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Abstract. Measuring average quantities in complex mixtures can be challenging
for mass spectrometry, as it requires ionization and detection with nearly
equivalent cross-section for all components, minimal matrix effect, and
suppressed signal from fragments and aggregates. Fragments and aggregates
are particularly troublesome for complex mixtures, where they can be incorrectly
bl assigned as parent ions. Here we study fragmentation and aggregation in six
aromatic model compounds as well as petroleum asphaltenes (a naturally
occurring complex mixture) using two laser-based ionization techniques: surface
assisted laser desorption ionization (SALDI), in which a single laser desorbs and

ionizes solid analytes; and laser ionization laser desorption mass spectrometry
(L2MS), in which desorption and ionization are separated spatially and temporally with independent lasers.
Model compounds studied include molecules commonly used as matrices in single laser ionization
techniques such as matrix assisted laser desorption ionization (MALDI). We find significant fragmentation
and aggregation in SALDI, such that individual fragment and aggregate peaks are typically more intense
than the parent peak. These fragment and aggregate peaks are expected in MALDI experiments employing
these compounds as matrices. On the other hand, we observe no aggregation and only minimal
fragmentation in L®MS. These results highlight some advantages of L>MS for analysis of complex mixtures

such as asphaltenes.
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Introduction

ass spectrometry is a powerful tool for analysis of
M complex mixtures. Advances in high resolution
analysis now permit the identification of thousands of
individual components in complex mixtures [1-6]. More-
over, novel techniques are being developed to measure
average quantities of complex mixtures [7-9]. This work
complements other spectroscopic analyses measuring the
abundance of functional groups in mixtures [10—15].

The average molecular weight of a complex mixture is an
important quantity and naturally suited for analysis by mass
spectrometry. However, polydisperse samples present nu-
merous significant challenges for mass spectrometry: each
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component must ionize with comparable cross section, and
minimal matrix effect, fragmentation, and aggregation must
be suppressed or at least moved outside the region where
singly-charged parent ions appear, the mass analyzer must
have similar sensitivity for all masses, etc. The issue of
fragmentation and ionization can be particularly challenging
because fragments or aggregates incorrectly assigned as
parent ions can lead to large errors in the resulting average
molecular weight [9, 16—18]. In spectra of pure compounds
or simple mixtures, knowledge of the ionization process can
facilitate assignment of spectral peaks as fragments or
aggregates, and those peaks can then be removed in the
calculation of average molecular weight. For complex mix-
tures, fragments or aggregates of one component may have a
mass similar to the parent mass of another component,
complicating the assignment and removal of fragment and
aggregate signatures.

Laser-based ionization techniques are often used for
analysis of a wide range of samples. The simplest laser-
based ionization technique is laser desorption ionization
(LDI), which uses a single laser pulse to desorb and ionize
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analytes simultaneously. A more common technique is
matrix-assisted laser desorption/ionization (MALDI) mass
spectrometry, in which the analyte is mixed with a matrix to
aid in desorption and ionization [19-22]. The presence of a
matrix enhances the sensitivity, and MALDI is commonly
used for analysis of small molecules either as pure
compounds or simple mixtures. Another common technique
is surface assisted laser desorption/ionization mass spec-
trometry (SALDI-MS), in which the modified surface of a
sample plate assists in transferring energy to the analyte,
resulting in more efficient desorption and ionization [23—
27]. A variety of substrates has been investigated, including
silicon [23], carbon-based materials [28-31], semiconduc-
tors [32, 33], and metals [34-37], and generally good
performance is obtained for analysis of small molecules
[34, 38]. However, fragmentation and, especially, aggrega-
tion can occur in all of these methods, and it has been
proposed that aggregation results from ion-induced dipole
attractions in the dense cloud of ions [39].

An alternative laser-based ionization technique is laser
desorption laser ionization mass spectrometry (L*MS). Here,
desorption and ionization are separated in time and in space and
are performed with separate lasers [40—42]. In the desorption
step, a pulsed infrared (IR) laser desorbs analytes from the
surface of some substrate, such as glass or quartz. In the
ionization step, gas-phase analytes are photoionized, typically
by either resonant enhanced multiphoton ionization (REMPI)
at 266 nm or single-photon ionization (SPI) at 157 nm. REMPI
is a selective ionization method, which is advantageous for
ionizing compounds containing fused benzene rings, such as
polycyclic aromatic hydrocarbons (PAHs). On the other hand,
SPI at 157 nm (7.9 eV) is a nearly universal ionization method
for compounds with ionization energies lower than this photon
energy [43]. A benefit of the two-step process is that ionization
occurs in vacuum, where the density is typically too low for
jon-induced dipole attractions to cause aggregation. L>MS has
been used in a variety of applications, including ancient
terrestrial rocks [44], sediments and soils [45, 46], meteorites
[47, 48], interplanetary dust particles [49, 50], stardust [51],
atmospheric aerosols [52], agricultural samples [53], polymers
[54], asphaltenes [7, 8, 39, 55, 56], and natural water samples
[57]. The analytes detected typically include PAHs, heteroatom-
and alkyl-substituted PAHs, and porphyrins. In contrast to single
laser ionization methods, L*MS spectra of these compounds do
not contain significant signals from aggregates.

Here we compare directly the performance of single-laser
and two-laser analyses, and we extend the investigation
beyond the compounds that have traditionally been analyzed
by two-laser techniques. Single-laser analyses are performed
with SALDI, and two-laser analyses are performed with
L?MS involving both REMPI and SPI. Mass spectra are
recorded for compounds in five different categories as well
as asphaltenes, a complex mixture found in crude oil. The
data show that aggregates common in SALDI are nearly
eliminated in L*MS, and that fragments common in SALDI
are reduced in REMPI-L’MS and nearly eliminated in SPI-

L?MS. The results suggest the L*MS can be an effective
ionization technique for analysis of complex mixtures,
where aggregates and fragments present in other ionization
technique complicate spectral interpretation.

Experimental
Sample Preparation

Compounds in five different categories including a PAH, a
nitrile-substituted PAH, two aromatic carboxylic acids, an
aromatic amino acid, and a nucleobase were studied. All
compounds were purchased from Sigma-Aldrich (St. Louis,
MO, USA) and used without further purification. Asphaltene
molecules were extracted from Middle Eastern crude oils by
diluting the crude oil 1:40 in n-heptane and waiting 2 d for
the asphaltenes to precipitate. The asphaltenes were
extracted from the solution by vacuum filtration through a
nylon membrane possessing 0.65-um pores. The asphaltenes
were then dried and dissolved in toluene to eliminate any
non-asphaltene species in the crude oil that are insoluble in
n-heptane (typically inorganic species). The solution of
asphaltenes in toluene was diluted in n-heptane and vacuum
filtered as before. Finally, the asphaltenes were washed by
Soxhlet extraction in n-heptane for 2 d.

Prior to introduction into the mass spectrometer, the
model compounds are dissolved in either toluene or in an
ethanol/water mixture (1:1) to form a solution of 2.5 mmol/
L, and the asphaltenes are dissolved in toluene to form a
solution of 2 mg/mL. In the SALDI experiments, approxi-
mately 4 pL of solution is deposited on an NP20 array,
which is a commercial silicon group modified substrate
(Ciphergen, Fremont, CA, USA). The array was fixed on a
cassette and loaded into a high vacuum, after allowing 15—
30 min for the solvent to evaporate under ambient
conditions. In the L*MS experiments, small crystals of the
model compounds are fixed on a copper platter with double-
sided tape (Scotch 3M) and transferred into the vacuum
chamber through an interlock. No significant signal was
observed from the use of double-sided tape alone. In the case
of asphaltene analysis, a 20-uL drop of the asphaltene
solution was spotted onto a glass platter and dried under
ambient conditions before being introduced into the system.

Surface Assisted Laser Desorption/lonization
Mass Spectrometry

SALDI-TOF mass spectra were obtained using a PCS4000
mass spectrometer (Bio-Rad, Fremont, CA, USA).
Nonselective normal phase NP20 arrays (Ciphergen, Fre-
mont, CA, USA) were used. The surface of the arrays was
modified by the addition of silicon oxide groups. Mass
spectra were acquired using a pulsed nitrogen laser with a
wavelength of 337 nm. The laser pulse energy was varied
from 250 to 2000 nJ in steps of 250 nJ for each compound.
The mass spectra were externally calibrated using a standard
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mixture of low molecular weight peptides (Bio-Rad). Data
were acquired in the positive ion mode from m/z 0 to 10,000,
focused at 200 Da.

Two-step Laser Desorption Laser lonization Mass
Spectrometry

The L*MS technique has been described in detail elsewhere
[42, 55, 58, 59], and this section provides a brief description
of the apparatus. The sample is introduced into a high-
vacuum chamber through a vacuum interlock and positioned
under the extraction region of the mass spectrometer. The
sample is allowed to outgas for ~30 min to reduce the
background signal after being positioned. A pulse of infrared
(IR) light from a CO, laser (A=10.6 pum; Alltec GmbH,
Selmsdorf, Germany, model AL 882 APS) is focused to a
spot (~50 um in diameter) on the sample surface using a
Cassegrainian microscope objective (Ealing Optics, San
Jose, CA, USA, 15x). This IR laser pulse can generate a
heating rate of about 10® K/s on the highly localized area
[40], which desorbs molecules from the surface of the glass
platter. This rapid heating process favors desorption over
decomposition, allowing this technique to desorb neutral
species with minimal fragmentation.

Desorbed neutral molecules from the platter surface form
a plume in the extraction region during a time of 10 to 50 ps.
This plume is intersected perpendicularly by the VUV
output of the fourth harmonic (1=266 nm) of a Nd:YAG
laser (Spectra Physics, Santa Clara, CA, USA, DCR 11) or a
pulsed F, excimer laser (A=157 nm; Coherent, Inc., Santa
Clara, CA, USA, ExciStar XS 200). The 266-nm laser pulse
ionizes desorbed molecules through 1+1 resonance en-
hanced multiphoton ionization (REMPI) with combined
photon energy of 9.3 eV. This ionization method is suitable
for ionizing organic species that absorb around 266 nm;
thus, it is a selective ionization method for PAHs or PAH-
substituted molecules. The photon fluence for the 266 nm
laser is about 10 mJ/cm?”. Different from REMPI, the SPI is
a nearly universal ionization technique for any molecule
with an ionization potential below the photon energy of
7.89 eV, which is sufficient for ionizing aromatic species.
The photon fluence is approximately 5 mJ/cm?.

The created ions are mass analyzed in a homebuilt
reflectron time-of-flight mass spectrometer (TOF-MS)
employing a modified Wiley—McLaren geometry. A dual
microchannel plate set in a Chevron configuration (MCPs;
20 cm? active area; Burle Electro-Optics, Sturbridge, MA,
USA) coupled to a large collector anode (Galileo TOF-4000)
is used as a detector. The generated ion signal is amplified
by a fast pre-amplifier (Ortec 9326) and a timing filter (Ortec
474), after which it is displayed on a digital oscilloscope
(LeCroy 9450). Each recorded spectrum is averaged over 30
laser shots. The mass resolution of this instrument is
approximately one mass unit at m/z 500, which is compa-
rable to the resolution of SALDI instrument.

Limits of Detection

Limits of detection (LODs) in L*MS are influenced by a
variety of parameters, such as the delay time between the
two lasers, voltage optimization for the mass analyzer, and
the laser pulse energies in both IR and UV lasers [60]. LODs
(S/N=3) for coronene are evaluated to be 50 nmol/mm? in
normal operation conditions. In SALDI, the LODs are
mainly influenced by the laser pulse energy. At the laser
pulse energy of 500 nJ, the LODs for coronene are evaluated
to be 0.6 nmol/mm?. Even better results can be obtained by
optimizing the conditions. It is believed that the higher
LODs in the L>MS are mainly caused by the loss in the laser
desorption step, in which most neutral molecules were
scattered away from the ionization region.

Results and Discussion
The Effect of Laser Power

The laser pulse energy in SALDI has a remarkable influence
on the mass spectra. With more laser pulse energy,
fragmentation and aggregation of ions significantly in-
creased (Figure 1). It is believed that more energy was
transferred into analyte molecules through the substrate and,
thus, generates more fragments with increased laser pulse
energy. The increased laser pulse energy also generates more
charged and neutral particles, which form a denser plasma
plume. Accordingly, the possibility of aggregation in the
denser plasma rises because of the increased frequency of
collisions. Therefore, fragmentation and aggregation be-
tween fragment ions, molecules, and metal atoms/ions from
substrate increased more significantly than the parent ions
when the laser pulse energy increased.

In L’MS experiments, results have shown that the IR
laser pulse energy influences the signal intensity rather than
the aggregation, suggesting separated molecules are
desorbed from the aggregated solid phase [8, 56, 60]. In
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Figure 1. The mass spectra obtained with different laser
powers in SALDI
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the ionization step, the molecules may be decomposed into
fragments by absorbing more photons in a very intense laser
pulse, but this situation can be easily avoided with a proper
UV laser pulse energy.

Due to the importance of laser pulse energies in both
SALDI and L*MS, they were carefully optimized before
each experiment. The laser pulse energy in SALDI was
studied from 500 to 2000 nJ in step of 250 nJ for each
compound. Mass spectra with reasonable signal level but
less fragmentations and aggregations were chosen to
compare with mass spectra in L>MS, in which both IR and
UV laser pulses were optimized separately. As Figure 1
shows, there is a threshold pulse energy below which no
detectable SALDI signal is found. SALDI mass spectra were
acquired with a pulse energy just above threshold and at
higher values. The optimization in L*MS was mainly based
on the signal intensity rather than pattern of the mass
spectrum because fragmentation and aggregation are rare.
Mass spectra presented below were acquired with optimized
results in SALDI and L*MS.

Mass Spectra of Non-Fragile Compounds

Figure 2 compares the mass spectra of coronene from
SALDI (337-nm pulse) with that of L*MS with both 226-nm
and 157-nm laser pulses. All mass spectra show a dominant
parent ion at m/z 300, demonstrating that each technique can
achieve soft ionization under favorable conditions. Despite
the fact that the photon energy in SALDI is much less than
that in LMS, the fragment ion signal at m/z=276 in SALDI
is much stronger than that in both spectra of L*MS,
suggesting that molecules in SALDI absorbed more energy
than in L°MS. The dimer ions at m/z=600 and fragment
attached parent ions at m/z=374 indicate aggregation in
SALDI. In addition, more multimers were observed with
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Figure 2. The mass spectra of coronene in (a) SALDI with

337-nm ionization, (b) L2MS with 266-nm REMPI, and (c)
L2MS with 157-nm SPI

increased laser pulse energy in our experiments (data not
shown), which is consistent with the findings of others [9].
In sharp contrast, both spectra in L*MS are very clean: no
aggregates are observed; no fragment ions are detected in
157-nm pulsed laser ionization; instead, only a small amount
of fragment ions at m/z=276 and 40 appear from the
REMPI-L*MS. Similar results can also be found in the
spectra of 9-anthracenecarbonitrile (Supporting Information,
Figure S-1).

For the non-fragile compounds, both of SALDI and
L°MS show the capability of soft ionization with little
fragments. Most fragments and aggregated ions in SALDI
are easy to assign. In L*MS, the aggregated ions are below
LODs. Fragments in L?MS are weak for REMPI and nearly
eliminated for SPI.

Mass Spectra of Fragile Compounds

Fragments from fragile compounds such as carboxylic acids,
amino acid, and aminobases are easily formed by breaking
bonds between functional groups and other parts of
molecule. Also, aggregation is expected from dipole—dipole
attractions between polar groups in different molecules. The
molecules 2,5-dihydroxybenzoic acid, caffeic acid, L-tryp-
tophan, and 2,6-diaminopurine were selected.

The mass spectrum of caffeic acid in SALDI shows
intense fragments and alkali metal attached ions (Figure 3a).
An intense fragment at m/z=163 in the SALDI spectrum
indicates that OH is easily lost in the ionization. The Na, K,
and COOH attached ions at m/z=203, 219, and 225 suggest
that the metallic and fragment ion attachment in the SALDI
are one of the main ionization methods. On the contrary, no
aggregation is found in L°MS and the parent ions are
dominant. A series of fragments in REMPI-L*MS are found
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Figure 3. The mass spectra of caffeic acid in (a) SALDI with
337-nm ionization, (b) L2MS with 266-nm REMPI, and (c)
L2MS with 157-nm SPI
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(Figure 3b), but only a small fragment at m/z=136 appeared
in the spectrum of SPI-L*MS (Figure 3c).

The SALDI mass spectrum of L-tryptophan includes a
variety of peaks, such as the parent ions, Na attached parent
ions, metal ions from the substrate, fragment ions, and
unidentified aggregated ions (Figure 4a). These peaks form a
complex mass spectrum. On the other hand, in L*MS, no
aggregates are found again. The fragment at m/z=130 is
dominant in REMPI-L>MS (Figure 4b), but very weak in
SPI-L*MS (Figure 4c). The mass spectra of both 2,5-
dihydroxybenzoic acid and 2,6-diaminopurine also show
similar mass spectra: weak parent ions and intense fragments
and aggregates in SALDI; less fragments and no aggregates
in L*MS (Supplementary information, Figures S-2 and S-3).

Generally, the mass spectra of these polar and fragile
compounds in SALDI show complex spectrum with intensive
fragmentation and aggregation, which is difficult to interpret.
Fragment and aggregate peaks are more intense than the parent
ions in all compounds studies. On the other hand, no aggregates
are observed in L*MS. Fragment ions are weak in most of the
REMPI-L*MS and negligible in SPI-L’MS.

Mass Spectra of Asphaltene Molecules

The SALDI mass spectra of petroleum asphaltenes have
been published previously and indicated the observation of
aggregated ions at high laser power and/or sample concen-
tration [16, 61-63]. This signal has been attributed to
aggregate formation in the dense plasma during desorption/
jonization process. The L*MS mass spectra of petroleum
asphaltenes have also been published previously and showed
no indication of aggregates signals over the mass range
studied (below 2000m/z) [8, 39, 55, 56]. According to the
Yen—Mullins model of asphaltene aggregation, asphaltenes
can form stable structures near 5000m/z, referred to as
nanoaggregates [64, 65]. Figure 5 presents the mass spectra
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Figure 4. The mass spectra of L-Tryptophan in (a) SALDI
with 337-nm ionization, (b) L>°MS with 266-nm REMPI, and (c)
L®MS with 157-nm SPI
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Figure 5. The mass spectra of UG8 asphaltenes in (a) SALDI
with 337-nm ionization with laser energy of 2500 nJ, and (b)
L®MS with 157-nm SPI

of UG8 petroleum asphaltene recorded out to 20,000m/z in
SALDI and SPI-L*MS. In SPI-L>MS, no aggregates of any
form are detected in this molecular weight range, whereas
the peak from 1600 to 2100 u and broad peak from 4000 to
7000 u are the evidence of aggregation in SALDI.

Conclusions

Fragmentation and aggregation in SALDI, REMPI-L’MS, and
SPI-L*MS have been studied by measuring mass spectra of six
model compounds and a naturally occurring petroleum
asphaltene sample. Even under optimized conditions, fragmen-
tation and aggregation are extensive in SALDI, and fragment
and aggregate signals are often more intense than the parent
molecular ion signal. Similar signals can be expected for
MALDI experiments, where these compounds are used as
matrices. This fragmentation and aggregation complicates
interpretation of the mass spectra, especially for small
molecules and mixtures where aggregate peaks from one
molecule may overlap parent ion peaks from another molecule.
In stark contrast, mass spectra acquired with L?MS contain no
detectable aggregate peaks. It is suggested that aggregation is
minimized in L*MS because the IR laser is sufficient to break
noncovalent bonds in the solid sample, resulting in desorption
of isolated neutral molecules. The plume of desorbed neutrals
lacks ions that cause ion-induced dipole attractive forces
leading to aggregation in the gas phase. Fragmentation occurs
occasionally in REMPI-L*MS (two photon energy=9.3 eV)
and rarely in SPI-L*MS (single photon energy=7.9 ¢V) for the
compounds studied because in the latter case, the photon
energy is only slightly above the ionization potential of these
molecules. The minimization of fragmentation and aggregation
implies that L*MS may be an attractive ionization technique for
analysis of complex mixtures, where fragmentation and
aggregation found in traditional ionization techniques result
in mass spectra that are difficult to interpret.
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