Aerosol Science and Technology, 39:162-169, 2005
Copyright © American Association for Aerosol Research
ISSN: 0278-6826 print / 1521-7388 online

DOI: 10.1080/027868290904537

JE

Determination of the Size Distribution of Polydisperse
Nanoparticles with Single-Particle Mass Spectrometry: The

Role of lon Kinetic Energy

D. Lee,! K. Park,?> and M. R. Zachariah?

ISchool of Mechanical Engineering, Pusan National University, Geumjeong, Busan, Korea
2Center for Nanoenergetics Research, Departments of Mechanical Engineering and Chemistry,

University of Maryland, College Park, Maryland, USA

We develop a method to determine size and size distribution
(30-150 nm) of polydisperse nanoparticles using a laser ablation/
ionization time-of-flight single-particle mass spectrometer that ex-
tends the work first described by Reents and Ge. We found a com-
position independent “power law” dependence between the total
peak area and original particle volume that enables one to deter-
mine particle volume directly from a particles mass spectrum. This
power-law relationship suggests that some ions ablated and ionized
from a particle are selectively lost during transport from the laser
ablation/ionization region to the detector. A numerical calculation
of ion trajectories shows that ion loss is highly dependent on the
initial kinetic energy of ions. We show that the size-dependent en-
ergetic ions formed by the laser-particle interaction lead to power-
law relationship between the cube root of peak area and particle
diameter. The results demonstrate that particle size distributions
measured with the mass spectrometer are in good agreement with
those measured with a scanning mobility particle sizer.

INTRODUCTION

While methods for quantitatively characterizing the size of
nanoparticles have advanced considerably in the last decade, the
determination of chemical composition is still in relatively in-
fancy, particularly with regard to quantification in a real-time
instrument. Ideally one would like to characterize both com-
position and size simultaneously, and preferably with the same
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instrument. Such a capability would enable one to conduct a va-
riety of studies on particles in the environment, but it would also
open up research opportunities to study gas—particle reactivity
(Mahadevan et al. 2002).

Chemical composition of aerosol particles can be determined
by traditional off-line methods where particles are collected on
a filter or impacted on a substrate for subsequent chemical anal-
ysis. However, off-line methods suffer from sampling artifacts
such as evaporation of volatile species (negative artifacts) and
adsorption/condensation (positive artifacts) that occur when par-
ticles are deposited on filter or impactor substrates (Appel 1993).
In addition, these techniques are slow and many are generally
not appropriate for single-particle analysis.

With this in mind, single-particle mass spectrometry has been
aparticularly exciting development (Johnston 2000; Mahadevan
et al. 2002; McKeown 1991; Salt et al. 1996; Noble and Prather
2000; Reents and Ge 2000). The Prather group (Salt et al. 1996;
Noble and Prather 2000) has developed and commercialized
a single-particle instrument: aerosol time-of-flight mass spec-
trometry (ATOFMS) that has a capability of simultaneous mea-
surement of size and composition of a single-particle. How-
ever, the lower limit of particle size in the ATOFMS is typically
~200 nm. Furthermore, this approach does not take advantage
of the inherent mass analysis capability of mass spectrometry
to determine total particle mass. Instead, the ATOFMS employs
a light-scattering/time-of-flight technique to determine particle
size, which limits the lower end of the particle sizing range.

Reents and Ge (2000) have studied the potential of using
the ion signal from a laser ionization source time-of-flight mass
spectrometer to estimate particle mass. In their work they showed
that the total peak area in a single-particle mass spectrum can
be used to estimate the original particle diameter to within 10%,
even though the number of constituent atoms comprising the
particle scattered up to ~34% depending on particle density (re-
fer Table 2 in Reents and Ge 2000). Their size estimation can
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be justified when two necessary conditions are satisfied. The
first is the so called “complete ionization” limit, where all con-
stituent atoms are converted to ions. The second is that the ions
should travel from the laser ablation/ionization region to a de-
tector through a time-of-flight (TOF) tube with no losses, and
that the detector has no species biases. The first constraint is pre-
sumably satisfied with the use of extremely high laser fluences,
which are orders of magnitude higher than the theoretical energy
necessary to atomize and ionize all the atoms comprising the par-
ticle (Reents and Schabel 2001). We have also taken a similar
approach. In our previous study, we showed the ability to obtain
quantitative elemental analysis for various nanoparticles using
a highly focused harmonically doubled, pulsed Nd:YAG laser
(Mahadevan et al. 2002). For the ion transport losses, Reents
and Ge (2000) reported a linear relationship between the total
ion peak area and the monodisperse particle volume. However,
they also observed that the size distribution estimated from the
total ion peak area was much narrower than the size distribution
measured with a scanning mobility particle sizer.

In this work, we also employ a complete fragmentation/
ionization technique similar to that of Reents and Ge. We found
a composition independent “power law” dependence between
the total peak area and original particle volume. We hypothe-
sized that this power-law is related to size-dependent ion loss,
which can be attributed to particle size-dependent energetic ion
formation during laser ionization. This hypothesis is supported
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by simulating ion trajectories from the laser focus region to the
detector residing at the end of TOF tube, and by estimating the
relative ion yields at different initial ion kinetic energies. We
show that the deviation from a linear relationship can be in-
terpreted as a particle size-dependent energetic ion formation.
Finally, using this relationship we estimate particle size and size
distribution of polydisperse NaCl particles from our mass spec-
trometer, and compare with values measured with a scanning
mobility particle sizer (SMPS).

EXPERIMENTAL SECTION

Our single-particle mass spectrometer (SPMS) consists of
an aerodynmic inlet region, a source region for particle-to-ions
conversion with a free-firing pulsed laser, a TOF region, and a
detector, as shown in Figure 1. The aerodynamic lens inlet is em-
ployed to separate particles from the carrrier gas and collimate
them such that they can be injected with high efficiency through
differentially pumped chambers to the ionization region. The
pressure in the chamber which houses both the flight tube and
the ionization is ~6 x 1077 torr when the aerosol inlet is open.

For ionization we use a frequency-doubled, pulsed Nd: YAG
laser operated at 10 Hz in the internal Q-switch mode. A 38 mm
focal length lens mounted internal to the vacuum chamber fo-
cuses the laser beam that intersects the particle beam. The esti-
mated power density with a laser beam diameter of ~0.3 mm and
the laser pulse duration of 5 ns is approximately ~3 x 10'° W/cm?
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Figure 1. Schematic of SPMS.
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atthe focal point. The laser energy is maintained above ~100 mJ/
pulse to ensure complete fragmentation and ionization of a single
particle as determined by threshold ionization (Mahadevan et al.
2002). As configured, positive ions formed by laser ionization
are accelerated along ~1 m long linear TOF tube and detected
with a microchannel plate (MCP) stack. More complete details
of the mass spectrometer are described elsewhere (Mahadevan
et al. 2002).

We used sodium chloride nanoparticles as test aerosols. These
particles are generated from a 0.2 wt% deionized (DI) water so-
lution using a collison atomizer and were subsequently passed
through several diffusion dryers to dry the aerosols. The par-
ticle size distribution at the inlet to the aerodynamic lens was
measured with a SMPS. The transmission efficiency of the aero-
dynamic lens was measured using size-selected NaCl particles
generated through a differential mobility analyzer (DMA). Size-
selected charged particles pass through the aerodynamic lens and
the differential pumped chambers, and are collected on an elec-
trode mounted near the point where ionization would take place
(Mahadevan et al. 2002). The resulting particle current is mea-
sured with an electrometer, and this enables us to estimate the
particle size distribution exiting the aerodynamic lens. This cor-
rected particle size distribution exiting the aerodynamic lens is
compared with the size distribution inferred from the ion signal
intensity.

RESULTS AND DISCUSSION

Mass Spectrometric Determination of Particle Mass

We begin by showing the result that prompts the analysis pre-
sented in this article. Figure 2 shows the results for the cube root
of the integrated ion current for various particle diameters (50,
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Figure 2. Relationship between the cube root of the integrated
signal intensity and particle size for three materials.
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70, 120, and 150 nm) selected from the DMA. We are implicitly
assuming constant density and a near-spherical particle in order
to obtain the correlation between mass and diameter. We present
results for three material types, a metal (aluminum), a metal ni-
trate (AgNO3) and an alkyl halide salt (NaCl). In principle the
mass spectrometer’s integrated signal is a mass measurement,
and Figure 2 should be linear.

In fact, we observe a power law dependence, which interest-
ingly is composition independent, and implies some universally
process that is composition invariant. When fitted, one obtains
a d%% dependence instead of unity, d'©.

The remainder of this article seeks to present an explanation
of this behavior. Two obvious possibilities exist: (1) we do not
completely ionize the larger particles, and (2) there exists some
bias such that ions created from larger particles have greater
transport losses in the TOF region of the mass spectrometer.

Particle Atomization and lonization

An example of a typical mass spectrum for a single sodium
chloride particle of nominal diameter ~70 nm is shown in
Figure 3. With the laser fluencies used we never observe any
multiatomic species, while multiply charged atomic ion peaks
are commonly observed and are an indicator that ionization effi-
ciency is high. In addition to the signals for Na and Cl we also see
H and O, presumably from our inability to completely dry the
aerosols. In our prior work we demonstrated that under these
conditions relative ion concentration could be determined to
within 15% for a variety of different aerosols (Mahadevan et al.
2002). The formation of multiply charged positive ions is not
surprising when one considers a simple estimation of the mini-
mum threshold energy required for disintegration/ionization of
a NaCl nanoparticle. The minimum energy required to convert
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Figure 3. Typical mass spectrum of a NaCl nanoparticle
(~70 nm).
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Figure 4. Histogram of Na fraction in polydisperse NaCl
nanoparticles.

a 100 nm NaCl particle into Na* and CI* is 6 x 107! J. For the
laser power density disscussed above (100 mJ/pulse) the nominal
energy a 100 nm diameter particle is exposed tois 1.1 x 1078 J
(see also Table 3 in Reents and Schabel 2001), or >5 x 10°
higher than the minimum threshold energy.

Elemental stoichiometric ratios evaluated for 168 sodium
chloride particles are indicated in Figure 4. The mode for the
atomic sodium fraction (Na/(Na—+ Cl)) is at 0.516, which is
very close to the theoretical value of 0.50. A further indication
of the efficient ionization is the invariance in the signal inten-
sity, for 70 nm NaCl particles and 85 nm Al particles (DMA
selected) with increasing laser power, as shown in Figure 5.
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Figure 5. Saturation of ion yield with pulse energy.
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Above ~50 mJ/pulse no increase in ion intensity is observed,
indicating that the ionization process has been saturated.

The results presented in Figures 3-5 are highly indicative
that the ionization process, under the experimental conditions
described here, is highly efficient. Transport losses, if they are
not ion-specific, would still yield a quantitative stiochiometry
determination even if the total mass measurement was in error.

Transport Losses Due to Energetic lon Formation

Ions were generated from a particle launch toward the de-
tector through three different E-field regions; extraction, accel-
eration, and the field-free TOF region, as shown in Figure 6a.
Following creation some ions will arrive at the detector, while
others can be lost at the TOF wall. Here we explore the relative
loss of total ions generated as a function of particle size.

The microscopic details of the interaction of an intense laser
beam with a particle has been the subject of limited number of
experimental and theoretical investigations (Zhigilei et al. 1997;
Schoolcraft et al. 2001; Ditmire et al. 1996; Smith et al. 1999;
Last and Jortner 2001; Cotter 1994). It is not the purpose of
this article to explore the details of that conversion. Rather we
assume that the laser—particle interaction leads to a uniformly
charged spherical ion cloud of positive ions. The positive ions
then undergo expansion due to hydrodynamic and coulomb re-
pulsion (Smith et al. 1999). Ions initially located at the surface
will be repelled by all inner charges and internal pressures from
the developed plasma, with the outer atoms having the maximum
possible kinetic energy (KE) and with the largest population as
compared to the inner ions. When particles of different size are
converted into their respective ion clouds, under the assumption
of a constant cloud density, the cloud size is first-order propor-
tional to original particle size (Smith et al. 1999; Last and Jortner
2001). Based on this, the KE of outer-surface ions dominate the
mean KE, and one might assume that they might relate indirectly
to the parent particle surface area or at least to some power («)
of the particle size (i.e., KE o< d};). In other words, larger par-
ticles might generate the more energetic ions. We now turn our
attention to how the mean KE affects ion loss. In the follow-
ing discussion we assume that ion recombination is negligible,
which we believe to be a reasonable assumption due to the high
extent of ionization observed and the lack of molecular ions.

Figure 6a shows a detailed view of the TOF tube assem-
bly from the laser focus to the MCP detector, while Figure 6b
shows the geometric configuration of ions cloud that will be
considered in the subsequent calculation. In this model all ions
are escaping radially from the cloud, and all voltages, are set
for space focusing in the present experimental condition (Cotter
1994). It is reasonable to assume that all forward-ejected ions
at zero angle (8 = 0°) (see Figure 6b) will be detected regard-
less of their initial kinetic energy and have the shortest TOF.
On the other hand, backward-ejected ions are decelerated and
turn back to the MCP due to the electric field in the extraction
region. Thus, backward-ejected ions that are detected have the
longest TOF. Furthermore, if we refer to the spectrum in Figure 3,



166

MCP

LToF =
1.0161m
TOF region
| Viens 0~250V
G— deflection plate ion manuplation
. region
R LS Viens 0~250V
G— 2"
G A

acceleration
La=0.5"

Vo 3350V region
La=05" extraction

g=0. .
Vaq 4500V regton

ion cloud

Laser beam !
(a)
X
Ion
ion cloud

(b)

Figure 6. (a)Schematic of TOF tube assembly fromion gener-
ation to its detection. (b) Geometrical configuration of ion cloud
used in simulation. x denotes the direction toward MCP detector
along the centerline of time of flight tube, while y direction is
the horizontal direction.

one clearly notices that all peaks are asymmetric with a leading
edge that is broad (short TOF) and a trailing edge that is sharp
(long TOF). Without resenting all the details this behavior can
be simulated and arises from a cloud with a distribution of ion
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energies. Upward-ejected ions will arrive at times that directly
reflect the initial kinetic energy (i.e., higher energy ions will ar-
rive first), and this gives rise to the leading edge distribution.
Backward-ejected ions of different kinetic energy, on the other
hand, will move away from the detector and will eventually be
turned around. Higher energy ions will have a longer flight path
because they move away further, but they will also have a longer
path to experience the accelerating field once they turn around.
As such, backward-ejected ions have the longer TOF but have
a flight time that is energy independent, and this is reflected by
the very sharp decay in intensity on the trailing edge of a mass
peak.

In contrast, horizontally ejected ions at & = 90° are most
likely to collide with the inner wall of TOF tube and never make
it to the detector. Thus, as the ejection angle () increases, ions
have are more likely to collide with the wall of TOF. Conse-
quently, a maximum detectable angle 6,,x can be determined
by testing if ions ejected at a particular angle with a certain KE
arrive at the detector. It is obvious that higher KE might lead to
a lower O, and greater ion loss (ion loss o« KE). By relating
this to a power law (KE o< d77), we might explain the nonlinear
correlation observed in Figure 2. This inference is supported by
numerical calculations of ion losses with different initial KEs in
the following section.

Modeling lon Loss from the Laser Focus to Detector

We have constructed a simple model to predict trajectories
for ions ejected radially with a mean KE from the laser focus to
the MCP. With the axisymmetric nature of ion movements in the
linear TOF mass spectrometer (see Figure 6b), the simulation
starts with a specified KE [eV], origin (x = y = 0), time zero
(t = 0), and zero angle (6 = 0°). The first step of this simulation
is to calculate the external electrostatic forces F in the extraction
and acceleration regions as shown in Figure 6a. Two components
of velocity at time zero (vo, and vy, ) are calculated from the KE,
0 and ion mass (m): for example, vy, = +/2KE/m sin 8. The two
components of velocity and ion position at the next time step are
calculated by simple integration of Newton’s equation of motion
with time marching:

t+dt .
v(t +df) = V() +/ F(t)/mdt

r+dt
F(t+df) =7F@) + / v(t)dt.

The x component of velocity v, is invariant in time due to
the lack of horizontal force field. We carry out the calculation
until the vertical position (y) for an ion reaches the MCP de-
tector. Wall losses of ions are monitored by comparing |x| with
the radius of the TOF inner tube (Rtor). When the ions ar-
rived at the detector, the time is recorded as the TOF and com-
prises the sum of three residence times of ions in the extraction,
and acceleration regions, and flight tube (T, T4, and TroF).
For specified electric fields in the three regions (Eg, E 4, and
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Etor = 0), the total TOF of ions ejected at 6 with KE is then
expressed as follows:

v 2m
qEp
V2m
qE,
+\/KE00529 +gEgLp/2+ gE 4Ly}
n Ltopv2m
2\/KEcos?0 + gEgLyp/2 + qE L,

TOF =

(~VKEcos6 + /KEcos? 6 + gEyLy/2)

+ {\/KEcos20+qEBLB/2

(2]

where ¢ is charge of ion, and subscripts B and A correspond to
the regions of extraction and acceleration of ions, respectively.
By increasing the angle to 180°, the model determines
whether the ion starting at a certain angle is detectable. This
generates a “cone of silence,” Opax.1 <90° and Oyax 2, >90°, for
which between these two angles all ions are lost. Thus, detectable
angles are 6 < Opax1 and 0 > Opax 2. In fact, 180° — Opax 2 1S
close to 6, 1- All ions at the d6 shell at the surface in Figure 6b
should have the same detection efficiency, and their number
N; to that at an angle of zero rapidly increases by a factor of
sin(6; + d6)/sin(df) as the angle 6; increases (i.e., N; is di-
rectly proportional to the differential area of d6 shell at the ith
angle). Summation of N; over the effective angle range, and its
normalization by the total number of ions, result in the detection
efficiency (DE), at a specified value of KE as follows:

GmaxlNid9+ 271’ N,-d@
0 6 max 2 [3]

DE = -
1" Nido

An outline of the algorithm for the calculation DE is shown in
Figure 7. Iteration of the whole procedure with different initial
KEs enables us to obtain the DE as a function of the KE as
shown in Figure 8. A fit to the result gives a power dependence
of the DE on the KE with the exponent of —0.99, implying
that that the DE is simply inversely proportional to KE (DE =
16.9 KE~%% where the units of DE and KE are percent (%) and
eV, respectively). Essentially, the detection efficiency goes as
the inverse of the initial kinetic energy, and at the highest ion
energies only ions ejected from the polar regions are observed.

One potential method to enhance the transport efficiencies is
to employ ion focusing such as with an Einzel lens. Figure 8
also shows an obvious improvement of the detection efficiency
for a virtually installed cylindrical Einzel lens as a function of
lens voltage. This could be another issue for improvement of ion
detectability in the mass spectrometer. Our present configuration
does not have provision to install an Einzel system; however, we
have been able to apply voltage (Vi) to two sets of deflector
plates (see Figure 6a) to search for any evidence for the energetic
ion formation. The results presented in Figure 9 show the relative
signal intensity as a function of deflector voltage. The increase in
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ion intensity is indicative that energetic ions are being lost, and
that better extraction and focusing fields—for example, through
the use of an Einzel lens—could significantly enhance both the
overall sensitivity of the SPMS and perhaps provide a better tool
to determine total particle mass.

Size Estimation by Mass Spectrometry

We have obtained two correlations, KE ~ d;‘ and DE =
16.9 KE~%%, yielding DE ~ d;o'g%‘ from the numerical model-
ing, as described in the previous two sections. The DE in Equa-
tion (3) can be also interpreted by the following relation:

E— detected ion number (4]
~ total number ofions from a particle

The numerator corresponds to total peak area (TPA) in a mass
spectrum, while the denominator at constant density corresponds
to the volume of the particle. Thus, the plot of the measured total
peak area normalized by the particle volume (d;) against parti-
cle size d, results in the experimental relationship between the
DE and d,,. Figure 2 showed that data can be fitted with the
equation (TPA'!/3 ~ dgf,&), leading to TPA/d; ~ d;l'ﬁz ~ DE.
Note that mobility size dpya of NaCl nanocrystals is close to
the volume-equivalent size d,, to within 10%. Comparing this
with the above relations DE ~ ;% obtained from the nu-
merical modeling, the exponent « is determined to be 1.64. For
a surface-sensitive process we would expect a value close to
2, which is reasonably close to our value of 1.64. The abso-
lute differences could be attributed to the assumptions made in
the numerical modeling: (1) they initially form a spherical and
uniform-charge cloud, and (2) all ions are ejected with a mean
KE.
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Figure 10. Size distribution as measured by SPMS and com-
parison with SMPS.

Nevertheless, using the relationship in Figure 2 we obtain a
size distribution of polydisperse NaCl particles using the SPMS
as shown in Figure 10 and a comparison with particle size dis-
tribution obtained with a SMPS. For presentation purposes, the
height of the SMPS size distribution is rescaled to match the size
distribution obtained from the single-particle mass spectrometer.
The figure shows a good agreement between the very different
approaches to obtain particle size. The results indicate that one
can use the SPMS to obtain quantitative size distribution mea-
surements, and that the total ion current can be correlated to a
model that assumes that the KE of the ejected ions is proportional
to the particle surface area.

Effects of lon Mass On Detection Efficiency

Thus far we have addressed the role of ion kinetic energy on
ion transmission efficiency and the correlation with particle size.
We have yet to deal with a system that contains ions of different
masses. Indeed, the ability to measure stoichiometry is critically
dependent on this point.

The detection efficiency (DE) is determined by the maximum
detectable angle 6,ax. 1. The Oax,1 Was defined as the angle at
which ions collide with the inner wall of the TOF tube, and can
be obtained by the following equation:

|x| = Vox * TOF = Vi ZKE/m sin ‘9max,l * TOF = RTOF' [5]

Note that TOF in Equation (2) is proportional to m'/2, Substitut-
ing Equation (2) into Equation (5), one can easily show that 6y,
and the resultant DE are not a function of ion mass m. Therefore,
we conclude that for elemental analysis there is no mass bias on
transmission efficiency. This is consistent with our experimen-
tal observation that we can indeed measure particle stoichiome-
try with high accuracy (Mahadevan 2002). Recent preliminary
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results using a one-dimensional molecular dynamic simulations
indicates that the kinetic energy of ions ejected increase with ra-
dial position within the ion cloud and is qualitatively consistent
with our size-dependent KE assumption. Although the mean KE
was only 60% of maximum, the mean in the time evolution of
the KE was very close to that of the surface ion KE. Conse-
quently, we conclude that the model assumption employed is
reasonable.

CONCLUSION

In this article we report on the use of single-particle mass
spectrometry to simultaneously measure both the size and
elemental composition of polydisperse nanoparticles. A
composition-independent power-law correlation was found be-
tween the cube root of the total mass-spectral peak area and
particle size. To elucidate the origin of the power law, we used
trajectory calculations to determine ion transport losses as a
function of initial KE. Combining the nonlinear correlation from
experiments with numerical results, we found that the mean KE
of ions could be reasoned to be proportional to the surface area
of the original nanoparticle.
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