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The interpretation and quantification of measurements of par-
ticle composition by laser ablation based single particle mass spec-
trometry is complex. Among the most difficult systems to quantify
are internally mixed particles containing alkali metals and organ-
ics. The alkali atoms in such particles tend to suppress the for-
mation of other ions sometimes to below the detection limit. Here
we present a study of the behavior of single particle mass spectral
peak intensities as a function of the amount of the sodium con-
taining compounds deposited on the surface of 240 nm polystyrene
latex (PSL) spheres. We generate three morphologically distinct
and well defined coating types: uniform layers, cubic nodules and
rounded nodules, and measure the individual particle mass spectra
as a function of the vacuum aerodynamic diameter with nanome-
ter resolution. The data show that the probability of detecting the
PSL spheres depends on the amount of the alkali metal on the
PSL sphere surface, its morphological distribution and the abla-
tion laser power. The data suggest that PSL spheres with local-
ized Na-containing nodules are easier to detect than those which
are completely encapsulated. We show, for example, that at low
laser power, PSL particles that are completely encapsulated with
Na-containing compounds, whose weight fraction is close to 50%,
cannot be detected, while 35% of PSL spheres with same amount
of coating can be detected if coating is localized in nodules on a
fraction of the particle surface.

INTRODUCTION
Aerosol measurements show that a majority of atmospheric

aerosol particles are internally and often heterogeneously mixed
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(Zhang et al. 2005; Wittig et al. 2004; Lee et al. 2002; Lake

et al. 2004; Guazzotti et al. 2001). Aerosol optical properties

as well as CCN activity, and thus their behavior and climatic

impact, are strongly dependent not only on size and composi-

tion, but also on their internal mixing state (Chung & Seinfeld

2002; Lesins et al. 2002; Jacobson 2000, 2001; Fuller et al.

1999). To this end Single Particle Mass Spectrometry (SPMS)

is making very significant contributions at characterizing these

properties of atmospheric aerosols. The success of SPMS is,

however, presently restricted by its limited quantitative nature.

Among the most difficult to quantify, by laser ablation based

SPMS, are internally mixed multicomponent particles, espe-

cially those containing alkali metal constituents and organics.

In the presence of alkali metals the matrix effect in the ablation

plume results in charge transfer leading to the suppression of the

non-alkali ion constituents. In the worst case, the presence of al-

kali metal can even result in reduction of the other constituent’s

signals to below the detection limit. Ion suppression is by no

means a unique problem to SPMS in analytical chemistry. In

the Matrix Assisted Laser Desorption/Ionization (MALDI) tech-

nique, for example, the ion suppression effect is a common phe-

nomenon involving both matrix and analyte (Knochenmuss &

Zenobi 2003).

It is not uncommon that analysis of mixed samples requires

either sample separation or application of more than one ana-

lytical tool to decipher the composition of the mixture. Since

the application of multiple analytical probes to real-time single
particle analysis is not a simple matter, it is important to develop

an understanding of the processes that determine the relation-

ship between the observed mass spectral intensities and the true

particle composition.

It is reasonable to assume that the effect of ion suppression

will be dependent on the amounts of the competing elements,

their relative electron affinities and the kinetic processes. In order

to relate the observed mass spectral ion intensities in multicom-

ponent aerosols to particle composition a few research groups

conducted studies designed to measure Relative Sensitivity Fac-

tors (RSFs) for specific aerosol components of interest. In a study

of internally mixed ultrafine particles composed of KCl/NaCl
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and of NaCl/NH4NO3, Ge et al. (1998) showed that the respec-

tive ion peak area ratios: Na+/K+ and Na+/NO+ can be used

to infer particle composition on the basis of empirically derived

RSFs for these systems. Similarly a study by Gross et al. (2000)

experimentally derived RSFs for alkali metals and ammonium.

They showed that their measured RSFs correlate with the ion-

ization potentials and the lattice energies of the alkali metals

and can be used to accurately determine the relative amounts

of Na+ and K+ ions in mass spectra of sea-salt particles. How-

ever, the extension of this approach to complex multicomponent

aerosols has not been tested. Reilly et al. (2000) investigated sim-

ilar charge transfer induced matrix effects using standard refer-

ence materials obtained from the National Institute of Standards

and Technology (NIST). They demonstrated that in SPMS ions

of major components can be suppressed by species with signif-

icantly lower concentrations.

Quantitative analysis of aerosol composition can be addi-

tionally complicated by the fact that the mass spectral signal

intensity of the particle constituents may depend not only on

their relative amounts and RSFs, but also on their morpholog-

ical arrangement on or in the particle. Despite the importance

and abundance of heterogeneously mixed particles the effect

of morphology on single particle mass spectra is still poorly

understood.

It is well known, for example, that only a fraction of super-

micron particles is vaporized and ionized during ablation, result-

ing in bias toward the composition of the surface of particles.

Among a limited number of reports of investigations in this area

is a study of the surface composition of micron-sized KCl/NaCl,

KCl/KI, and (NH4)2SO4/NH4NO3 particles by Ge et al. (1996).

They report that the single particle mass spectra indicate that

except at their eutonic points these particles do not have a ho-

mogeneous morphology. Carson et al. (1997) report a study of

micron-sized NaCl particles that were exposed to ammonia and

nitric acid vapor to produce ammonium nitrate coated NaCl par-

ticles. They found that at low laser irradiance the mass spectra

were dominated by the ammonium nitrate coating and at high

laser irradiance both NaCl core and ammonium nitrate coating

were ablated.

It is possible to diminish the impact of matrix effects in SPMS

by using two lasers to produce ions: an infrared (IR) laser for

particle evaporation and a vacuum ultraviolet (VUV) or UV laser

to ionize the evaporated plume. Woods et al. (2002) employed

such an approach to demonstrate the depth profiling ability of

this type of SPMS. They measured mass spectra of micron-

sized glycerol particles that were coated with oleic acid and

showed that at low IR laser powers particles were not completely

vaporized resulting in preferential composition analysis of the

surface layers, but high IR laser powers evaporated the entire

particles producing quantifiable mass spectra representative of

the total particle composition.

Commercially available polystyrene latex (PSL) spheres can

serve as well defined cores on top of which other substances

can be deposited. Excellent examples of studies using such

core-shell aerosols were presented by Katrib et al. (2004, 2005).

They used PSL spheres coated with oleic acid layers to study

the reaction of oleic acid with ozone.

Encapsulated particles are the simplest form of internally

mixed morphologically controlled particles that can be gen-

erated in the laboratory. Measurement of the mass spec-

tral intensities of the coating and the core as a function of

coat thickness provides very valuable information on the re-

lationship between particle morphology and mass spectral

signature.

To set the scale for such particle systems, it is worth noting

that an application of only a 10 nm coat to a 200 nm particle

generates a particle whose coating represents 25% of the particle

by volume. To develop an understanding of the behavior of such

a mixed system, as a function of the relative composition of

the two constituents, clearly requires high spatial resolution.

In the present study we use our Single Particle Laser Ablation

Time-of-flight mass spectrometer (SPLAT), which can size the

particles with the precision of ±0.5% (Zelenyuk & Imre, 2005)

and clearly satisfies the high resolution requirements.

As reported in Buzorius et al. (2002), SPLAT has already

been applied to make measurements of ammonium nitrate (AN)

coated PSL particles. In that study SPLAT was coupled with

the Humidified Tandem Differential Mobility Analyzer (HT-

DMA) to measure simultaneously size, composition and hygro-

scopicity of individual aerosol particles. Buzorius et al. (2002)

showed that the hygroscopic properties of PSL spheres coated

with AN relate to their coating thickness and mass spectral

signatures.

To date each of the aerosol mass spectrometry studies on

morphologically controlled particles relied on particles with

the homogeneously applied coating over the entire particle. In

these systems the interpretation of the experimentally observed

peak intensities as function of coating thickness have typically

been in terms of penetration depth. No studies of internally

mixed particles, in which the different constituents are mor-

phologically separated in a manner that exposes all of them

at the particle surface to the laser and the vacuum, have been

reported.

We present here a highly resolved study of the effect of

morphology on the mass spectra of individual internally mixed

particles. In Figure 1 we show a schematic of the three mor-

phologically distinct particle types we produced for this study.

They are all composed of 240 nm PSL spheres coated with

Na-containing compounds. Type I is a PSL sphere homoge-

neously encapsulated with metastable anhydrous glassy NaNO3

(SN). Types II and III are PSL spheres with attached cubic

and rounded nodules containing NaCl (SC) and Sodium Lau-

ryl Sulfate—[(CH3(CH2)10CH2(OCH2CH2)2OSO3Na]—(SLS)

respectively.

In each case we measure with nanometer resolution indi-

vidual particle vacuum aerodynamic diameter, dva , and a mass

spectrum using SPLAT. We compare the observations on en-

capsulated particles to those made on particles with nodules,
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FIG. 1. A schematic representation of the three morphologically distinct

240 nm PSL coated particle types: I are PSL particles coated with metastable

glassy NaNO3, II are PSL particles coated with cubic NaCl nodules, and III are

PSL particles coated with the additives, one of which is sodium lauryl sulfate.

in which most of the PSL sphere remains exposed. We show

that the presence of sodium can be detected for layers thinner

than 1 nm and that the PSL core signal decays rapidly as a few

nanometers of a Na-containing coating are added. Our data in-

dicate that the attenuation of the polystyrene signal does not

result from an optically impenetrable sodium containing layer.

The data presented here also show that, in all cases the abla-

tion laser evaporates the entire particle, but as a consequence of

the processes of charge transfer and ion suppression, at thicker

coatings, the carbonaceous ions from the PSL spheres are not

detected. We find a difference between the behavior of PSL par-

ticles and particles with localized sodium, which we attribute to

morphology.

EXPERIMENTAL
A water solution containing 240 nm PSL spheres (Duke Sci-

entific) and either SN or SC is aerosolized using an atomizer

(TSI Inc., Model 3076), and dried with two inline diffusion dry-

ers (TSI Inc., Model 3062). The nearly dry aerosol flow proceeds

to a mixing and dilution chamber, where the relative humidity

is reduced to below 1%. This particle generation and drying

method leads to the production of two types of particles: salt

particles and PSL particles “coated” with salt. The dry aerosol

is classified with a DMA (TSI Inc., Model 3081) to produce a

sample with a narrow mobility distribution prior to sampling by

SPLAT. Pure salt particles are distinguished from coated PSL on

the basis of their aerodynamic diameters, taking advantage of the

differences in densities. The drying conditions and concentra-

tions are chosen on the basis of our previous studies (Zelenyuk

et al. 2005; Zelenyuk et al. 2006).

Previous studies of pure SN particles (Zelenyuk et al. 2005),

in which the density of particles at near zero RH was measured,

showed that SN forms persistent droplets. These observations

are consistent with Hoffman et al. (2004), where micron-sized

SN particles were observed microscopically to form droplet-

like structures even under vacuum and when placed in contact

with Transmission Electron Microscope (TEM) grids. Tang and

Munkelwitz (1994) have studied the behavior of individual, sus-

pended, ∼10 micron SN particles as a function of RH. They also

concluded that SN particles do not effloresce. The microscopic

images we present in the section below provide support for the

fact that the SN coat remains in glassy/liquid form even when

in contact with the PSL sphere.

Unlike SN, sodium chloride particles effloresce at ∼40% RH

forming particles that are almost cubic in shape. In the presence

of the PSL spheres SC forms localized cubic nodules, one or

very rarely two per particle.

The third coating type that produces PSL particles with Na-

containing nodules is generated by aerosolizing a more con-

centrated water suspension of 240 nm PSL particles containing

additives, one of which is SLS. During drying, the SLS deposits

together with other additives on the surface of the PSL spheres

forming localized round nodules, one or very rarely two per

particle.

A detailed description of SPLAT is given in Zelenyuk and

Imre (2005); here we give a brief description only. Particles enter

the instrument through a 100 micron orifice into an aerodynamic

lens inlet. The lens forms a very narrow low divergence particle

beam and transmits the particles into the vacuum chamber with

high efficiency. As the particles pass through the lens they ac-

quire velocities that depend on of their aerodynamic diameters.

From the lens, particles pass through two differentially pumped

stages and enter the main chamber, which is equipped with two

optical detection stages positioned 16 cm apart. In each optical

detection stage a particle crosses a green laser beam and the

scattered light it generates is collected by an ellipsoidal reflec-

tor and detected by a photomultiplier. Each particle is detected

twice, once at each stage, and the time of flight between the two

optical detection stages is recorded. Measuring the time of flight

of PSL particles of known diameter and density calibrates the

time of flight and aerodynamic diameter measurements. Once

detected and sized, particle composition is obtained by UV laser

ablation and time-of-flight mass spectrometry. To probe for the

relationship between laser power and particle mass spectral sig-

natures measurements were conducted at two laser powers for

each particle type. The high and low laser powers correspond to

the laser fluences of 5 ± 0.5 J/cm2 and 2.5 ± .25 J/cm2, respec-

tively for an excimer laser operated at 193 nm with 15 ns pulse

length.

In some experimental runs the aerosol flow from the DMA

is simultaneously sampled by SPLAT and collected onto cop-

per TEM grids to obtain high vacuum images using Scanning

Electron Microscope (SEM). Detailed description of the SEM

setup and the Time Resolved Aerosol Collector (TRAC) was

presented by Laskin et al. (2005).

The mass spectral data are analyzed by integrating the mass

spectral intensities of the peaks assigned to polystyrene, IPSL,

and coating substance, Icoat , respectively and by examining their

behavior as a function of coating thickness and laser power.

Coating thickness is calculated using the relationship between

the particle vacuum aerodynamic diameter, dva , and the coating
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thickness, δ, given by Equation (1):

dva = d3
0ρPSL + [(d0 + 2δ)3 − d3

0 ]ρc

(d0 + 2δ)2ρ0

[1]

Where: d0 = 240 nm is PSL spheres’ diameter, ρPSL =
1.05 gcm−3 is the density of PSL spheres, ρc is density of the

coating material (2.10 gcm−3 for NaNO3 and 2.165 gcm−3 for

NaCl), and ρ0 = 1 gcm−3 is the unit density. Equation (1) as-

sumes the particles to be spherical with a homogeneous and

uniformly distributed coating. For particles with SC nodules

coating thickness is a calculated quantity that can be thought of

as an approximately equivalent coat thickness. In other words it

is the thickness of a coating that is evenly distributed over the

particle that would have the same vacuum aerodynamic diam-

eter. This interpretation ignores the small effects we may have

due to a dynamic shape factors which, for the particles involved

we estimate, on the basis of our previous studies (Zelenyuk et al.

2006) to be below 1.15.

RESULTS AND DISCUSSION

PSL Particles Encapsulated with Metastable Glassy
Sodium Nitrate

SN is one of a few hygroscopic salts that tend to form

metastable persistent droplets even at close to zero RH. Once

anhydrous SN droplets are formed they do not crystallize even

when in contact with a solid surface such as the TEM grids.

The microscopic image presented in Figure 2 is of particles

collected on TEM grid after they have been dried and classified

by the DMA at 280 nm mobility diameter. Two types of particles

are apparent: two pure SN particles and a PSL particle that is

coated with SN. We find that pure SN particles wet the substrate

forming what looks like flat droplets of larger diameter. The 240

nm PSL sphere surrounded by a SN coat shows no indication of

crystallization. We have examined a large number of images of

both particle types and found none of the observed particles to

be crystalline.

Figure 3 shows three of the measured dva distributions for

runs in which the DMA was set to select particles with 240

nm, 260 nm, and 280 nm. For each DMA setting two peaks are

observed: the one with smaller aerodynamic diameter (shaded)

corresponds to coated PSL particles and the second to pure SN.

The pure SN peaks positions yield a density of 2.12 gcm−3,

which is in excellent agreement with our previous measurements

(Zelenyuk et al. 2005). An examination of the dva distributions

in Figure 3 shows that the size distributions of the coated PSL

particles are significantly broader than those of pure sodium ni-

trate despite the fact that the two are simultaneously selected

by the DMA. The broader size distribution is a reflection of

the fact that the density of the coated particles is a function of

their size. When transforming the original mobility distribution,

whose width is determined by the DMA operating conditions,

to the aerodynamic size distribution it is important to take into

FIG. 2. Annotated Scanning Electron Microscope (SEM) images of a PSL

particle coated with NaNO3 and two pure NaNO3 particles, all with 280 nm

mobility diameters. These images show that NaNO3 does not crystallize even

under vacuum in the SEM despite the presence of either the TEM grid or the

PSL particle. The image shows that NaNO3 remains in a liquid-like phase that

wets the TEM grid surface.

account the fact that particles with smaller mobility diameters

have a thinner coating and hence lower density, while parti-

cles with larger mobility diameters have thicker coating and

also higher density. For example, SN coated PSL particles with

FIG. 3. Three of the observed vacuum aerodynamic size distributions of

aerosols selected by the DMA at 240 nm, 260 nm, and 280 nm and composed of

pure NaNO3 particles (open) and PSL particles coated with NaNO3 (shaded).
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mobility diameter of 260 nm and a distribution width of 8%

FWHM (full width at half maximum) should yield a dva distribu-

tion with a width of 24% (FWHM), which is in good agreement

with our observations. Finally we note in Figure 3 that the sharp

cutoff on the smaller particle diameter side coincides perfectly

with the pure 240 nm PSL particles dva distribution.

Figure 4 shows three separate mass spectra of SN coated PSL

particles and one of pure SN particles. Spectra 4a, 4c, and 4d

were taken at high laser power and 4b represents a run at low

laser power. Note that despite the fact that the mass spectra in

Figures 4a and 4b are of particles with an average SN coat thick-

ness that is nearly zero the SN peak intensities are significant.

A comparison between the spectra in Figures 4a and 4b reveals

that at lower laser powers the relative contribution from the SN

coating is significantly higher. This is a reproducible trend ob-

served for all the systems and all coating thicknesses presented

in this paper. A second notable and reproducible feature is that

at lower laser power mass spectra exhibit a significant decrease

in fragmentation.

The mass spectrum in Figure 4c, which is clearly dominated

by SN, was generated by averaging spectra of particles with a

SN coat that is 6 to 7 nm thick. The last mass spectrum is of pure

FIG. 4. Mass spectra of PSL particles coated with NaNO3 and pure NaNO3 particles generated from the same solution. Spectra (a) and (b) were obtained by

averaging individual particle mass spectra of coated PSL particles with vacuum aerodynamic diameters that cover the size distribution of pure PSL particles and

were taken at high and low laser powers respectively. Spectrum (c) corresponds to larger particles with thicker coating and (d) is an average mass spectrum of pure

sodium nitrate particles from the very same solution.
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FIG. 5. Polystyrene and NaNO3 Mass Spectral (MS) peak intensities of coated

PSL particles as a function of either dva (top scale) or of the thickness of the

NaNO3 coat (bottom scale).

SN particles generated from the very same solution. It exhibits a

very small amount of C+ions whose origin is the manufacturer

additives in the PSL particle suspension. We use the intensity of

this peak to establish a background level.

Figure 5 shows a plot of the sums of the PSL core and

sodium nitrate mass spectral peak intensities measured at high

laser power and plotted as a function of the SN coat thickness

and the measured dva . The most striking aspect of these data

is the rapid rate with which the PSL signature diminishes and

the concomitantly rapid increase of the SN intensity, such that,

a 30 nm thick layer of SN reduces the PSL signature nearly

to background level at high laser powers, while 15 nm of SN

are sufficient to achieve the same at low laser power. Note that

while layers of 15 nm and 30 nm seem to be thin, they corre-

spond to particles composed of 46% and 66% of SN by weight

respectively.

One can define a PSL detection probability, based on the

fraction of particles with the PSL mass spectral signature (I PSL)

above a threshold. Note that this detection efficiency depends on

a somewhat arbitrarily chosen minimum threshold that signifies

the presence of a PSL particle. We set this minimum such that

fewer than 10% of “pure” SN particles, which are generated

from the very same solution and thus have minor carbon ion

peak as shown in Figure 4d, would wrongly be classified as

coated PSL particles. We find that at low laser power, SN coated

PSL particles are indistinguishable from pure SN particles when

the coat thickness reaches 15 nm. At twice the laser power 40%

of PSL containing particles can still be detected despite of the

presence of a 30 nm thick SN coat.

FIG. 6. A statistical analysis of the noise and reproducibility of the mass

spectral peak intensities in a plot of relative mass spectral signal intensities for

PSL and NaNO3 for two separate experimental runs 1 and 2. The laser power

for the two runs differed by ∼10%. The error bars are associated with run 1 only

and indicate 2σ .

Noise and Reproducibility of Observed Data for PSL Particles
Encapsulated with Metastable Glassy Sodium Nitrate

Before we proceed to the next two systems it is important to

set the scales for noise and reproducibility. Here noise refers to

the repeatability of individual particle mass spectral peak inten-

sities during a run and reproducibility relates to a comparison

between calculated average mass spectral peak intensities for

two runs that were carried out a number of days apart with new

solutions and laser realignment.

The absolute mass spectral peak intensities vary from one

particle to the next significantly more than an individual parti-

cles’ relative mass spectral peak intensity. We therefore resort to

analyzing the relative peak intensities since it clearly removes

one of the important noise sources. A summary of the statistical

analysis is presented in Figure 6. The number of particles con-

tributing to the average value given in each of the presented 2

nm slices varies between 8 and ∼100. Figure 6 presents datasets

for two different runs. Run 1 includes averaged fractional mass

spectral values and the standard deviations (2σ ). We conclude

that 8 particles per bin are sufficient to yield statistically signifi-

cant values. A comparison between the data obtained by the two

runs, which were carried out under similar conditions, with the

ablation laser operated at only 10% difference in laser power,

clearly demonstrates that it is possible to generate quantitatively

meaningful data with very high spatial resolution. Analysis of

the data presented in the following sections produced very sim-

ilar results and was therefore not included.
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FIG. 7. SEM images of PSL particles coated with NaCl and NaCl particles (labeled) of three mobility diameters as indicated. These images provide evidence

that the NaCl forms nearly cubic nodules of a wide range of sizes on the PSL particles.

PSL Particles with Cubic NaCl Nodules
In a recently completed study (Zelenyuk et al. 2006) on the

dynamic shape factor of sodium chloride particles we found that

atomization of an aqueous SC solution can produce three dif-

ferent forms of crystalline SC particles: cubic, nearly spherical,

and agglomerated. On the basis of that experience we chose for

the present study the drying conditions that produce cubic SC

particles.

Figure 7 shows three sets of micrographs of DMA classi-

fied SC and SC coated 240 nm PSL spheres. The micrographs

show that NaCl does indeed form nearly cubic nodules that are

attached to PSL spheres. As a result of the ∼8% FWHM distribu-

tion in mobility diameters there is a noticeably wide distribution

in the size of the NaCl nodules, but the overall trend of increasing

nodule size with mobility diameter is clearly visible.

Figure 8 shows the observed dva distributions for three sepa-

rate measurements with the DMA set to select particles with 240

nm, 260 nm and 280 nm mobility diameters. For each DMA set-

ting two peaks were observed: the one with smaller dva (shaded)

corresponds to PSL particles with SC cubic nodules and the sec-

ond to pure SC. The pure SC peak positions yield an effective

density of 1.87 gcm−3, in good agreement with our previous

measurements (Zelenyuk et al. 2006). Comparing the observed

dva distributions for SC and SN reveals a qualitative difference

for the DMA setting of 240 nm but not for others. The SN dva dis-

tributions of coated PSL particles indicate that the size selected

aerosol contains comparable number concentrations of particles

with dva in the range from ∼250 to ∼340 nm. In contrast the dva

distributions of SC coated PSL particles seemingly show a rapid

decrease in the concentrations of coated particles with vacuum

aerodynamic diameters larger than ∼260 nm. Since the concen-

tration of SC was only 1.5 times lower than the corresponding

SN concentration it cannot account for the observed large dif-

ferences. It is more likely that the rapid drop in the number of

detected NaCl coated PSL particles with larger dva is a result of

a decrease in the aerodynamic lens transmission efficiency for

these aspherical particles. It is consistent with our previously

reported results, where we observed decreases on the order of a

factor of 10 in detection probability as a result of particle devi-

ation from sphericity (Zelenyuk & Imre 2005).

Figure 9 show two mass spectra of SC coated PSL particles

acquired at high laser power. Spectrum 9b, which is dominated

by an intense sodium ion peak, corresponds to particles with an

average equivalent SC coat thickness of 6 to 7 nm. As in the case

of SN, the Na+ peak is relatively more intense in the spectra that

were acquired at low laser power (not shown)

Figure 10 shows plots of the fraction of mass spectral signal

intensity that has been assigned to the PSL core as a function of

three related parameters: particle vacuum aerodynamic diameter

FIG. 8. Three of the measured dva distributions of aerosols composed of NaCl

particles (open) and PSL particles coated with NaCl nodules (shaded) and se-

lected by the DMA at 240 nm, 260 nm, and 280 nm. Note a factor of 10 change

in sensitivity.
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FIG. 9. Mass spectra of PSL particles with NaCl nodules obtained by averaging the mass spectra of coated particles with vacuum aerodynamic diameters that:

(a) cover the size distribution of pure PSL particles and (b) are 300–310 nm, all taken at high laser powers.

FIG. 10. Plots of the fraction of observed PSL mass spectral peak intensities for NaCl and NaNO3 coated PSL particles, at two laser powers (high and low

laser powers marked HLP and LLP in the figure), as a function of three related variables: dva—vacuum aerodynamic size, CT—equivalent coat thickness, and

Wf—coating weight fraction.



MASS SPECTRA OF PSL PARTICLES WITH NA-CONTAINING COATINGS 1119

(dva in nm), equivalent coat thickness (CT in nm) and the weight

fraction of the coating (Wf) for SN and SC. While the dva is di-

rectly measured the other two variables are estimated with the

approximations of uniformly distributed coating with density

of 2.13 gcm−3, which is the average density of sodium nitrate

(2.10 gcm−3) and sodium chloride (2.165 gcm−3). These sim-

plifying approximations are justified as long as these scales are

used to provide approximate context for the observed behavior

of the mass spectral peak intensities.

As seen from the figure the PSL mass spectral signal is rapidly

decays with the addition of SC. A comparison between the data

for SC to SN coated PSL particles shows that the PSL signal

for the former decays slower with differences between the two

coating types being more pronounced at high laser powers. The

observed differences between SN and SC coated PSL particles

suggest that the coating morphology could be playing a role.

PSL particles with SC nodules have a significant fraction of the

PSL sphere exposed, making escape of PSL fragment ions in

the ablation plume more likely than in case of the particles that

are entirely encapsulated by SN.

Figure 11 shows a comparison between the detection proba-

bilities of the PSL spheres for SN and SC coated PSL particles

as a function of the same three parameters we used in Figure 10.

FIG. 11. A plot of the PSL particle detection probability for NaCl and NaNO3

coated PSL particles at two laser powers as a function of three related vari-

ables: dva—vacuum aerodynamic size, CT—equivalent coat thickness, and Wf—
coating weight fraction.

We find that the probability of detecting PSL particles with SC

nodules, in which a significant fraction of the PSL particle is ex-

posed, is higher than that found for particles encapsulated with

SN.

What Fraction of Each Particle Is Being Evaporated?
A number of experimental and theoretical studies attempted

to determine how much of the individual particle is evaporated

in the process of ablation (Carson et al. 1997; Weiss et al. 1997;

Schoolcraft et al. 2000; Vera et al. 2005). Thus far the data indi-

cate that the ablation of micron-sized particles results in incom-

plete particle evaporation. In contrast, Ge et al. (1998) showed

that ablation of KCl/NaCl particles with diameters around 60

nm results in complete particle evaporation. A very recent study

by Vera et al. (2005) used measurements of initial velocity dis-

tributions of ions generated by laser ablation of individual PSL

particles in the size range from 196 to 1495 nm to deduce that

in their system the evaporation of particles of all sizes was in-

complete. The study by Vera et al. (2005) used an ablation laser

with a wavelength of 337 nm that was operated at 300 μJ/pulse,

a pulse duration of 3 ns and a focal spot diameter of ∼30 μm. It

is important to keep in mind that since ablation is a multiphoton-

driven process that strongly depends on the electronic absorption

spectra of the ablated material it is expected to be highly depen-

dent not only on laser power density but also on the laser wave-

length. We will show below that the observations presented in

this manuscript suggest that under our experimental conditions

all the particles in this study are completely evaporated.

The data presented in the SN section above exhibit a rapid

decrease of the PSL core signal as a function of the SN coating

thickness. Alone these data can be interpreted to suggest that

the ablation of particles with thicker coatings evaporates only

a thin layer near the particles’ surface and that thicker coatings

prevent access to the PSL core. However, the observed behavior

of the PSL particles with SC nodules does not support such in-

terpretation. An examination of the microscopic images of these

particles in Figure 7 clearly reveals that the surface of the PSL

cores are mostly exposed even for the particles with the largest

SC nodules. Yet, in these particles the PSL core mass spectral

peak intensities decays rapidly with increasing SC nodule size.

We would expect the mass spectra to be more reflective of the

particles’ surface when the laser power is insufficient to evap-

orate the entire particle. The fact that the data show that the

differences in the behavior of the PSL mass spectral peak inten-

sities, between SC and SN coated PSL particles are smaller at

lower laser power indicates that for both particle systems, even

at low laser power, the ablation laser must consistently evaporate

the entire particle.

Moreover, if we were to assume that the only species present

in the mass spectrum originate from the ablated particle surface

we would expect a fraction of SC coated PSL particles to exhibit

significant mass spectral signal intensity from the PSL core for

all coat thicknesses. And this effect would be expected to be

more pronounced for low laser powers. Since our observations
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FIG. 12. Two mass spectra of PSL particles coated with SLS nodules. Spectra (a) and (b) were obtained by averaging mass spectra of PSL particles with vacuum

aerodynamic diameters that cover the size distribution of pure PSL particles and particles with larger diameters respectively. Both spectra were recorded at low

laser power. The SEM images between the two spectra clearly show the presence of rounded nodules.

clearly show that the mass spectral signature of the PSL core for

particles with larger SC nodules diminishes to below detection

we must conclude that during the ablation process entire particles

are consistently evaporated.

Finally, an examination of the Na+ signal intensity distribu-

tions for particles of all SC nodule sizes reveals that each of

the individual particle spectra has significant Na+ mass spectral

peak intensity, despite the fact that the SC nodule in many of

these particles must have been in the PSL particle “shadow.”

A comparison between the observed mass spectral intensities

at the two laser powers also leads us to conclude that the observed

differences between the two laser powers most likely reflect the

fact that, at higher laser powers, the ions produced from the

PSL core fragments have higher kinetic energy and thus higher

probability to escape the ablation plume and avoid the collision

based processes of charge transfer and ion suppression by Na.

PSL Particles with Rounded Sodium Lauryl Sulfate (SLS)
Containing Nodules

A suspension of PSL particles contains Na in two forms. The

PSL sphere surface is derivatized with sodium sulfonate groups,

which is equivalent to a monolayer. In addition, the suspension

of PSL spheres contains among other additives SLS, used to

keep the particles dispersed (Reents & Ge 2000). During evapo-

ration of the suspension-solvent the non-volatile additives stick

to the PSL particles forming a Na-containing coating. Since the

composition and exact properties of this coating are proprietary

we do not know the true density of the coating and will therefore

rely only on the measured particle dva .

Observed asphericity of aerosolized PSL particles has been

previously reported by Huffman et al. (2005). In a recent paper

utilizing SPLAT (Zelenyuk et al. 2005) we have demonstrated,

using as an example 302 nm PSL particles, that PSL asphericity

can be explained by the presence of nodules composed of the

manufacturer introduced additives mentioned above. The mi-

crographs presented in Figure 12 provide an obvious indication

of the presence of rounded nodules. In this and other studies we

found a clear correlation between the emergence of the shoulder

on the larger diameter side in the PSL dva distributions and the

appearance of PSL particles with observable nodules in the SEM

images. We use the presence of SLS to generate our third mor-

phologically distinct Na-containing coated PSL particle type,

which, similar to SC, forms localized Na-containing nodules. In

order to avoid having the data be distorted by PSL agglomerates

we conduct the present study on a relatively dilute PSL suspen-

sion and terminate the study at 272 nm, which is lower than

276 nm—the vacuum aerodynamic diameter of the doublets of

240 nm PSL spheres (Zelenyuk et al. 2006).

Figure 12 shows two low laser power mass spectra of 240 nm

PSL particles. In Figure 12a we present an average of individ-

ual particle mass spectra of particles with dva between 247 nm

and 255 nm. These spectra are dominated by nearly pure PSL

particles but the presence of sodium is clearly indicated by the

Na+-containing peaks. The spectrum in Figure 12b is of larger

particles (255 nm<dva <270 nm). These larger particles contain
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FIG. 13. High resolution (1 to 2 nm) comparison between the three PSL coated

particle systems presented in this study. The figure shows the fractional mass

spectral peak intensities superimposed on the vacuum aerodynamic size distri-

butions of (a) NaNO3, (b) NaCl, and (c) SLS coated PSL particles. See text for

detailed description.

larger SLS nodules and yield mass spectra dominated by Na+-

containing peaks. Mass spectra obtained at high laser power

exhibit higher degree of fragmentation and relatively more in-

tensity in the PSL mass spectral peaks.

Figure 13c below is a plot of the integrated mass spectral

signals assigned to the PSL core and to the SLS-containing nod-

ules as a function of dva . These data are superimposed on the

measured dva distribution for this study. At smaller dva most

PSL particles are virtually devoid of SLS and their mass spec-

tral signature is dominated by PSL. Particles with dva larger

than 255 nm have significant SLS-containing nodules. Note that

the increase in the Na+ based mass spectral signal intensity is

accompanied by a decrease in the PSL signal. This trade-off

in intensities is consistent with a charge exchange, in which

Na+ ions are formed at the expense of carbonaceous ions. As

in the other systems, the relative intensities of PSL core and

SLS-containing coating are a function of laser power. At lower

laser power (not shown) the SLS mass spectral signal intensity

is relatively higher for all particle sizes.

SUMMARY AND CONCLUSION
We summarize this paper with a high resolution comparative

view of the mass spectral behavior of PSL particles coated with

Na-containing compounds as the first few nanometers of coating

are added. Figure 13 presents on an expanded scale of the mea-

sured dva distributions for the three datasets. The shaded areas

indicate the observed dva distributions and the striped ones mark

the dva distribution of pure 240 nm PSL particles. Superimposed

on top of the observed dva distributions are the measured mass

spectral intensities expressed as the fractions of integrated peak

intensities that are assigned to either the PSL spheres or to the

Na-containing coating.

The observed dva distributions of the SN and SC coated PSL

particles are significantly different as a result of particle as-

phericity. In contrast the two dva distributions of particles with

asymmetric nodules are found to be qualitatively similar.

Comparing the behavior of the mass spectral peak intensities

of three particle types we find first that even when PSL parti-

cles are coated by sufficient amount of SC or SN to account

for more than 50% of the particle more than half of the coated

PSL particles can be detected by ablation based single particle

mass spectrometry. But, the PSL signal from completely encap-

sulated particles decays faster than from particles with localized

nodules.

In general the data indicate that the presence of the alkali

metal suppresses the PSL core ions and the degree to which this

takes place depends on the relative amount of Na-containing

compound and on its spatial distribution on the PSL sphere

surface, i.e., the morphology of the coated particle. Particles

of similar morphologies exhibit remarkably similar behavior,

which is distinct from that observed for the encapsulated PSL

spheres.

The data presented for these three systems clearly illus-

trates some of the difficulties in turning ablation based single
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particle mass spectrometry into a quantitative tool. We find that

for thinner coatings, in which the PSL core is detectable, the

relative mass spectral intensities of the peaks assigned to the

Na-containing coatings and the PSL core are not linearly related

to the amount of these substances in the particles. They are also

strong functions of laser power and the details of particle mor-

phology. We conclude that the decrease in PSL mass spectral

signal is a result of ion suppression.

The data presented in this paper also support the conclusion

that at the laser powers and wavelengths deployed in this study

the ablation laser evaporates the entire particle for all particle

sizes used here.
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