve for adipic acid, which
is also a solid dicarboxylic acid
[HOOC(CH,),COOH], increases with par-
ticle size to physically impossible values
higher than 100%. For particles larger than
those shown in Figure 2 they go well off
scale. The reason for this is that some of
the particles are bouncing out of the vapor-
ization cell with a charge that is different
from when they entered. Most of the adipic
acid particles have a single positive charge
when they leave the DMA and enter the
TDPBMS, but when they bounce off the
vaporization cell surface, they become neg-
atively charged. This leads to the transfer
of more than one positive charge per parti-
cle to the electrometer when they bounce
out, and therefore an apparent transport
efficiency >100%. The effect of bounce on
these measurements increases with increas-
ing particle size because larger particles
bounce more readily and can carry away
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more charge (Hinds 1982). This effect is
always observed for efficiency measure-
ments on inorganic solids, although the in-
organic particles we have studied gain posi-
tive charge when they strike a surface. For
this reason previous beam characterization
experiments (Ziemann et al. 1996) em-
ployed a deep Faraday cup detector to pre-
vent particle escape. The vaporization cell
we use here is a V-shaped foil similar to
that used by Sinha et al. (1982), but with an
~ 22° opening, which forces particles to
strike four surfaces before they can escape.
As one might expect, when adipic acid is
mixed with an equal mass of DOS, the
measured efficiencies become more reason-
able and are close to those of a liquid drop
(Figure 2), indicating that the DOS pre-
vents the particles from bouncing and
makes the particle more spherical. Particle
bounce is also eliminated when palmitic
acid is mixed with adipic acid (data are not
shown), although palmitic acid is a solid. It
is worth noting that bulk adipic acid grains
have much more of a hard, crystalline ap-
pearance (like inorganic solids) than do the
C5 and C7 dicarboxylic acids, glutaric acid
and pimelic acid (data not shown), neither
of which have efficiency curves indicative of
bounce.

A simple way that we check for bounce
in these experiments is by measuring the
efficiencies using positively charged parti-
cles and negatively charged particles. If no
bounce occurs, then the efficiencies will be
the same, as was the case for all the parti-
cles shown in Figure 2 except for adipic
acid. However, because the quantity and
polarity of the charge carried away by
bouncing particles apparently does not de-
pend on their initial charge (+1 or —1),
bounce will result in different efficiencies
for initially positively and negatively
charged particles since the measured effi-
ciency is proportional to the DMA cur-
rent/ TDPBMS current. If the effect of
bounce is small, it will slightly increase the
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efficiencies measured for positively charged
particles and decrease those of negatively
charged particles. In extreme cases the ef-
ficiencies can be >1, or they can be nega-
tive, depending on the type and extent of
charge transfer that occurs.

Although hard, crystalline particles such
as (NH,),SO, and adipic acid can bounce
out of an unheated vaporization cell, mass
spectrometric measurements made with a
heated cell demonstrate that particles com-
pletely vaporize before bouncing out. This
can be seen from the data in Figure 3,
which show the mass spectral signal mea-
sured for a constant current, Iy, of
monodisperse DOS and (NH,),SO, parti-
cles of various sizes (adipic acid results are
similar). The quantity plotted in Figure 3 is
actually an “effective” single-particle vol-
ume, obtained by multiplying the volume of
a singly charged particle by ¥, as defined in
Equation (1). Regardless of whether or not
particles evaporate completely, the mass
spectral signal is linearly proportional to
the mass flux of vapor into the mass spec-
trometer. If the particles do evaporate
completely, then the mass spectral signal
will increase linearly with the mass flux of
particles into the vaporization cell. There-
fore, for a constant particle current, the
mass spectral signal should increase lin-
early with the single-particle volume (see
Equation (2)), as is observed in Figure 3. A
linear relationship would be obtained be-
tween mass spectral signal and single-par-
ticle volume for bouncing particles if for
particles of all sizes the same fraction of
particles bounced out of the cell and the
same fraction of the particle volume evapo-
rated. This seems highly unlikely, however,
since both particle bounce and the time
required to heat and evaporate a particle
increase as particle size increases (Hinds
1982). Therefore bounce and incomplete
evaporation should lead to a less than lin-
ear increase in mass spectral signal with
increasing particle volume.



180 H. J Tobias et al.

Particle Mass Concentration (pg/m?)

0] 200 400 &00 8oo

250 L) L) L) I T T T I T T F l L} L} T l
- DOS
2 200
[+ ]
e
= 1580
©
=
ey
“ 100
w0
&
N
‘“E- 50
00 —— | I T I SN T T
0.000 0003 0006 0009 0012
Single-Particle Volume {um’)
Particle Mass Concentration (pgli‘na)
o] 100 200 300 400
0 T 1T l L] I_F_] T T T l L] L} T l
L (NH,),S0,
w
e
<
=
=
£
=
7
!
k-]
N
-~
13
OLI PRRSTIR T T TR N S T SN SR

0.00C 0003 0006 0009 0012

Single-Particle Volume {um®)

FIGURE 3. Relationship between the mass spectral
signal for DOS (dioctyl sebacate) and ammonium
sulfate particles, and single-particle volume and parti
cle mass concentration, measured for a constant par-
ticle current into the vaporization cell.

Particle Mass Spectral Analysis: Compound
Identification and Quantification

The basis for using mass spectrometry for
chemical analysis of particles is that each
compound has a unique mass spectrum, “a
fingerprint,” which can be compared with a
particle mass spectrum to determine if the
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compound is present in the particle. Be-
cause the TDPBMS mass spectra of the
smog chamber particles we analyze are a
composite of the mass spectra of all the
individual particle components, the prob-
lem of extracting single-compound infor-
mation is complex, but not insurmountable,
and will command a significant amount of
our research effort in the years to come.
Therefore for the purposes of this paper,
we will not discuss the techniques we are
working on for identifying compounds in
particles based on mass spectra (e.g., To-
bias and Ziemann 1999), but will instead
focus on the techniques we use for com-
pound quantification.

One of the important instrument param-
eters that must be controlled for accurate
quantification or identification of organic
compounds is the vaporization tempera-
ture, since changes in temperature can lead
to changes in mass spectral fragmentation
patterns. As the vaporization temperature
increases, the internal energy of the vapor
molecules increases, leading to enhanced
bond breakage after electron ionization and
formation of smaller ion fragments. This
effect can be seen in Figure 4, which shows
the temperature dependence of the signal
for various palmitic acid fragment ions. As
the temperature increases, the molecular
ion (m/z=256 amu) signal decreases
monotonically because of increased frag-
mentation. The curves for other masses ex-
hibit maxima, because although they lose
intensity due to fragmentation, they also
gain intensity from fragmentation of larger
ions. Note that the position of the maxima
tend to shift to smaller masses with increas-
ing temperature, as expected. The intensi-
ties of palmitic acid peaks other than the
molecular ion generally change by ~
10-20% over 50°C. Since compound identi-
fication often relies on matching the rela-
tive intensities of peaks in the mass spec-
trum of an unknown and standard, and
quantification involves comparison of abso-
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FIGURE 4. Dependence of palmitic acid mass spec-
tral signal at various fragment masses on the temper-
ature of the vaporization cell.

lute peak intensities or areas, it is impor-
tant that measurements be made at the
same temperature. In our experiments the
vaporization temperature 1is typically
~ 165°C, which is sufficiently high to rapidly
evaporate any organic compound and is
controlled to within # 3°C. This tempera-
ture also provides near-optimum signal for
the high-mass fragments that are most use-
ful for identifying and quantifying organic
compounds. For the many compounds we
have studied, the signal is sufficient to give
detection limits (~ 300 counts/s =3 X
noise) of ~ 0.1-1 ug/m?>.

Quantification of a compound present in
an air sample requires the determination of
a relationship between the mass spectral
signal and the mass concentration of the
compound (e.g., ug/m? of air). In the ideal
case that the calibration and sample parti-
cles are spherical, the calibration curve
would be similar to those shown in Figure
3, where the upper x-axis gives the mass
concentration of particulate compound cal-
culated using Equation (4) for single-com-
ponent monodisperse acrosol obtained from
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an atomizer and DMA (both DOS and
(NH,),SO, particles are spheres). If the
calibration particles are not spherical, then
the mass concentration calculated using
Equation (4) will be in error. The extent of
this error can be significant, even for parti-
cles that do not have highly irregular shapes.
For example, a perfectly cubic particle with
mobility diameter D, has side length ~
0.735D, and so volume ~ O.4Dj (Ziemann
et al. 1995b). Therefore if one is calibrating
with cubic particles using a DMA and as-
sumes that the particles are spherical, the
mass concentrations used in the calibration
will be (7/6)/0.4 =1.3 times higher than
the true values. Considering the wide range
of possible particle shapes, which are gen-
erally unknown, it is always best to use
spherical particles when calibrating for mass
with a DMA. An alternative is to use other
techniques to obtain calibration particles of
known mass, such as an Aerosol Particle
Mass Analyzer (Ehara et al. 1996), or to
determine the particle mass in the beam
apparatus from measurements of particle
kinetic energy, velocity, and charge (Zie-
mann 1998).

For organic compounds that are solids,
and may therefore form nonspherical parti-
cles, a low vapor pressure organic liquid
such as DOS or oleic acid
[CH4(CH,),CH=CH(CH,),COOH]| can
be added to the atomizer solution to create
multicomponent spherical particles. The
mass concentration of the compound of
interest can then be calculated using Equa-
tions (1)-(4). However, this approach re-
quires that the mass spectrometer signal
not depend on the particle matrix, but only
on the quantity of calibration compound
present in the particles. The data shown in
Figure 5, which are the results of mass
spectral measurements made on pure and
multicomponent particles, demonstrate that
this is the case for the TDPBMS. For mixed
DOS/oleic acid (liquid/liquid) and
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DOS/ tridecanoic acid (liquid/solid) parti-
cles, the signal measured per mass of com-
pound sampled (uncorrected for transport
efficiency) for the multicomponent particles
is within ~ 5-10% of the pure particle
signal, regardless of the composition. This
result is reasonable, since as long as the
particles evaporate completely, have similar
transport efficiencies, and have spherical
shapes so that Equations (1)-(4) are valid,
then the signal obtained when a given mass
of compound is sampled into the instru-
ment should be the same for pure and
multicomponent particles. The transport
efficiencies of 0.1 um DOS/ oleic acid and
1:1 DOS/tridecanoic acid particles are
100% and 95%, respectively, indicating that
both types of particles are spherical or
nearly spherical in shape. The results for
DOS/ palmitic acid (liquid/solid) particles
differ from the others shown in Figure 5.
The signal per mass for DOS is highest for
the pure and 80% DOS particles and then
decreases with increasing fraction of
palmitic acid because of the lower trans-
port efficiency of these particles (Figure 2).
The signal per mass for palmitic acid is also
highest for the 80% DOS particles and
then decreases with increasing fraction of
palmitic acid, but then increases for the
pure particle. This is an unexpected result,
since the transport efficiency of the pure
particles is significantly lower than that of
the multicomponent particles. The only ex-
planation we have for this observation is
that the shape of the pure palmitic acid
particles, which are clearly not spheres since
the transport efficiency is ~ 60%, is such
that it has a larger volume than a sphere of
the same mobility diameter. This is not
usually the case for particles, although a
calculation based on Dahneke’s theory for
shape factors (Dahneke 1973a, b, ¢) indi-
cates that it does occur for some cylinders
in the free-molecule regime which are
aligned in the flow (the DMA operates in
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the transition regime). We have not investi-
gated this issue thoroughly since we don’t
know the particle shapes, and real particles
often have shapes that are quite different
from the ideal ones that can be treated
theoretically. Additional experiments
should shed some light on this question,
but nonetheless, for our purposes the use
of particles containing 80% DOS should
eliminate any calibration problems.

Once a calibration curve such as those
shown in Figure 3 is determined using
spherical particles, the mass spectral signal
can be used to determine the concentration
of compound present in an air sample,
C. by multiplying the concentration

sample>
obtained from the calibration curve, C,,,
by the ratio of the transport efficiencies of
sample and calibration particles
E..1/ Eqampie- For spherical particles these
efficiencies should be close to unity. For a

single-point calibration, Cg,py e is then
C

sample [ Ssample/Scal]
X[Ecal/Esample [Cea
=[Ssamp1e/5ca1]
x| E.,/ E,

ample]

X [ yxiﬂppD%IDMA/6 VDMAe]

cal’

(5)
where S,/ Scq is the ratio of the mass
spectral signals for the sample and calibra-
tion particles and the last term in brackets
contains quantities related to the calibra-
tion particles. The accuracy of a TDPBMS
measurement of C,,. can be estimated
using Equation (4) and the uncertainty in
each quantity in the equation. Since C,, .
is equal to a ratio of quantities, the relative
uncertainty is equal to the square root of
the sum of the squares of the individual
relative uncertainties (Skoog and West
1980). We estimate that under typical con-
ditions these uncertainties are ~ 1% for
VDMA’ ~ 5% for Ssample’ Scal’ IDMA’ Kecals
pp’ Ecal’ and E,

cample» and  ~ 10% for D}
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and y, which gives a total uncertainty in
Cample ©f ~20%. This value is quite ac-
ceptable for our application of the tech-
nique, but as we show below, attaining this
level of accuracy in smog chamber studies
will depend on our ability to associate mass
spectral peaks with particular compounds
present in particles.

As a final note in our discussion of
TDPBMS calibration it is important to
mention that the types of compounds that
can be quantified using TDPBMS are lim-
ited to those which do not undergo signifi-
cant evaporation during calibration. For
pure particles, evaporation in the DMA,
between the DMA and the TDPBMS sam-
pling orifice, and after the TDPBMS sam-
pling orifice can all be important. The up-
per limit to the compound vapor pressure is
ultimately determined by evaporation in the
latter region, where evaporation occurs into
a vacuum chamber where pressures are al-
ways orders of magnitude less than the
compound equilibrium vapor pressure. For
the ~ 0.2 s that particles spend in this
region, we estimate that particles having
vapor pressures < ~ 107> torr will undergo
negligible evaporation. Our calculation
probably underestimates the maximum va-
por pressure, since we do not include parti-
cle cooling that occurs during the gas ex-
pansion through the orifice or evaporative
cooling that occurs during evaporation at
these low pressures. Both these processes
will reduce the particle evaporation rate.
Evaporation in the regions upstream of the
sampling orifice increases with the particle
residence time and decreases with the
amount of compound vapor present in the
gas phase. The latter quantity increases with
evaporation, and also depends on the parti-
cle concentration, vapor diffusion, and wall
losses, and thus makes calculations of the
evaporation rate more difficult in these re-
gions. We instead evaluate evaporation ef-
fects experimentally by varying the resi-
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dence time between the DMA and
TDPBMS and using changes in mass spec-
tral signal as an indicator of evaporation.
Under normal operating conditions the res-
idence times are ~ 5 s in the DMA and
~ 0.2 s between the DMA and sampling
orifice. Under our test conditions the resi-
dence time between the DMA and the
sampling orifice is increased to ~ 4 s, so if
no change in signal is observed we can be
relatively certain that particles do not evap-
orate upstream of the sampling orifice un-
der normal operating conditions. Measure-
ments made with particles of known vapor
pressure (Tao and McMurry 1989) indicate
that evaporation in these regions becomes
significant for compound vapor pressures
>~ 1077 torr. When multicomponent par-
ticles are used for calibration it is also
necessary to check for evaporation of the
calibration compound between the atom-
izer and DMA (the DOS or oleic acid is
stable), since this would change the mass
fraction of the calibration compound in the
particles. This can again be done by chang-
ing the residence time in this region while
monitoring mass spectral signal. An addi-
tional check on evaporation is to use parti-
cles of different sizes, since the fraction of
a particle’s mass that evaporates in a given
time decreases with increasing particle size
(Hinds 1982). From the calculations and
experiments described above we estimate
that for our apparatus accurate calibration
is limited to compounds having vapor pres-
sures < ~ 1077 torr. If evaporation under
vacuum is less than our calculation sug-
gests, then this limit could possibly be
pushed to higher vapor pressures by using
DMA sheath air that is saturated with the
calibration compound vapor in order to re-
duce evaporation. However, our current
constraint should not significantly limit the
applicability of this technique for studies of
secondary organic aerosol, since com-
pounds with vapor pressures >~ 1077 torr
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are predominantly found in the gas phase
in the atmosphere (Bidleman 1988). Evapo-
ration of particles during sampling from
our smog chamber is less of a problem,
since particles are only exposed to under-
saturated air downstream of the sampling
orifice.

Use of TDPBMS in a Smog Chamber Study of
Secondary Aerosol Chemistry: Identification
and Quantification of Tridecanoic Acid

Our smog chamber measurements of the
tridecanoic acid aerosol formed from the
reaction of l-tetradecene and ozone pro-
vides a means for testing the accuracy with
which the TDPBMS can quantify organic
compounds present in “real” particles and
demonstrates the ability of the TDPBMS to
perform real-time analysis of particle com-
position in a reacting system. This particu-
lar reaction was chosen because the gas-
phase chemistry of alkene-ozone reactions
have been reasonably well studied (Atkin-
son 1997) and only a few major compounds
are likely to appear in the acrosol in addi-
tion to tridecanoic acid (Forstner et al.
1997b), thereby simplifying mass spectral
analysis. Based on studies of carboxylic acid
formation in other alkene-ozone reactions
(Atkinson 1997), the mechanism by which
tridecanoic acid is formed involves addition
of ozone to the 1-tetradecene double bond
to form a primary ozonide, which dissoci-
ates into an excited Criegee biradical and
formaldehyde. The excited biradical then
forms tridecanoic acid either by rearrang-
ing, or by undergoing collisional stabiliza-
tion, followed by water-catalyzed isomeriza-
tion. The overall reaction is

CH,(CH,),,CH=CH, + 0,
— CH,(CH,),,COOH + HCHO,

in the presence of air and water vapor.
Other reasons for choosing tridecanoic acid
for this experiment are that it has a rela-
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tively low vapor pressure (~ 7 X 107¢ torr,
calculated using an equation from Tao and
McMurry (1989)), which is low enough to
make evaporation insignificant during cali-
bration, and also apparently results in most
of the tridecanoic acid (by our estimates,
~96%) being present in particles rather
than in the gas-phase in the chamber ex-
periment. This is necessary for comparing
TDPBMS and GC quantitative analyses of
this compound, since TDPBMS measures
particle concentrations, whereas GC analy-
sis of Tenax samples measures total con-
centrations (gas + particles).
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A TDPBMS mass spectrum of the cham-
ber particles and a mass spectrum of pure
tridecanoic acid calibration particles are
shown in Figure 6. Although the smog
chamber mass spectrum is a composite of
mass spectra of a number of compounds,
the tridecanoic molecular ion peak at m/z
=214 does not have any contributions from
other compounds, as verified by GCMS.
The tridecanoic acid concentration was
therefore quantified using the intensities of
the m/z =214 peaks in the chamber and
calibration particle spectra and Equation
(5). Figure 7 shows the concentrations of
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FIGURE 6. TDPBMS mass spectra of (top) secondary organic aerosol formed in a smog chamber reaction of
1-tetradecene and ozone and (bottom) pure tridecanoic acid calibration particles.
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tridecanoic acid measured in the particles
by TDPBMS during the course of the ex-
periment, the total tridecanoic acid concen-
tration measured at the end of the experi-
ment using GC analysis, and the time-de-
pendent aerosol mass concentrations mea-
sured using the SEMS. Nucleation occurs
within the first few minutes, after which
time the concentrations of tridecanoic acid
and total aerosol increase smoothly for
about 50 min, and then remain constant for
the next 50 min. The constant concentra-
tions are probably a balance between
acrosol formation and wall losses, since the
reaction should continue for ~ 2 hr at this
ozone concentration. The steady-state mass
concentration of secondary aerosol parti-
cles was ~ 2,000 ug/m?’, the diameter of
average mass was ~ 0.2 um, and the trans-
port efficiency of the particles was ~ 90%,
indicating that they had near-spherical
shapes. The steady-state tridecanoic acid
concentrations measured by TDPBMS and
GC were 180 £40 and 260 =30 ug/m3,
respectively, giving agreement within ~
35%. The stated uncertainties correspond
to one standard deviation, which for
TDPBMS is based on the 20% value calcu-
lated above and for GC was calculated from
replicate samples and standards. Since the
total amount of aerosol formed was ~ 2,000
ug/m?, tridecanoic acid composed ~ 10%
of the aerosol mass. Of course this total
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aerosol mass concentration is not realistic
for the atmosphere, being ~ 1-2 orders of
magnitude higher than typical values, but
the TDPBMS has sufficiently high sensitiv-
ity to perform experiments with concentra-
tions similar to ambient levels. High con-
centrations were used here so that we could
more directly compare the TDPBMS and
GC measurements, which requires that
most of the tridecanoic acid be present in
the particle phase. The particle /(particle +
gas) ratio, G, can be estimated using the
theory developed by Pankow (1994a, b) to
describe partitioning of organics into an
absorbing organic matter phase. The equa-
tion is

G =[1 +Ai/Fi.um }l_l
=[1 +MWJ/n106§ipL,io/

760 RTY,, TSP] ', (6)

om

where F, ,, is the concentration of com-
pound i (ng/m?) in the absorbing organic
matter phase, A; is the gas phase concen-
tration of compound i (ng/m?), R is the
ideal gas constant (8.206 x 107° m?-
atm /mol-K), T is the temperature (K), TSP
is the total suspended particulate matter
concentration ( pug/m®), £, is the mass
fraction of the TSP that is the absorbing
organic matter phase, MW, is the mean

molecular weight of the absorbing organic
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matter, §; is the activity coefficient of com-
pound i in the organic phase, and p} ; is
the vapor pressure of the compound i. Us-
ing the values 7=298 K, TSP =2,000
Hg/m3’ fum =1’ MI/Vum =200 g/mOl’ gf =1
(assuming an ideal solution), and p ; =7 X
107° torr, we obtain G =0.96, which means
that ~ 96% of the tridecanoic acid is in the
particle phase.

The agreement between the TDPBMS
and GC measurements of tridecanoic acid
is quite good, and the ~ 35% discrepancy
may simply represent TDPBMS and GC
measurement errors. We have focused here
on the potential sources of error in
TDPBMS measurements, but GC analyses
of polar compounds such as tridecanoic
acid are not trivial and are fraught with
their own difficulties. It is also possible that
the higher value for the GC measurement
is due to a higher tridecanoic acid gas-phase
concentration than was estimated by the
gas /particle partitioning calculation. The
calculated value of G would need to be 0.7
for the two values to agree, which would
require that A4,/ F, ,, increase by a factor
of 10. The combined uncertainties in the
tridecanoic acid vapor pressure and activity
coefficient, and the aerosol mass, could
probably change the value of A4,/F,,, by
factor of ~ 2-3, and so the 35% discrep-
ancy is likely due to more than just a com-
bination of these factors.

CONCLUSIONS

The results of this study demonstrate that
the TDPBMS we have developed can be
used for quantitative, real-time measure-
ments of organic compounds present in
secondary aerosol formed in a laboratory
environment. The TDPBMS is capable of
analyzing particles between ~ 0.02-0.5 pm
as long as the mass concentration of the
compound is >~ 0.1-1 ug/m?, but this
size range can be extended in both direc-
tions for higher concentrations. The esti-
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mated uncertainty in concentration mea-
surements is ~ 20%. The instrument can
be calibrated using monodisperse acrosol
particles of known composition, size, and
concentration, generated using an atomizer
and differential mobility analyzer. Because
the mass spectral signal measured for a
given mass of a particular compound is
independent of the presence of other com-
pounds in the particle, calibrations can be
performed using pure or multicomponent
particles. However, calibrations will be most
accurate when the particles are spherical,
since this allows a more accurate calcula-
tion of the particle mass from the mea-
sured mobility diameter. When calibrating
with solid compounds, which can form non-
spherical particles, it is usually preferable
to mix the compound of interest with a low
vapor pressure organic liquid such as DOS
or oleic acid to make spherical, multicom-
ponent particles. Quantification by
TDPBMS is currently limited to species
which have vapor pressures lower than ~
1073 torr, since particle evaporation intro-
duces error in the measurement. More
volatile compounds can probably be quanti-
fied by using modified calibration tech-
niques, with an upper limit on the vapor
pressure being set by evaporation in the
vacuum chamber.

Our future research will focus on the use
of TDPBMS for studies of organic aerosol
chemistry and on the development of im-
proved techniques for extracting informa-
tion on particle composition from TDPBMS
mass spectra. One approach we have devel-
oped for simplifying multicomponent
aerosol mass spectra is to collect particles
in a cooled vaporization cell for later analy-
sis by temperature-programmed TDPBMS
(Tobias and Ziemann 1999). This provides
some degree of separation of compounds
according to their vapor pressures and of-
fers the potential for obtaining mass spec-
tra of individual compounds. Aerosol can
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also be collected on filters or by impaction,
fractionated using high-performance liquid
chromatography, and the pure compounds
converted to particles and analyzed by
TDPBMS. Single-compound mass spectra
can be compared with those available in
libraries (e.g., Wiley-NIST), as is typically
done with GCMS, in order to identify the
compound. Alternatively, aerosol samples
can be analyzed by GCMS, but since the
polar products of VOC oxidation reactions
are often not amenable to gas chromato-
graphic separation, this approach may re-
quire the use of derivatization methods.

By using TDPBMS, off-line techniques,
and prior knowledge of the types of prod-
ucts expected to form in our smog chamber
reactions, we should be able to identify
many of the compounds present in the
aerosol particles. The TDPBMS can then
be used to measure the concentrations of
at least the major components over the
course of the reaction. This data, when
combined with measurements of gas-phase
species and aerosol size distributions,
should provide the information needed to
develop a more detailed understanding
of the chemistry of secondary aerosol
formation.
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