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a b s t r a c t

In ablation-based single particle mass spectrometry it is common to find that the mass spectra of par-
ticles with identical compositions exhibit significant particle-to-particle fluctuations and high degree of
fragmentation. This is particularly true when it comes to particles containing organic compounds. At laser
fluence that is sufficient to ionize sulfates, mass spectra of the identical organic particles are classified into
multitude of classes, some of which are indistinguishable from elemental carbon. In contrast, the indi-
vidual particle mass spectra generated in two-step mode, in which an IR laser pulse is used to evaporate
the semivolatile particle components and a time delayed UV laser pulse is used to ionize the evaporating
plume, exhibit greatly diminished particle-to-particle fluctuations and significantly improved mass spec-
tral quality. Since individual particle mass spectra must first be classified and only then can be averaged
and analyzed, the IR/UV mode greatly improves the capability to properly quantify particle compositions.

We present an experimental investigation of the properties and behavior of individual particle mass spec-
tra of organic particles that are generated by ablation and in the two-step mode as function of UV laser
fluence and the delay between the two lasers. The study shows that the two-step mode yields highly
reproducible mass spectra that contain sufficient detail to allow molecular identification. In addition it
produces significantly higher mass spectral intensities that are linearly related to the mass of organ-
ics in the particles. In contrast, ablation generated mass spectra were found to exhibit high degree of

partic
fragmentation and large

. Introduction

Single Particle Mass Spectrometers (SPMSs) have been devel-
ped to characterize, in real-time, the size and internal composition
f individual ambient particles [1–8]. One of the criticisms of these
nstruments has been their inability to properly identify the com-
osition of the organic fraction in atmospheric aerosols and even to
istinguish between elemental and organic carbon. This issue has
ecently come to the forefront because field measurements indicate
hat organic aerosols represent a significant fraction of the atmo-
pheric aerosol composition, accounting for 20–90% of the total
tmospheric dry aerosol mass [9,10].
A number of recent reviews and tutorials provide detailed
escriptions and comparisons between the available SPMSs [1–8].
side from SPLAT II instrument [11] all field deployable SPMSs use
ulsed ultraviolet (UV) lasers to ablate the particles to produce ions
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that are subsequently analyzed with time-of-flight mass spectrom-
eters (TOF-MS) [12–19]. Examinations of the ablation generated
individual particles mass spectra reveal significant challenges that
need to be overcome: the mass spectra generated by ablation, a
highly non-linear, multi-photon process, are strongly influenced by
matrix and charge transfer effects [20–24], exhibit extensive frag-
mentation of organic molecules, and significant particle-to-particle
fluctuations of mass spectral peak intensities.

One of the most fundamental aspects of single particle mass
spectrometry is that the individual particle mass spectra have to
be first classified and only then can be averaged and analyzed.
But, because ablation generated mass spectra exhibit significant
particle-to-particle variability, the mass spectra of identical parti-
cles are often separated during the classification process [25,26].
Similarly, extensive fragmentation of organic particles makes them
indistinguishable from elemental carbon and consequently a sig-
nificant fraction of the particles that are composed of organic

compounds end up being erroneously classified as soot.

In ablation the degree of fragmentation is strongly depen-
dent on the laser fluence. Reducing laser fluence may decrease
degree of fragmentation for organic compounds, but inevitably
leads to the instrument’s inability to detect important atmospheric

http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
mailto:alla.zelenyuk@pnl.gov
dx.doi.org/10.1016/j.ijms.2009.01.015
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onstituents such as sulfuric acid, ammonium sulfate, and others
27,28]. The laser wavelength also plays an important role—longer
avelengths require more photons and inevitably yield more fluc-

uations and higher degree of fragmentation [29].
Separation between particle evaporation and ion formation was

hown to greatly improve the analytical capability of SPMS [30–35].
orrical et al. [32] have shown that the mass spectra of semivolatile

article constituents, which were first evaporated with an IR laser
ulse and subsequently ionized in the gas phase, exhibit signifi-
antly decreased degree of fragmentation. Lazar et al. [36] used two,
ime delayed, UV laser pulses to analyze particles’ surface composi-
ions. The first excimer laser pulse at 308 nm was used to desorb the
emivolatile components and the second pulse at 248 nm was used
o ionize the evaporating compounds. The authors concluded that
his approach yields higher ion signals and reduced fragmentation.

Zelenyuk et al. [37] and Cabalo et al. [31] investigated the behav-
or of the mass spectral signal intensity as a function of delay
etween a CO2 laser, used to evaporate ∼2.4 �m particles composed
f aniline, and an excimer laser at 193 nm, used to ionize the evap-
rating plume. They found that the ion intensities of mass spectra
enerated in the IR/UV mode with delays between 2.5 �s and 4 �s
re more than two orders of magnitude higher than the ion inten-
ities of mass spectra produced by ablation. A series of subsequent
rticles by the same research group [35,38,39] describe the use of
number of IR and UV sources and conclude that mass spectra of
rganic particles generated by the two-step process exhibit a lower
egree of fragmentation. It is important to note that in each of these
eports the authors presented only mass spectra that were averaged
ver many particles.

In an earlier publication [33] we provided an illustrative exam-
le, in which we compared mass spectra of individual particles
omposed of succinic acid that were generated by UV laser abla-
ion and those generated in the IR/UV mode, to qualitatively
emonstrate that unlike ablation, the two-step mode produces
ize-independent individual particle mass spectra.

Our goal here is to compare the properties of the individual
ass spectra of organic particles that are generated by ablation

nd by the IR/UV mode at different UV laser fluences, partic-
larly those required to characterize all ambient atmospheric
articles. We perform the experiments on size-selected particles
omposed of dioctyl phthalate (DOP) with precisely controlled
iameters between 250 nm and 500 nm. Data are analyzed using
pectraMiner—our data classification, analysis and visualization
oftware [25] with parameters identical to those used to analyze
eld data.

. Experimental

DOP particles were generated by aerosolizing neat DOP (Aldrich,
9% purity) using an atomizer (TSI Inc., Model 3076). The particles
ere classified with a Differential Mobility Analyzer (DMA, TSI Inc.,
odel 3081) at 163 nm yielding multiply charged particles with

iameters of 256 nm, 341 nm, 421 nm and 500 nm and sampled by
ur single particle mass spectrometer, SPLAT II [11].

SPLAT II is described in detail elsewhere [11]. Here we note only
ome of the relevant aspects. SPLAT II uses an aerodynamic lens inlet
o efficiently transport particles into the vacuum system, where
article vacuum aerodynamic diameters are determined on the
asis of the particle’s time of flight between two optical detection
tages that are 10.5 cm apart. The IR, CO2 laser (Edinburgh Instru-
ents, Model MTL-3, 50 ns pulse length, 10.6 �m wavelength) and

V, excimer laser (GAM Lasers, Model EX5/300, 8 ns pulse length,
93 nm wavelength) beams intersect the particle beam 10.5 cm
ownstream from the second optical detection stage, at the ion
ource region of the angular reflectron time-of-flight mass spec-
rometer (TOF-MS, R.M. Jordan, Inc., Model D-850). The IR laser
Mass Spectrometry 282 (2009) 6–12 7

beam is focused down to a 1 mm spot and the UV laser is focused
to a spot that is 550 �m by 750 �m that is positioned 50 �m down-
stream of the IR laser beam. This distance translates, for 300 nm DOP
particles, to a flight time of 0.5 �s between the two laser beams. The
IR laser pulse is timed to coincide with the particle’s arrival into the
center of its focal spot and the UV laser pulse is delayed to allow
the evaporating plume to expand. The time delay between the two
lasers is varied and its effect on the mass spectra is explored and
discussed below.

We find that in this configuration a delay of ∼5 �s yields excel-
lent results for all UV laser fluences and all particle sizes used in
the study. At this delay the UV laser pulse misses the particle cen-
ter of mass and ionizes the “back-edge” of the evaporating plume.
There is clearly a range of possible arrangements, in which the two
lasers can be positioned, giving the operator the option to tailor the
system for specific applications. The present study is intended to
explore the characteristics of the individual particle mass spectra
that are generated in the IR/UV mode by UV ionization of the gas
phase only.

The acquired individual particle mass spectra are analyzed using
SpectraMiner [25], a software package that was designed for clas-
sification, visualization and analysis of large datasets generated by
single particle mass spectrometers. The details of SpectraMiner are
presented in separate publication [25], here we outline only the
relevant aspects.

The first step involves data reduction, in which the recorded ions’
time-of-flights are converted into the corresponding integer mass-
to-charge (m/z) ratios and the areas under each of the peaks are
calculated by integrating the intensities within ±0.5 Da of each of
the 450 m/z values. The mass spectra are then examined and sep-
arated into hits and misses, representing particle and background
gas mass spectra, respectively. In the present experiment the hit-
rates, which are defined as the ratio of the number of particle hits to
the number of optically detected and sized particles, vary between
50% and 100%, depending on the delay time between the two lasers
and on the UV laser fluence.

One of the most important aspects of the present study is to
subject these laboratory-generated individual particle mass spec-
tra to the very same process that is used for field data. Thus the
reduced data are classified here using SpectraMiner with a distance
threshold identical to that used to classify field data. This threshold
was originally chosen to assure the ability to distinguish between
the mass spectra of particles composed of ammonium sulfate and
ammonium nitrate, and particles containing different internal mix-
tures of sulfates and organics that are often found in atmospheric
particles [40]. The classified data are visualized in a form of an
interactive circular hierarchical tree. In the present case ∼12,000
individual particle mass spectra generated under different condi-
tions that include a range of UV laser fluences, time delays, and
particle sizes are classified together to yield 12 distinct classes.

In a recent study that focuses on the classification of ablation
generated single particle mass spectra [25] we showed that the
mass spectra of organic compounds tend to exhibit a wide range of
fragmentation patterns, and as result particles with identical com-
positions are being classified into a large number of classes. The goal
here is to develop better understanding of the relationship between
the experimental conditions, under which the data are generated,
and the number and types of classes the data are classified into.

3. Results and discussion
3.1. Low UV laser fluence

We start with an examination of individual particle mass spectra
that are generated with UV laser fluence of 0.09 J/cm2, which is
just slightly above the threshold for DOP particle laser ablation.
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ig. 1. The classification results of mass spectra generated by ablation and in the
R/UV mode at a UV laser fluence of 0.09 J/cm2.

ig. 1 displays the classification results of the data generated at
his low UV laser fluence by ablation and in the IR/UV mode with
time delay of 5.5 �s. The figure shows that in this case 78% of

blation generated mass spectra are classified into class 7 and the
est belong to nearby classes and, by comparison, over 90% of mass
pectra generated the IR/UV mode belong to class 6. The average
ass spectra of particles classified in classes 6 and 7 are shown

n Fig. 2 along with the reference, 70 eV electron impact ionization
ass spectrum of DOP from the NIST Standard Reference Database.
comparison between these three mass spectra shows remarkable

imilarity, with the most intense peak being at characteristic for the
hthalates m/z ratio of 149 (C6H4(CO)2OH+). Moreover, the fact that
he majority of the individual particle mass spectra are classified
nto a single cluster in either of the ion generation methods suggests
hat at least for DOP, at low laser power, UV laser ablation could be
sed to generate high quality single particle mass spectra.

However, our previous experience with NaCl particles coated
ith DOP showed that this laser fluence is insufficient to pene-

rate a DOP layer that is 36 nm thick and is therefore useful only
or characterizing the particle’s surface composition [20]. It is also
factor of 6 lower than the power needed to ionize substances like
mmonium sulfate.

In Fig. 3 we present the measured averaged integrated peak
ntensities per particle for mass spectra generated by ablation and
n the IR/UV mode as a function of delay time between the IR and
V lasers. Here, the data are separated into the 4 particle sizes. An
xamination of the mass spectra generated in the IR/UV mode with
time delay of 0.5 �s shows that this short time is insufficient to

llow the particles to evaporate and the mass spectra appear to be
early identical to those generated by laser ablation. Fig. 3 shows
hat the mass spectral intensity increases with delay time peaking,
or this laser power, at a delay of ∼3.5 �s and then decreases as the
elay increases.

.2. Medium UV laser fluence
When the laser power is increased by approximately a factor
f three, to 0.31 J/cm2, the laser ablation generated mass spectra
hange significantly, yet this laser fluence is still too low to be use-
ul for most field deployments. In Fig. 4 we present the results of
Fig. 2. (a) An average mass spectrum of class 7 obtained by UV laser ablation at low
fluence; (b) an average mass spectrum of class 6 obtained in the IR/UV mode; and
(c) a mass spectrum of gas phase DOP generated by 70 eV electron impact ionization
from the NIST Standard Reference Database.

classification of individual particle mass spectra generated in both
modes at this UV laser fluence. The horizontal axis represents the 12
particle classes and the vertical axis shows the time delay between
the IR and UV lasers in microseconds. The colors represent the frac-
tion of mass spectra that are classified into each of the classes as
defined by the scale on the right.

An examination of the first frame, that shows the classification
results for ablation generated mass spectra, reveals a wide range
of fragmentation patterns. As a result, at this laser fluence 7 out of
the 12 clusters have significant particle population. Fig. 5 displays

the average mass spectra of classes 1, 8 and 10 that are significantly
populated when mass spectra are generated by laser ablation at
this laser fluence. Class 1 contains 15% of the mass spectra and
shows almost no intensity in m/z = 149, while classes 8 and 10,
with 30% and 22% of the spectra, respectively, exhibit the charac-
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ig. 3. The average integrated mass spectral intensities as a function of the time
elay between the IR and UV lasers for the 4 particle sizes used in this study and

aser fluence of 0.09 J/cm2. The intensities of the ablation generated mass spectra
re indicated with filled symbols.

eristic phthalate peak at m/z = 149. The comparison between the
blation generated mass spectra shown in Figs. 2 and 5 illustrate
hat higher UV laser fluences result in an increase in the degree of
ragmentation and mass spectral variability.

Returning to Fig. 4 we note that at the shortest delay times of
.5 �s the differences between the two modes of generating mass
pectra are not significant. The figure shows that at this delay a
ange of mass spectral fragmentation patterns are produced, result-
ng in significant particle population in a large number of classes.

owever, as the time delay between the two lasers increases and
OP evaporates the classification pattern gradually changes, such

hat when the delay is increased to 5.5 �s 95% of the mass spectra
re in class 4. Fig. 5 shows the average mass spectrum of this class,

ig. 4. The classification results of the mass spectra generated by ablation at laser
uence of 0.31 J/cm2 are indicated in the gray frame. The rest of the figure shows the
hanges in the population of 12 classes as a function of the time delay between the
R and UV lasers.

Fig. 5. Average mass spectra of classes 1, 8, 10, and 4.



1 nal of

w
a
t
i

o
t
t
s
p
o
q

3

w
fl
p
t

F
I

of soot particles.
In contrast with the changes observed in the ablation generated

mass spectra with increased laser fluence, nearly 100% of the mass
spectra generated in the IR/UV mode at these laser fluences are
0 A. Zelenyuk et al. / International Jour

hich clearly contains the mass spectral peaks that are needed for
sound identification of phthalates. Comparison of the mass spec-

rum of class 4 to that of class 6 shown in Fig. 2 reveals only a slight
ncrease in fragmentation as a result of tripling the UV laser fluence.

On the basis of the data presented in Fig. 4 we chose to focus
n data that are generated at a delay of 5.5 �s, and conclude that
his delay is sufficient to shift from laser ablation to UV ioniza-
ion in the gas phase only, at which point particle-to-particle mass
pectral variability is nearly eliminated. Further increases in delay
roduce lower mass spectral intensity due to further expansion
f the evaporating plume, but no improvement in mass spectral
uality.

.3. UV laser fluence of 0.65 J/cm2 and 0.93 J/cm2

This section presents the results of measurements conducted

ith UV laser fluence of 0.65 J/cm2 and 0.93 J/cm2. The former laser
uence is sufficient to generate mass spectra from particles com-
osed of ammonium sulfate, but with very low probability, while
he latter laser fluence represents typical UV laser power used with

ig. 6. The classification results of mass spectra generated by ablation and in the
R/UV mode for laser fluence of (a) 0.65 J/cm2 and (b) 0.93 J/cm2.
Mass Spectrometry 282 (2009) 6–12

SPLAT II in the field. Fig. 6 shows the results of the classification of
the mass spectra generated at these UV laser fluences, by laser abla-
tion (open bars) and in the IR/UV mode (filled bars). Focusing first
on the ablation generated mass spectra, we note that at both laser
fluences a significant fraction of the mass spectra populate classes
3, 11 and 12, the average mass spectra of which are shown in Fig. 7.
The figure shows that all of these mass spectra exhibit extensive
fragmentation and have no intensity at higher m/z ratios, including
those at m/z = 149 and 167. Moreover, the mass spectra of classes
11 and 12, containing 84% of the ablation generated mass spectra
at 0.93 J/cm2, are dominated by a carbon clusters progression, C1

+,
C2

+ and C3
+, and are nearly indistinguishable from the mass spectra
classified in class 4. In general, we find the fragmentation patterns

Fig. 7. Average mass spectra of classes 3, 11 and 12.
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Fig. 8. Average mass spectra of 334 nm DOP particles generated by laser a

f the ablation generated mass spectra to be much more depen-
ent on the UV laser fluence than those that are generated in the

R/UV mode. Fig. 8 provides a comparison between the behaviors
f the average mass spectra of 341 nm DOP particles as a function
f the UV laser fluence for the two ion generation modes. As the
aser fluence increases the ablation generated mass spectra, shown
n Fig. 8(e)–(h) exhibit less intensity in the higher m/z and at the
ighest laser fluence they are dominated by the carbon clusters
rogression. The same order of magnitude increase in the UV laser
uence has only a slight effect on the IR/UV mass spectra and allows

or easy identification of phthalates for nearly 100% of the individual
article mass spectra.

Moreover, significantly reduced fluctuations in the intensity
attern of mass spectra generated in the IR/UV mode opens the
ossibility to make use of the mass spectral intensities to obtain
uantitative information on particle composition. Indeed, Woods
t al. [35] demonstrated that the peak intensities of IR/VUV gener-
ted mass spectra of internally mixed particles composed of ternary
ixtures of aromatic compounds can be used to quantify the rel-

tive amounts of these compounds. In the present study we find
trong linear relationships (R2 > 0.93) between the average inte-
rated intensity of mass spectra generated in the IR/UV mode and
article mass, for all four UV laser fluences. Furthermore, these lin-
ar relationships indicate that the CO2 laser power that was used
n this study is sufficient to entirely evaporate even DOP particles

ith diameters of 500 nm, despite the fact that DOP does not have
strong absorption band at the CO2 laser wavelength.
. Conclusions

We presented a study of the properties and behavior of individ-
al particle mass spectra of fine particles composed of organics. We
ompared the mass spectra generated by laser ablation with a UV
n (a–d) and in the IR/UV mode (e–h) as a function of the UV laser fluence.

laser pulse at 193 nm to those generated in a two-step process, in
which an IR pulse from a CO2 laser is used to evaporate the particle
and a time delayed UV laser pulse is used to ionize the evaporat-
ing plume. We find that the quality and information content of the
ablation generated mass spectra are very sensitive to the UV laser
fluence. At laser fluence that is too low to be useful for the charac-
terization of the large fraction of atmospheric aerosol constituents
the DOP mass spectra are of high quality. With the increase in the
UV laser fluence the ablation generated mass spectra exhibit a high
degree of fragmentation that renders these mass spectra virtually
impossible to properly interpret.

In contrast, we find that the mass spectra that are generated in
the IR/UV mode, with the sufficient time delay between the IR and
UV to allow evaporation, are of very high quality and exhibit almost
no dependence on the UV laser fluence.

Furthermore, the mass spectra generated in the IR/UV mode
have approximately an order of magnitude higher integrated mass
spectral intensity than those generated by laser ablation and exhibit
linear relationships between the integrated mass spectral intensi-
ties and particle mass.

The classification of the data that are generated by these two
methods using SpectraMiner, our data classification, analysis and
visualization program, shows that the mass spectra generated by
ablation tend to be classified into a large number of classes, while
nearly 100% of the IR/UV mass spectra are classified in a single class
that can be used to identify the particle composition.
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