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Abstract-A device capable of continuously sampling and mass analyzing aerosols in the l-10 nm
diameter size range (masses up to 1 MDa)  at part per billion (ppb, 10” cmm3) concentrations is
described. Small aliquots of an aerosol flowing at atmospheric pressure are sampled into a time-of-
flight mass spectrometer (TOFMS) via a pulsed molecular beam valve at 10-50 Hz. The aerosol
molecular beam is singly and nondestructively ionized with light from an ultraviolet excimer  laser
and accelerated across a 20 kV electrostatic field. Ionized particle packets are separated in mass
during a free flight and re-accelerated across an additional 30 kV into a stainless steel conversion
dynode plate. Signals from ejected electrons and negative ion fragments resulting from the par-
ticle-dynode collisions are amplified in a dual microchannel plate detector, digitized, and stored
in a fast transient recorder. Sampling of He flow streams bearing benzene, fullerenes, as well as Na.
Mg, and CsI particles (nanocrystals) is demonstrated. In addition, the gas-phase reaction
between a pre-formed Na nanocrystal and alkane  thiols is monitored in real-time. $T:  1998 Elsevier
Science Ltd. All rights reserved

I N T R O D U C T I O N

The real-time monitoring of submicron aerosols is a powerful tool with potential applica-
tions in the study of aerosol formations, reactions, and dynamics, as well as in monitoring of
environmental pollutants and industrially important aerosols (Kaye and Trottier, 1995).
Techniques for the real-time sizing and chemical characterization of individual micron-size
particles with sensitivities of 10’ cm- 3 are now available. They use light scattering to detect
presence and size of a single particle. Subsequent decomposition of examined particles into
their elemental or molecular constituents is done by heating (Sinha  and Friedlander, 1985)
or use of synchronized laser pulse (Marijnissen et al., 1988; McKeown et al. 1991;
Nordmeyer and Prather, 1994; Thomson, 1994; Carson et al., 1995; Hinz et al., 1995; Weiss
et ul., 1995; Reilly et al., 1997). Ionized pyrolysis products are detected using mass spectro-
metry.  However, submicron particles are not easily detected with these techniques due to
their small light scattering efficiencies.

Nanometer-size particles (l-10 nm diameters) are too small for classical sizing techniques
based on light scattering and too large for conventional mass spectrometers used in on-line
monitoring of molecular species, such as GC/MS,  LC/MS, and HPLC/MS (Arpino, 1995).
As a result, light scattering is used to characterize nanometer size aerosols only in
conjunction with condensation particle counters (Wiedensohler et al., 1994),  while the use of
mass spectrometry is typically restricted to the analysis of elemental or molecular particle
ablation products (Reents et al., 1995). Therefore, diffusion batteries (Wiedensohler et al.,
1994),  ion-mobility analyzers, and electrostatic analyzers (Wang and Flagan, 1990;
Winklmayr et al., 1991; Makela and Jokinen, 1994) remain the methods of choice for the
characterization of ultra-fine particles. Recently, the particle beam mass spectrometer
(Ziemann et ul., 1995),  the atmospheric pressure chemical ionization mass spectrometer, and
the Kelvin effect sizing schemes (Weber et al., 1995) have been developed. These instru-
ments, while highly successful in sizing particles in the l-1000 nm size regime at very low
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concentrations (< 100 cmm3),  require scanning of an electrostatic field during analysis. This
is limiting their use in monitoring instantaneous changes in aerosol processes.

In principle, mass spectrometry enables the mass analysis of intact submicron particles.
Particularly, TOFMS offers the advantage of operational simplicity, mass-independent
resolution, unlimited mass range, and a microsecond time scale of analysis amenable
to real-time monitoring of aerosol processes (Cotter, 1992; Guilhaus, 1995; Weber et al.,
1995). A mass spectrum of an aerosol provides information on size through knowledge of
densities and expected structures, on composition through the elucidation of fragmentation
patterns, and on relative abundance of aerosol components. The benefits of such informa-
tion in small particle research can be gauged, for instance, by its essential role in
unveiling the electronic shell structure in metal clusters (de Heer, 1993),  and in elucidating
the uniqueness of fullerenes among other species in carbon cluster beams (Kroto
et al., 1985).

In practice, two factors limit the applicability of mass spectrometry to the continuous
real-time sampling of submicron aerosols at atmospheric pressures. First, the coupling of
a high pressure aerosol to a low-vacuum mass spectrometer chamber requires a multi-stage
pumping system. Secondly, and more significantly, even the smallest particles have masses
of thousands of Daltons, mass range in general difficult to detect in conventional spec-
trometers. Since the early seventies, clusters generated in gas aggregation sources have been
coupled to TOFMS operating at high voltages (Sattler et al., 1980). It is now possible to
detect intact large particles with masses into the MDa  range (Murray et al., 1994; Zimmer-
mann et ul., 1994).

Motivated by the need to monitor the growth and evolution of nanocrystals in an aerosol
flow processor, we have developed a device capable of sampling and mass analyzing
nanometer-size aerosols on a millisecond time scale. The instrument circumvents the
high-pressure-to-vacuum interface problem by pulse sampling only a minute portion of an
aerosol into a high-vacuum mass spectrometer. High-mass detection is enhanced by
operating the acceleration and detection regions of the mass spectrometer at high voltages
(40-50 kV).  We report on the capability of the instrument to sample a variety of materials
and to characterize different conditions affecting particle size in an aerosol source. In
addition, the real-time monitoring of the gas-phase reaction between a pre-formed Na
nanocrystals and alkane thiols is demonstrated.

EXPERIMENTAL DETAILS

The apparatus is comprised of a multi-stage nanocrystal flow processor (NXFP), a samp-
ling interface, and a TOFMS (Figs 1 and 2).

Aerosol source

Aerosols of fullerenes and metal particles are generated in a Nanocrystal Flow Processor
described in detail elsewhere (Alvarez, 1995). Nanoparticles are produced in a source stage
(A) by evaporating the material of interest into a flowing carrier gas stream (typically He)
and slowly cooling it in an aggregation cell. The emerging nanocrystal aerosol is then
immediately diluted with a secondary He stream; the dilution stream is either neat or seeded
with an appropriate passivating or etching chemical agent. The chemical agent is generated
in a temperature-controlled passivation cell (B) by evaporating it into the secondary He
stream. Both streams, flowing slightly above atmospheric pressure, meet at the dilution or
mixing stage (C). A minute portion of the rarefied or passivated aerosol is then non-
destructively sampled via a special molecular pulse beam valve (D) into a high-mass
TOFMS for further characterization. The majority of the aerosol flows to a collection stage
(E) or to other processing stages such as etching, annealing, and passivation. Benzene
bearing streams are generated by bubbling He through liquid benzene in a conventional
gas bubbler.
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Fig. 1. Schematic diagram of the TOFMS and aerosol sampling valve. A flowing atmospheric
aerosol is extracted into a high vacuum chamber via a pulsed molecular beam valve. In vacuum, the
most intense part of the beam is collimated through a skimmer. The aerosol then flows into the
acceleration region of the mass spectrometer where it is ionized by a synchronized laser beam and
accelerated across a high electrostatic potential (HV,). After traveling through a free flight region,
separated ion packets are post accelerated into a stainless steel dynode plate held at a negative high
voltage HV,. Fragmented anions or generated electrons are subsequently accelerated into a dual

microchannel plate detector.

Fig, 2. Schematic diagram of a NXFP. The device consists of a nanocrystal source (A), passivation
agent source (B). aggregation cell and dilution or mixing region (C), a sampling interface (D), and

collection device (E).
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Aerosol sampling

A modified commercial molecular beam valve (General Valve) is used as a sampling
interface between the NXFP and the mass spectrometer. The unit generates pulses at least
200 ps wide at repetition rates up to 1 kHz using a General Valve Iota I pulse driver. The
modification consists of sealing the conventional inlet port of this unit and welding a 10 mm
OD flow pipe tangent to the valve’s internal chamber that houses solenoid, tip, and orifice
as shown in Fig. 1. Effectively, the flow pipe is part of the molecular beam valve. The Teflon
sealing tip restricts the operational temperature to a maximum of 200°C  above which the
material softens. A 1 mm OD orifice in the flow pipe discharges directly at the valve’s
nozzle, delivering the aerosol to the valve.

Only a minute portion of the aerosol is pulsed into the mass spectrometer. Although the
throughput in the flow processor is high, 10 bar-l/min, this flow is active only for 500 ps.  As
a result, the gas loading to the mass spectrometer chambers (0.05 bar-l/min,  at 10 Hz) is
small enough to be controlled with a small two-stage pumping system, 300 l/s, each. The
aerosol expands near sonic velocities of 1.5 x lo5 cm/s for He into the mass spectrometer
vacuum, discharging approximately 1 cm3 of aerosol per pulse (cross sectional area of
0.01 cm2 for a period of 500 ,BS).  Since the stagnation volume of the valve is only 100 ~1, fresh
sample is released in each cycle. In the studies described here, particle concentrations of ppb
are typical; thus on the order of 1O1’ particles are allowed into the mass spectrometer per
pulse. The transient aerosol pulse, as monitored via a fast ion gage at a fixed distance from
the valve’s nozzle is approximately of Gaussian shape with a FWHM of 500 ps.  In vacuum,
the aerosol stream emerges as a molecular beam. Its central part is collimated by a 3 mm
skimmer, 5 cm away from the valve’s nozzle and flows through the center axis of the mass
spectrometer.

Muss spectrometer

The TOFMS (Fig. 1) consists of an acceleration/ionization region, a field free region, and
a detection stage.

When the aerosol pulse reaches the acceleration plate assembly of the mass spectrometer,
it is ionized by a laser beam. The region of ionization is typically 1 mm wide and 1 cm high.
The fluence of the ionization laser is adjusted by inserting quartz attenuation plates in its
path in order to exclude multiple ionization and photofragmentation. This is judged by the
absence of low mass species in the mass spectra and by the absence of mass spectral peaks at
rational fractions (doubly charged, triply charged, etc.) of the singly charged parent mass.
The time period between the valve opening and the firing of the ionization laser is
monitored and controlled by a commercial time delay generator (Stanford Research
Systems, DG535). Typically, the ionization laser is synchronized with the pulsed valve so
that the laser is fired when the central part of the aerosol pulse is present in the ionization
region of the mass spectrometer so as to minimize transient effects occurring at the edges of
the aerosol pulse.

As the laser pulse ionizes the particles, the resultant positively charged particles are
instantaneously accelerated across a large electrostatic potential difference, HV1 of up to
20 kV,  toward a charge particle detector. Ions emerge out of the acceleration region with
approximately the same kinetic energy but with velocities inversely proportional to their
masses. Once in the field-free region, this difference in particle velocity translates into
a difference in time of arrival at a detector located 1.2 m away. A set of dual microchannel
plates is commonly used for particle detection. However, such detector is inefficient in
detecting massive particles. Therefore massive particles are detected indirectly by allowing
them to collide with a surface of a conversion dynode and subsequently detecting the
negative ion fragments and electrons. To impart sufficient kinetic energy to the particles
before collision with the dynode, discrete ion packets are reaccelerated across a large
negative potential, HV2,  typically 30 kV. The conversion dynode is essentially a pre-
amplifier onto which positive ions are accelerated from ground down to HV2.  Electrons and
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negative ion fragments resulting from the particle-dynode collision are accelerated perpen-
dicularly toward a dual microchannel plate detector. Resulting amplified currents are first
converted to voltage pulses in a fast 100 MHz preamplifier before they are digitized and
averaged in a transient recorder (LeCroy).

The acceleration and detection assemblies are housed in two different vacuum chambers
isolated by a 2.5 cm OD gate valve. Each chamber is evacuated with a 300 l/s turbomolecu-
lar pump (Varian, V-300). Operating pressures are 1 x 10e5 mbar and 2 x lO-‘j mbar,
respectively, during aerosol sampling. In the high-mass detection mode when high acceler-
ation voltages are used, the resolution of the instrument is 40. To detect lighter masses
it is sufficient to operate the instruments at lower acceleration voltages (5 kV) and
to use conventional dual microchannel plate assembly as detector. Resolution in that
case is 500.

Benzene and fullerene mass spectra are obtained using a regular dual microchannel plate
detector. Large particles are detected using high voltage acceleration and conversion
dynode as a pre-amplification stage. All aerosols reported here are ionized with 193 nm light
from an ArF excimer laser.

CHARACTERIZATION

The ability of the instrument tosample various materials is illustrated in Fig. 3. The mass
spectra of He streams containing benzene, fullerenes, and CsI nanocrystals are shown.
Benzene and fullerenes serve as convenient time and mass calibration standards because
they are stable molecules easily ionized with two 193 nm photons from an ArF excimer
laser. In addition to the materials shown in Fig. 3, aerosols of Na, Mg, and NaCl were
routinely analyzed. In theory, there is no fundamental restriction on what materials are
amenable to sampling and detection with the present scheme. In practice, however, particles
of materials with ionization potentials higher than the energy of the ionizing laser can not
be detected in this instrument without significant particle fragmentation. In addition, the
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Fig. 3. Aertisol  sampling: (a) benzene and its photofragments, (b) fullerene extract, (c) a large CsI

nanocrystal of approximately 1700 salt units, 5.5 nm in diameter.
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difficulty in detecting larger masses even if employing a high-voltage acceleration and
conversion dynode detection, limits the mass of detectable particles to 1 MDa.

Instrumental sensitivity

In general, nanocrystal aerosols are detected in the experimental configuration shown in
Fig. 1, when the monomer vapor pressure in the aerosol source (Fig. 2, A) is around
0.1 mbar. Since the mass spectra reports a mean aerosol mass, an estimate of the particles’
maximum concentration in the carrier gas is obtained by dividing the monomer vapor mole
fraction by the number of units in the particle. The minimum vapor pressure and hence the
furnace temperature at which signal is registered in the mass spectrometer is thus a measure
of the minimum instrumental sensitivity. Systematic measurements of the appearance
threshold for Na, Mg, and CsI particles are shown in Table 1. Values reported in the table
should be taken as lower bounds since material losses to the walls of the flow system prior
to sampling are neglected. It is also assumed that a single particle mass is produced.

Minimum detection thresholds are found to be on the order of ppb (10” cme3).
Although, by far higher than those reported with ion mobility analyzers (< 100 cmM3),  the
sensitivity of the instrument suffices to characterize our aerosol source and most particle
sources reported in the literature (Haberland, 1994). It is instructive, at least qualitatively, to
enumerate the factors responsible for such low sensitivity; namely: (i) the volume fraction of
the aerosol pulse actually probed by the ionization laser, (ii) ionization efficiency, (iii) ion
transmission efficiency from the ionization region to the mass spectrometer detector; and
(iv) detector efficiency.

Let us assume that approximately lOlo  particles are discharged into the mass spectrom-
eter per aerosol pulse. An upper bound estimate of the aerosol pulse fraction actually
interrogated by the ionization laser may be obtained by assuming that the aerosol expands
into the vacuum chamber at sonic velocities, which is 1.5 x 10’ cm/s for He, defining a cone
whose dimensions are determined by the valve’s conical expansion 20” nozzle. For a typical
pulse duration of 500 ps, this volume is approximately 50,000 cm3, a 75 cm long cone with
a base diameter of 50 cm. Since a 20 ns laser pulse probes only 1 cm3  of this volume, the
volume fraction of gas actually sampled is only 2 x 10e5.  Therefore, the number of particles
subject to ionization in one pulse is in the order of 105.  Although resulting in a considerable
loss in sensitivity, aerosol dilution is necessary to ensure that the sampled particles will not
grow by particle-particle collisions as they travel from the source to the ionization region.

Experimental measurements of absolute cluster ionization cross sections or efficiencies
are virtually non-existent. With a lack of absolute data, it is typically assumed that
photoinization cross sections follow an additive rule, increasing linearly with the number of
atomic constituents (Mark and Echt,  1994). Invoking this approximation, we estimate that
a 1 nm particle has a maximum ionization cross section on the order of lo-l4  cm2. With
particle densities of 10’ cmm3m the ionization region, approximately lo3 particles will be
ionized with 6.4 eV light from -5 FJ laser pulse. Therefore, a maximum ionization
efficiency is around lo- 2, which agrees with photoelectric yields of a few percent observed
for large metallic particles (Burtscher and Siegmann, 1994). It should be noted that the
ionization process in our system is different from the photoelectric charging of aerosols at
ambient pressures since the probability of photoelectrons diffusing back onto the particle

Table 1. Minimum sampling sensitivity for various materials

Material Monomer Number of Particle Concentration
vapor pressure monomer diameter (10”  cmm3)
(mbar) units (nm)

Cesium iodide 0.002 2000 6 1
Magnesium 0.1 2500 5 50
Sodium 0.09 8000 8 15
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surface and neutralizing it is very low. The low ionization probability and low particle
density in the ionization region of the mass spectrometer ensures that particles are singly
ionized, as observed by absence of multiple peaks in mass spectra. Low ionization efficiency
does not place a significant limitation on the analysis of most metallic particles, but will
hinder the analysis of organic aerosols whose ionization potentials may exceed 10 eV.  If
a mixture of particles with different ionization potentials is analyzed, the mass spectra will
be biased toward the materials with lower ionization potentials. When necessary, these
limitations may be avoided by using a vacuum ultraviolet ionization source (Bahat et al.,
1987) or electron impact ionization which is less sensitive to particle composition. However,
since the nanocrystals studied here have ionization potentials below the energy of ioniz-
ation laser, it is expected that the ionization process is not severely deteriorating the relative
sensitivity.

To achieve high mass resolution, most mass spectrometers are designed to extract
ions in a direction perpendicular to their original motion. Since it is difficult to electrostati-
cally deflect massive particles, such instruments suffer from low ion transmission efficiencies
and mass discrimination (Zimmermann et al., 1994). However, since the pulse valve,
acceleration plates, and detector of our mass spectrometer are along the same axis (Fig. l), it
is expected that the ion extraction efficiency is nearly unity, independent of particle size and
composition. The trade-off is a loss in the resolution.

High-mass detection demands higher ion acceleration and post-acceleration (conversion
dynode) voltages than those required in conventional mass spectrometers, which typically
employ channeltron or microchannel plate assemblies for ion detection. The latter are
highly efficient in detecting photons (5510%) and light ions (> 60%) (Siegmund and Malina,
1983). However, their efficiency in detecting massive particles drastically decreases with
particle size. For instance, the activation energy for detecting very large metal clusters of Cs,
Na, and Li was found by Zimmermann and collaborators to be 8 eV/atom. Hence,
a 2000-atom  Na particle must be accelerated to at least 16 kV for its non-biased detection.
Due to technical difficulties in floating microchannel plates at voltages in excess of 10 kV,
a conversion dynode plate is used for large ion detection (Daley, 1960; Bahat et al., 1987).
These devices have a limited mass range, limited by a particle velocity detection threshold
which is on the order of lo4 m s 1 (Haberland, 1994). In such cases, a 2000-atom  Na particle
must be accelerated to an unrealistic potential of 500 kV to be detected. Our experience in
detecting gold nanocrystals by laser desorption mass spectrometry (Alvarez, 1995; Vezmar
et al., 1997) with a stainless steel conversion dynode reveals a relative detection threshold of
40eV/atom,  a number much higher than the values reported for alkali metals. These
measurements depend on the particular instrument configuration used, the type of material
being analyzed, as well as the dynode surface under consideration. Indeed, Csl crystals
have a higher sensitivity (Table 1) because they are easier to detect. As most ionic
solids, CsI crystals are easily broken into ion fragments upon collision with the conversion
dynode surface (with as little as 1 eV/atom energy) (Whetten, 1993). We have not performed
a quantitative study of the detector’s efficiency, but have estimated an upper bound
particle detection efficiency on the order of 10m2, based on typical microchannel plate
efficiencies for detecting light ions (Siegmund and Malina, 1983). Out of the lo3 particles
striking the detector, approximately 10 particles are actually detected. The small number
is not a surprising, since it should be possible to detect a single particle striking the
dynode surface since a large number of ions and electrons are ejected following particle
fragmentation.

Resolution

The high-voltage detection approach used here suffers from the disadvantage of demand-
ing a large energy threshold for particle detection and of exhibiting a sensible loss
of resolution. The instrumental resolution is seriously affected by the difficulty of applying
uniform fields at high electrostatic potential in a limited space where just preven-
ting arcing is a considerable feat. Furthermore, the particle fragmentation times upon



122 M. M. Alvarez et ol.

colliding with the dynode may be of the order of milliseconds, hence affecting the time-
of-flight measurement. An additional time spread arises from the particle fragments time-of-
flight in traveling the 4 cm distance between their point of origin and the microchannel plate
detector. All these factors contribute to the reduction of resolution from 500 to 40 when
switching to high voltage detection.

In the following discussion, two assumptions are made; particles acquire the same initial
velocity when expanding into vacuum, and the sampling process is insensitive to particle
size. These assumptions made are approximations since it is expected that by the virtue of
their different aerodynamic diameters and inertia, particles will acquire different final
velocities upon expanding into vacuum (Zimmermann et ul., 1994). In fact, for micron-size
particles this effect is used in conjunction with light scattering to determine particle size
(Nordmeyer and Prather, 1994). The variation in initial velocity will not affect the resolu-
tion of the instrument but will interfere with its mass calibration, which assumes that the
particle time-of-flight velocity is determined solely by the energy added electrostatically.
This velocity slip might result in size selectivity. Zimmermann and collaborators have
quantified such an effect in their gas aggregation source. For a 100 kDa  Na nanocrystal,
they find a typical velocity variation of 30% relative to that of the carrier gas. We have not
characterized such effect in our instrument. An effect of the same order of magnitude is
assumed to show that the velocity slip has a negligible impact on both the sampling
selectivity and the instrument mass calibration.

In the system described here, it takes approximately 200 ,LLS for an instantaneous aerosol
pulse to transverse the region between the valve’s nozzle and the ionization region of the
mass spectrometer 20 cm apart. A 100,000 Da particle in such a hypothetical pulse will
arrive at the ionization region approximately 85 ,LLS after the carrier gas. But the actual pulse
is 500 ,LLS wide. Therefore, a 100 ps temporal delay will not cause mass discrimination in the
ionization protocol, provided that the laser is fired at the proper time to intercept the
central portion of the aerosol pulse. Under these conditions, the ionizing 20 ns long laser
pulse virtually probes a semi continuous aerosol pulse. Our experience indicates that the
relative mass distribution is insensitive to the delay time between the laser and the aerosol
pulse within a few hundred microseconds range.

The effect of the initial velocity distribution on mass calibration is negligible compared to
the uncertainty due to the limited resolution. Typical neutral velocities correspond to
energies on the order of a few thousand volts for a MDa particle, which amounts only to 1%
of the energy added by applying the electric field. It is estimated that such an effect will
introduce a mass calibration error if resolution is -600, a value much higher than the
instrumental resolution of 40.

A promising approach to increase the high-mass detection limit while improving the
instrumental resolution is to use an alternative method for particle fragmentation. In
principle, it should be possible to evaporate single atoms from large particles using
a continuous high-intensity electron gun. The approach of detecting lighter fragments
originating from massive particles could lead to the efficient mass-unlimited detection using
lower operating voltages. Such approach will result in a higher mass resolution. In fact, the
method has been successfully used to measure the mass content of large particles once the
particles are sized with alternative techniques (Sinha  and Friedlander, 1985). Alternatively,
similar to the laser ablation schemes employed for detecting micron-size particles, it should
be possible to use a second laser synchronized with the ionization laser to ablate ion packets
of a given mass. By doing so, the elemental and molecular composition of particles may be
obtained together with improved resolution in detecting massive particles.

APPLICATIONS

Characteri:iq  a nunocrystal jlow processor

Characterizing the performance of an aerosol source has been a challenging enterprise. It
involved the production of particles in the desired size range, subsequent collection in
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a suitable solvent or substrate, careful deposition onto electron microscope grids, and
imaging with an electron microscope (Granqvist and Burhma, 1976). Since each step is
repeated every time a parameter in the aerosol source is changed, the process is quite
tedious and time consuming, usually involving analysis time scale of weeks. Furthermore,
great care has to be exercised not to expose the particles to detrimental atmospheres such as
air, light, or solvents, since small particles are often highly reactive. The device described
here greatly simplifies the characterization task by allowing the continuous monitoring of
particle size, as important operating parameters are systematically changed.

Residence time

One of the most important and easily controlled parameters governing particle growth in
aerosol processors is the time during which a particle condensates before its growth is
arrested. To determine its effect on Na particle size in the NXFP described in Fig. 2, the
residence time was systematically changed by adjusting the carrier gas flow rate while
maintaining the Na furnace temperature constant. An excess dilution flow rate of 10 slpm
was maintained throughout the experiment to prevent aerosol coagulation during its
expansion from the aggregation cell exit nozzle to the sampling location, distance of 12 cm.
The results are shown in Fig. 4. Clearly, the particle size varies linearly with residence time.
This behaviour is consistent with what is observed in other lower pressure gas aggregation
sources (Mann and Broida, 1971; Zimmermann et al., 1994). This is not a surprising result
since these sources operate on principle of particle aggregation by collisions with monomer
units. Therefore, it is reasonable to expect that the faster a growing particle moves through
aggregation region the fewer collisions it is experiencing. A simplified quantitative model
explainmg these observations has been proposed by Alvarez (Alvarez, 1995). Examination
of the mass spectra (not shown) reveals that the size distribution is fairly wide, amounting
on average to 50% mass dispersion below the mean mass, and 60% above the mean mass,
as determined by inspecting FWHM of the mass spectra peaks.

Effect of dilution

Once an aerosol of a given size distribution has been prepared, it is important to prevent
particle coagulation. Typically this is accomplished by diluting the aerosol with excess He.

-I
0.01 0.02 0.03 0.04

Residence Time (seconds)

Fig. 4. Average particle size increases linearly with increasing carrier gas residence time in the
aggregation cell. These measurements were performed by fixing the Na oven temperature constant
at 34o’C (0.02 mbar vapor pressure) and the dilution flow rate at 16 slpm, while adjusting the source
flow rate between 2.7 and. 6.9 slpm. The solid line is a linear fit though the data points
(N = 35 + 1.2 x 10’ atoms/s). The aggregation cell volume is 1.5 ml. Geometric diameter changes

from 5-7 nm.
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Fig. 5. Role of a dilution by secondary He flow in preventing particle coagulation. Inset shows
corresponding mass spectra at various dilutions. Source flow and temperature were fixed at
1 slpm and 234’C,  respectively. Sizes extracted from mass spectra correspond to a diameter range

of 5-8 nm.

Figure 5 depicts a series of size distributions for Na nanocrystals at various dilution flows,
as obtained by sampling the aerosol to a mass spectrometer. If undiluted, a 2400-atom  Na
aerosol (6 nm mean particle diameter) flowing at 1 slpm can grow in excess of twice its size.
However, if at least threefold diluted, particle growth is arrested as seen by the insensitivity
of particle size to further dilution increase. This result is important because it enables the
subsequent processing of the aerosol, namely annealing, etching, and passivation, while
preserving its original size distribution. The mass spectrum (Fig. 5 inset) shows that the long
mass tail of undiluted case increases dramatically in contrast to the low mass region, which
remains fairly constant for all but the extreme case of no dilution. These results indicate that
the main growth mechanism of pre-formed particles is through particle-particle collisions
rather than by monomer addition.

A reacting sodium uerosol

To demonstrate real-time aerosol dynamics, the gas-phase reaction

(Na), + mRSH + Na,(SR),

where R = C12HZ5  is performed. This reaction illustrates the use of surfactants or passivat-
ing agents to quench particle growth. The experimental setup discussed allows the reaction
to be monitored in real-time. Nanocrystals are produced in the source section (Fig. 2) of the
aerosol processing device (A). The aerosol source conditions, furnace temperature, pressure,
flow rate are controlled so that a mean particle size of 7900 Na atoms (8 nm diameter) is
maintained throughout the experiment. The particle size is verified by sampling a dilute
neat (no thiol) stream into the mass spectrometer. A He stream saturated with thiol at
a preset vapor pressure was generated by flowing He through a passivation cell (B). The
thiol is heated in an annular container around the He flow channel and is evaporated into
the flowing He stream. The carrier gas is preheated to the thiol evaporation temperature to
ensure thermal equilibrium within the stream, and to keep the vaporization temperature
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constant. The stream meets the nanocrystal aerosol coaxially to enhance immediate mixing.
The mixing happens in the dilution piece (C), where reaction starts. The product is sampled
into the mass spectrometer vacuum system via a molecular beam valve (D) 10 cm from the
point of mixing. Under described conditions, total flow of aerosol is 13 slpm, so the reaction
lasts for approximately 0.02 s. The sampled aliquot is not reacting since it is rarefied upon
expansion into vacuum.

The experiment consists of systematically increasing the temperature of the thiol source
from 40°C to 160°C. A thiol vapor pressure change from 0.02 to 28 mbar (Reid, 1958),
corresponding to increase in thiol mole fraction in the carrier gas from 2.6 x lo-’ to 0.02
before mixing with the Na aerosol. In the nanocrystal source 1 mbar of atomic Na is
evaporated into the atmospheric He stream. Since the mean nanocrystal size is 7900 atoms,
the partial pressure is approximately 1.3 x lop6  mbar or mole fraction of 1.7 x lo-‘.
Between temperature increments, the system is allowed to reach steady state conditions, as
judged by monitoring the mass spectra of the reacting mixture.

The results of the Na-thiol experiment are summarized in Fig. 6 which depicts how
the thiol/Na mole ratio in the particle changes with thiol vapor pressure. The corresponding
evolution of the mass spectrum is shown as well. The first striking feature is that particles
grow monotonically with increasing thiol mole fraction in the reacting stream. The crystal
is not etched as might be expected from the stability of a Na mercaptide monomer.
Energetically, it may be more favorable to have N mercaptide molecules than an N-atom
Na particle bound to N-m thiol molecules and m extra free thiols in the aerosol. However,
before the system can reach this preferred state, it must break many bonds posed by
the reduction in the particle’s surface implied by the removal of Na surface atoms.
On the contrary, thiols effectively act as surfactants by stabilizing the exposed Na atoms at
the surface, which are generally the most energetically unfavored due to unsatisfied
coordination and dangling bonds. This result is significant because it shows that a pre-
formed particle can indeed be passivated with ligands which may otherwise destroy it. In
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0 t1)1nvn,  t N184’1,  0 ~~~~~‘1 t 8 “m
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Vapor pressure of thiol (Ton-)
Fig. 6. An atmospheric Na nanocrystal ca. 8000 atoms or 8 nm in diameter flowing at 2.7 slpm
reacts with a lauryl mercaptan stream at 10  slpm. Mass spectra are labeled by the temperature of the
thiol crucible corresponding to thiol vapor pressures of 0,0.02,0.06,0.71,4.7,8.3,  and 28 mbar from

bottom to top. The Na temperature was constant at 400’C (0.4 mbar vapor pressure).
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addition, the results in Fig. 6 show that particles grow in a manner consistent with
a complete coverage of their surfaces with thiols. A spherical 7900-atom  particle (diameter
of 8 nm), has roughly 18% (1400) of its atoms on the surface. If the same type of bonding
observed between thiols and bulk noble metals surfaces is assumed, 1 thiol per 2-3 host
atoms (Camillone et al., 1993)  then a 7900-atom  particle will be fully enclosed with a thiol
monolayer of 500-700 thiol molecules (669% of thiols per total Na atoms). Significantly,
the observed S to Na mole fraction reaches a plateau between 556%, implying that
the particle is indeed passivated by the condensation of a closely packed surfactant layer
on its surface. The subsequent mass increase beyond monolayer coverage is presumably
due to the condensation of less strongly bound additional thiol layers onto the passivated
particles. It is indeed possible that those particles survive the mass analysis protocol
as long as the laser ionization is soft. However, the lack of data at higher masses does
not allow a final conclusion in this respect. Nevertheless, the fact that it is possible
to follow changes in particle mass in real-time, and that the results agree with expectations
on how a particle should react with thiols, demonstrates that the technique described
here has a great potential as an in situ monitoring technique of aerosol processes in
general.

CONCLUSIONS

The on-line aerosol sampling and mass analysis protocol described herein enable the
sampling and mass characterization of submicron, namely l-10 nm in diameter aerosols
flowing at atmospheric pressures at 10” cme3 concentrations. The setup allows the
detection of aerosol processes in the millisecond time range. The sensitivity of the instru-
ment is limited by the necessity of diluting the aerosol to prevent particle aggregation, by
the photoionization efficiency, and by the mass spectrometer detector. In its present stage,
the instrument applicability is limited to those materials with work functions less than
6.4 eV. The capability of the instrument to follow real-time aerosol changes was demon-
strated by studying the effect of residence time and dilution flow on particle size in an
aerosol processor, and the reaction between Na nanocrystals and dodecyl mercaptan in the
gas phase.

In reference to differential mobility sizing methods, the technique described in this work
suffers from poor absolute sensitivity, strong sensitivity to particle composition in the
photoionization process, and its limited capability to provide particle composition informa-
tion since, in general, particles are detected intact (total mass determination). Particle
fragmentation may be induced by increasing the fluence of ionization laser, thus yielding
information on its elemental and molecular constituents. In addition, the information on
geometrical size is limited since a particle density and shape must be assumed in order to
extract sizes from weights. Nevertheless, as demonstrated above, these deficiencies are
compensated by the ability of the method to follow instantaneous changes in aerosol
processes. and to detect particles from 10 nm diameter to the atomic dimensions, a range
inaccessible to conventional sizing techniques. The low pumping requirements are benefi-
cial as well.

Finally, the following modifications are conceivable to improve the instrument’s sensitiv-
ity and extend its capabilities: (i) the replacement of the valve’s divergent conical expansion
nozzle with a straight channel expansion piece in order to define the sampled aerosol
into a narrow, more dense beam; (ii) the use of a non-selective method of ionization
such as a vacuum ultraviolet light source or an electron impact ionization source;
(iii) the use of alternate particle fragmentation schemes as opposed to particle/dynode
collisions, such as a continuous electron or laser beam: (iv) the use of conversion
dynode materials with higher photoelectron yields (alkali halide surfaces, alkali metals,
alkaline earth metals); (v) in analogy to the schemes for micron-sized particles, the
use of a second ablation laser synchronized with the ionization event to ablate particles
of a given size, thus providing a simultaneous complete mass spectrum in addition to its
total mass content.
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