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An investigation of oleic acid and 2,4-dihydroxybenzoic (DHB) acid aerosols was carried out

using an aerosol mass spectrometer with pulsed lasers for vaporization and ionization and an ion

trap for mass analysis. The extent of ion fragmentation was studied as a function of both

vaporization energy and ionization wavelength. Low CO2 laser energies in the vaporization stage

and near-threshold single photon ionization resulted in the least fragmented mass spectra. For

DHB, only the molecular ion was observed, but for oleic acid fragmentation could not be

eliminated. Tandem MS of the main fragment peak from oleic acid was carried out and provided

a tool for compound identification. Photoionization efficiency curves were also collected for both

DHB and oleic acid and the appearance energies of both parent and fragment ions were

measured. Evidence for fragmentation occurring post-ionization is given by the similar

appearance energies for both the parent and fragment ions. The results from this study were

compared with those from similar experiments undertaken with time-of-flight (TOF) mass

analyzers. The degree of fragmentation in the ion trap was considerably higher than that seen

with TOF systems, particularly for oleic acid. This was attributed to the long storage interval in

the ion trap which allows time for metastable ions to decay. Differences in the degree of

fragmentation between the ion trap and TOF studies also provided further evidence for

fragmentation occurring post-ionization. For 2,4-dihydroxybenzoic acid, the long delay prior to

mass analysis also allowed time for reactions with background gases, in this case water, to occur.

Introduction

Aerosol particles, which range in size from 2 nm to tens of

microns, are ubiquitous in the earth’s atmosphere.1 These

particles have a highly varied chemical composition, but a

significant mass fraction (20–90%) of the submicron aerosol

component is composed of, or contains, organic molecules.2

These organic aerosols are thought to play an important

role in climate, human health, and the chemistry of the

atmosphere.3–5 However, their composition can be extremely

complex, presenting a significant challenge to standard

analytical techniques.6,7

Over the past two decades aerosol mass spectrometry has

become an increasingly important tool for analyzing

atmospheric aerosols and a wide variety of instruments have

been developed for use in both the field and the laboratory.8–10

The main hurdle in organic aerosol analysis is the fragility of

the molecules being studied. Large organic molecules fragment

extensively under traditional ionization techniques like electron

impact and the resulting mass spectra are often very difficult to

interpret, especially if the aerosols contain a mixture of

species. In order to circumvent this difficulty, a considerable

amount of effort has gone into designing aerosol mass spectro-

meters which minimize fragmentation of organics. One

successful strategy has been separation of the vaporization

and ionization stages in combination with soft ionization

techniques.11 Some of the soft ionization methods that have

been employed include photoelectron resonance capture

ionization (PERCI),12 chemical ionization (CI),13,14 metal

attachment,15 resonance enhanced multiphoton ionization

(REMPI),11,16–19 and single photon ionization (SPI).20–29

In many aerosol mass spectrometers mass analysis is done

with either linear quadrupole or time-of-flight mass analyzers,

however ion traps have also been successfully incorporated

into several systems.14,18,30–37 Ion traps have a number of

features which make them appealing for aerosol mass spectro-

metry. They are compact, sensitive, have a large accessible

mass range, collect a full mass spectrum for every particle, and

have the ability to carry out tandem mass spectrometry. For

soft ionization systems in particular, tandem mass spectro-

metry is a desirable feature since a considerable amount of

chemical information is sacrificed when a mass spectrum with

only the parent peak is obtained. Tandem mass spectrometry

makes it possible to determine not only the structure of the

molecular ion, but also the structure of any fragment ions of

interest.

In a previous publication we described the design and

performance of a VUV-ion trap aerosol mass spectrometer.38
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This instrument uses a CO2 laser for vaporization and vacuum

UV from pulsed lasers for soft, single photon ionization.

Separate vaporization and ionization stages combined with

soft ionization are employed to reduce fragmentation; in

addition, an ion trap for mass analysis gives the benefit of

MSn capability. In the previous work we showed results for

caffeine aerosols vaporized at several CO2 laser energies and

ionized with VUV light at 142 nm (8.75 eV). Caffeine is a

robust molecule which has a simple fragmentation pattern

with the base peak at the molecular ion mass even under

relatively harsh electron impact ionization.39

In the caffeine study, fragmentation was negligible at

low CO2 energy, although it was observed for energies above

20 mJ per pulse when using an IR wavelength on resonance

with an absorption band in caffeine. The single particle

detection limits were very good at the VUV wavelength used

(detection limit ofB8 � 105 molecules or approximately 3.5%

of a pure 225 nm particle, assuming that the other compounds

present do not increase the background signal level).

In the current work we expand on this previous study by

looking at two different aerosol types using several VUV

photon energies for ionization. Aerosols of 2,4-dihydroxy-

benzoic acid (DHB) and oleic acid were chosen because they

have very different chemical structures and because both have

been studied using single particle time-of-flight (TOF) aerosol

mass spectrometers, allowing us to draw comparisons between

these instruments and the ion trap device, and to highlight

some of the strengths and weaknesses of the VUV-ion trap

technique.

Like caffeine, DHB is an aromatic hydrocarbon which

forms solid aerosol particles. However, it is slightly less robust

than caffeine and with electron impact ionization the base

peak corresponds to a water-loss fragment.39 Oleic acid is a

monounsaturated fatty acid with a long carbon chain. It forms

liquid aerosol particles and fragments extensively with electron

impact ionization.39,40

In the following we look at the mass spectra for these two

molecules as a function of both the vaporization energy and

the ionization wavelength. When using low vaporization

energies and near-threshold ionization, only the molecular

ion is observed for DHB, whereas for oleic acid extensive

fragmentation occurs even under the gentlest conditions and

only a small amount of the molecular ion is seen. Significant

differences between the results from the ion trap experiments

and those performed using time-of-flight mass spectrometers

were observed and are discussed in detail. In some cases SPI

was replaced with REMPI to provide a better match with the

reference studies and to highlight the differences in the results

obtained with single photon ionization. The results of this

study demonstrate that the ion trap has significant advantages

over TOF systems when using low CO2 laser powers to

analyze more stable compounds like caffeine and DHB. Even

for less stable compounds like oleic acid, the ion trap will

give information complementary to that obtained with TOF

instruments.

The analytical capabilities of the VUV-ion trap instrument

are also further explored in this work. Detection limits are

calculated for both DHB and oleic acid aerosols at two VUV

wavelengths (142 nm and 124 nm), photoionization efficiency

(PIE) curves are shown with both molecular ion and fragment

appearance energies measured, and the accuracy in determining

appearance energies is discussed.

Experimental

2.1 Particle generation

Aerosols for these experiments were made from solutions of

either pure 2,4-dihydroxybenzoic acid (Fluka, Z 98%) or

pure oleic acid (Sigma-Aldrich, Z 99%). The DHB solutions

were made with filtered Millipore (18 MO) water and the oleic

acid solutions were made in 2-propanol (Aldrich, 99.9%).

In both cases the chemicals were used without further

purification. Oleic acid aerosols one micron in diameter were

generated from dilute (B1 � 10�5 g ml�1) solutions using a

TSI vibrating orifice aerosol generator (VOAG, TSI Inc.,

Model 3450). DHB aerosols 600 nm in diameter were generated

from more concentrated solutions (B1 � 10�3 g ml�1) using a

TSI constant output atomizer (TSI Inc., Model 3076). Since

the constant output atomizer generates aerosols with a very

broad size distribution, these particles were size selected with a

TSI DMA (TSI Inc., Model 3081) prior to analysis. Size

selection was done to reduce the number of small particles

(o150 nm) impacting on the ion trap electrodes and vacuum

manifold, which could potentially lead to contamination in the

mass spectrometer over several months of experiments. The

vibrating orifice aerosol generator produces a much narrower

size distribution and particles generated using this method

were analyzed directly.

All aerosols were passed through an 85Kr charge neutralizer

(TSI Inc., Model 3054) before entering the vacuum region of

the aerosol mass spectrometer. This acted as a drying tube and

prevented additional drying and size changes in the aerosol

lens. Those particles made with the constant output atomizer

were also passed through a 2400 Nafion diffusion dryer

(Permapure Inc) prior to entering the DMA.

2.2 Aerosol mass spectrometer

The aerosol mass spectrometer used in these studies is

shown schematically in Fig. 1. It has been described in detail

elsewhere40 and only a brief overview will be given here.

The main components of the system are an aerosol inlet, a

sizing region, and a particle analysis region where aerosols are

vaporized by a pulsed CO2 laser, the free molecules photo-

ionized by pulsed VUV or UV light, and the ions mass

analyzed by an ion trap mass spectrometer.

Particles are drawn into the instrument through an aero-

dynamic lens which consists of a series of apertures modeled

after Liu et al.41,42 The aerodynamic lens focuses the particles

into a tight stream which then passes through a skimmer and

enters the sizing region. In the sizing region the scattered light

from two 532 nm cw Nd:YAG lasers (Excelsior 532 Single

Mode, Spectra Physics) is detected and used to determine

particle velocities. These velocities are recorded by an FPGA

board (PCI-7831R, National Instruments) and used to

generate the laser triggers. The FPGA board also records

information such as the laser powers and the scattering signal

intensity for the analyzed particles.
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After exiting the sizing region, the particles enter the ion

trap mass spectrometer through a 2 mm hole in the ring

electrode where they are vaporized, ionized, and mass

analyzed.

In these studies between 5 and 40 mJ of IR light from a

pulsed TEA-CO2 laser (MTL-3G, Edinburgh Instruments)

was used to vaporize the particles. The CO2 laser is tunable

over 60 lines between 1087 cm�1 (9.2 mm) and 926 cm�1

(10.8 mm), and for this work was used at 944 cm�1 (10.6 mm).

In these experiments the particles were optically thin with

respect to the IR energy and were therefore expected to be

uniformly heated by the CO2 laser pulse. A particle can be defined

as optically thin if the product of the radius, r, the absorption

cross-section, s, and the concentration, C, is {1.29 The IR

absorption cross-sections of bulk (non-particle) DHB and oleic

acid were measured using a Bruker Equinox 55 FTIR. At

944 cm�1 the absorption cross-sections were measured to be

(1.05� 0.07)� 10�19 and (2.3� 1.0)� 10�20 cm2 per molecule

for oleic acid and DHB, respectively. Based on these numbers

rsC { 1 for these experimental conditions. In addition the

particles were small in comparison with the wavelength of the

CO2 laser making it unlikely that internal focusing of the IR

light would give rise to a temperature gradient in the particle.29

Once the particles were vaporized, molecules in the expand-

ing vapor plume were ionized with either vacuum UV light

from a custom built tunable VUV source or by REMPI using

UV light from a pulsed dye laser (Sirah PrecisionScan SL).

The delay between vaporization and ionization was varied

from 0.5 to 30 ms.
The VUV light source has been described in detail

elsewhere38 and will only briefly be reviewed here. In this

system VUV is produced by resonance enhanced four wave

difference mixing in xenon gas. The source is continuously

tunable from 10.2 eV (122 nm) to 7.4 eV (168 nm) and

produces between 1010 and 1013 photons per pulse depending

on wavelength. The generated VUV is separated from the

pump wavelengths by a custom monochromator and focused

to a slightly vertically elongated spot with an area ofB1 mm2.

For the REMPI experiments, UV light with a pulse energy

ofB300 mJ was focused to a spot size of roughly 1.5 mm2 with

the same elongated shape as in the VUV case.

The vaporization and ionization pulses were admitted

through the two diagonal paths between the ring and endcap

electrodes (Fig. 1). The energy for both was measured after

exiting the ion trap. For the CO2 laser a power meter with a

thermal detector (Ophir Model 3A-SH) was used to measure

the average IR power. For the VUV a fast phototube

(Hamamatsu, R1328U-54) was used to measure the single-

shot energy. In the case of the UV light a fraction of the pulse

energy was detected with a fast photodiode, the response of

which was calibrated using a power meter with a thermal

detector (Ophir Model 12A-P).

In the current setup the paths of the vaporization and

ionization lasers and the path of the particle beam do not

intersect in the center of the trap. Instead the particles first

pass through the IR and then the VUV or UV beam as they

traverse the ion trap (inset of Fig. 1). The distance that the

aerosols travel between the two intersection points is on the

order of 2 mm. This was measured by increasing the power of

both the IR and UV laser so that ions were generated by each

one independently. Varying the timing of the firing in these

single laser experiments made it possible to determine the

location of the two beams relative to the particles. As a result

of this distance, there is no ion signal if the ionization pulse is

fired immediately after the CO2 laser. However, if the delay

between the two laser pulses is varied, a profile of the

expanding plume from the vaporized aerosol can be obtained

(Fig. 2). The shape of this profile is primarily dependent on the

distance between the two laser beams and the translational

energy of the vaporized molecules which expand outward from

the particle, filling, and then passing beyond the ionization

volume. The translational energy of the expanding plume is

Fig. 1 Instrument schematic.

Fig. 2 The evolution of the total ion signal for oleic acid as a function

of the delay between vaporization and ionization at two CO2 laser

energies.
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highly dependent on the vaporization energy and, as a result,

the time at which the ion signal reaches its peak can vary

significantly with the CO2 laser power (Fig. 2). In addition, the

internal energy of the molecules varies with the delay between

the vaporization and ionization pulses.43 As a result, the

fraction of the total ion signal that comes from the parent

and fragment ions varies with the ionization delay, with a

proportionate increase in molecular ion signal at longer delay

times, in agreement with results seen by Nash et al.26 The

dynamics of the plume expansion and the information that

this conveys about the particle heating will be explored in

detail in a future publication. For this study full scans of the

ionization delay time were obtained and the results presented

are from an average of several hundred shots at the delay

which gave the maximum total ion signal, a strategy similar to

that of Nash et al.26

In all cases the ion trap was operated in mass selective

instability mode.44 Prior to ejection the ions were collisionally

cooled for 10 ms in approximately 1 mTorr of helium gas.

Supplemental ac waveforms can also be applied to the endcap

electrodes in order to perform tandem mass spectrometry or to

conduct mass scans in resonant ejection mode, which gives

extension of the available mass range.45 In these experiments

tandem mass spectrometry was implemented by applying

supplemental SWIFT waveforms45–48 to the endcaps using

custom Labview (National Instruments) software. After

ion formation, trapping, and cooling, the selected mass was

isolated by applying two rounds of notched broadband wave-

forms for 5 ms and 3 ms with widths of 15 Da and 2 Da,

respectively. The isolated ions then underwent collisional

induced dissociation with He buffer gas for 20 ms, followed

by collisional cooling and mass analysis.

Mass calibration of the ion trap was done using 70 eV

electron impact analysis of small amounts of perfluorotributyl-

amine. Mass scans were performed at a scanning speed of

4000 Da s�1, with a mass resolution under these conditions

of B500 m Dm�1 at m/z = 264.

Results and discussion

3.1 Mass spectra as a function of vaporization energy

(with near-threshold ionization)

Fig. 3 shows mass spectra from DHB and oleic acid aerosols

vaporized with several different CO2 laser energies and ionized

using the same, near-threshold, VUV photon energy of

8.75 eV (142 nm). These mass spectra are presented in the

same manner as the previously reported results for caffeine

aerosols which were also vaporized at several CO2 pulse

energies and ionized at 8.75 eV.38

For any given aerosol type it can be seen that the extent

of fragmentation is heavily dependent on the CO2 laser

energy used for vaporization, a result consistent with observations

by other groups that the degree of fragmentation is a

strong function of particle heating, regardless of the soft

ionization method chosen.21,22,24,26–28 It can also be seen that

the degree of fragmentation is dependent on the type of

molecule being studied. For caffeine, almost no fragmentation

was seen until quite high vaporization energies were reached

(B20 mJ per pulse), whereas for oleic acid an equivalent

energy leaves only 5% of the total signal coming from the

molecular ion. DHB is an intermediate case, at low CO2 laser

energy only the molecular ion is observed, but at higher

energies it is reduced to a minor component of the mass

spectrum.

Preliminary results were also obtained for linolenic acid

aerosols. Like oleic acid, linolenic acid is a long chain fatty

acid with 18 carbon atoms, however, it contains three double

bonds in contrast to oleic acid’s one. For linolenic acid

aerosols vaporized with low energy CO2 pulses (5 mJ per

pulse), only B2% of the total ion signal is from the molecular

ion. To some extent the differences in fragmentation of the

species studied here may be a result of the differences in IR

absorption cross-sections of the molecules. For example, at

944 cm�1 linolenic acid has an IR absorption cross-section

almost twice that of oleic acid (estimated from literature

spectra with absorbance normalized to the CQO band)49

which could result in the much lower abundance of molecular

ion that was observed.

Fig. 3 Mass spectra of (a) DHB and (b) oleic acid as a function of

CO2 laser energy. For DHB the spectra were taken with 10, 15, 20, and

25 mJ per pulse of CO2 laser energy at 944 cm�1 and a VUV

wavelength of 142 nm. For oleic acid the spectra were taken with 5,

15, 20, and 40 mJ per pulse of CO2 laser energy at 944 cm�1 and a

VUV wavelength of 142 nm.
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Although it causes increased fragmentation, the benefit of

high CO2 laser energy is that a higher fraction of the aerosol is

being vaporized. This results in a higher total ion signal which

can give lower detection limits by improving the signal to

noise ratio.

Although at low CO2 laser energy it is unlikely that the

entire particle is being vaporized, the combination of low

vaporization energy and near-threshold ionization gives the

benefit of relatively simple mass spectra. For caffeine and

DHB only the molecular ion is observed and in cases like

these tandem MS can be used to positively identify organics

even in complex mixtures.

Oleic and linolenic acids, on the other hand, have very little

molecular ion remaining even at low vaporization energies.

Nevertheless, the fragmentation patterns for oleic and linolenic

acid at low vaporization energies are biased towards a few

large, high m/z fragments. These high m/z fragments could be

used as markers and targets for tandem MS (see Section 3.4).

We also expect to see reduced fragmentation, and thus

increased ease of molecular identification, for systems containing

other aromatics and shorter chain n-alkanes, n-alkenes,

ketones, and carboxylic acids. These classes of molecules have

been shown to have higher stability with 10.5 eV SPI50,51 and

shorter chain lengths mean that less CO2 energy will be

required to vaporize the particles.

The fragmentation observed in the aerosol mass spectra for

oleic acid is more than initially expected based on previous

aerosol studies that incorporated an IR laser for vaporization,

soft photoionization, and TOF-MS for mass analysis.26 The

differences between the ion trap results and previous TOF-MS

results are discussed in detail in Section 3.4.

3.2 Mass spectra as a function of VUV energy

One of the strengths of this approach is that the tunable VUV

source allows the photon energy to be set very close to

the ionization threshold of a molecule of interest. This

near-threshold technique should reduce the amount of

fragmentation by depositing very little excess energy in the

molecule during ionization. This strategy has been successful

in other aerosol experiments using TOF mass spectrometers,25,26

but it has not been previously demonstrated for a VUV ion

trap combination. The mass spectra in Fig. 3 show that the

molecular ion signal is seen for both DHB and oleic acid, but

they do not demonstrate the effectiveness of near-threshold

ionization in reducing the amount of fragmentation.

In Fig. 4 mass spectra from DHB and oleic acid aerosols

that were vaporized at two different CO2 pulse energies and

ionized with two different VUV wavelengths are shown. The

impact of changing the VUV photon energy at both low and

high CO2 laser energies is discussed below.

3.2.1 Low CO2 laser energy. At low vaporization energy

the benefit of near-threshold ionization can be clearly seen

for both DHB and oleic acid. For DHB at low CO2 energy

(10 mJ per pulse) and with near-threshold ionization (8.75 eV,

142 nm) only the molecular ion is seen. In contrast, if the VUV

photon energy is raised to 10.0 eV (124 nm), the molecular

ion accounts for only 70% of the total ion signal, with the

remaining 30% coming from the water-loss peak (at m/z 136).

This higher photon energy is typical of many VUV sources

which employ 10.5 eV radiation produced by tripling the third

harmonic of an Nd:YAG laser.

For oleic acid vaporized with low CO2 energy (7 mJ per

pulse) there is some fragmentation at both VUV wavelengths,

but the near-threshold spectrum is considerably less complicated.

At 8.75 eV there are no fragments below m/z 100 and most of

the ion signal comes from only a few prominent species. The

largest peak is from the water-loss fragment at m/z 264, and

some molecular ion is seen at m/z 282. When the VUV energy

Fig. 4 (a) DHB and (b) oleic acid mass spectra as a function of

vaporization energy and ionization wavelength. In all cases the spectra

were normalized to the most abundant ion peak and therefore care

should be taken when comparing the peak intensities for different

experimental conditions.
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is raised to 10.0 eV the molecular ion signal is virtually

eliminated and the abundance of fragment peaks is considerably

increased.

When compared to electron impact ionization, the benefits

of near-threshold ionization are obvious for both DHB and

oleic acid. For DHB, electron impact ionization even at low

CO2 energies results in extensive fragmentation, with only 4%

of the total ion signal coming from the molecular ion (this is

without considering the possibility of very low mass fragments

below the mass range used in these experiments). For oleic

acid, electron impact ionization with relatively low CO2 energy

results in extensive fragmentation, with no molecular ion

signal, and almost no ion signal at all above m/z 100.

3.2.2 High CO2 laser energy. For oleic acid the benefit

of near-threshold ionization even at high CO2 energy

(25 mJ per pulse) is fairly clear. At 8.75 eV there is a prominent

peak at m/z 264 and few fragments below m/z 75. At 10.0 eV

there is virtually no signal above m/z 175 and considerable

signal below m/z 75. For DHB the benefit of near-threshold

ionization is less clear at high CO2 energies. At 25 mJ per pulse

the molecular ion accounts for 10% and 12% of the total ion

signal at 8.75 and 10.0 eV, respectively. On the other hand,

with 10.0 eV ionization the lower mass fragments (108 and 80m/z)

become more prominent.

3.3 Determining ionization energies

Another benefit of a tunable VUV source is the ability to

obtain photoionization efficiency curves which can be used to

identify compounds by their appearance energies. Fig. 5 shows

the photoionization efficiency curves for DHB and oleic acid.

These were obtained by continuously scanning the VUV

wavelength and recording both the ion signal and the VUV

power for each laser shot. Scan speeds were on the order of

0.005 nm s�1 (0.0003 eV s�1 at 140 nm) and spectra were

recorded 3–4 times per second to give a resolution ofB0.002 nm

(0.0001 eV). Any fluctuations in the VUV intensity were

compensated by normalizing the ion signal to the recorded

VUV power. The ability to measure an appearance energy for

caffeine was demonstrated in a previous publication.38 Here

we also measure appearance energies for the DHB and oleic

acid parent and fragment ions. The measured appearance

energies for the molecular ions of DHB and oleic acid are

8.42 � 0.05 eV and 8.65� 0.05 eV, respectively (black traces in

Fig. 5). The uncertainty in these measurements arises mainly

from the uncertainty in fitting a line to the linear portion of the

PIE curve. The ionization energy for oleic acid has been

previously measured as 8.68 eV25 and the appearance energy

measured here agrees well with this value.

Although the ability to identify compounds by their

appearance energy can be quite useful in determining aerosol

constituents,27 it should be noted that for small particles or

low abundance components, signal to noise issues may make

collection and interpretation of PIE curves more difficult. In

such cases many spectra can be collected and averaged at

discreet VUV wavelengths to construct PIE curves, although

this will of course be time consuming. In addition, uncertainty

in fitting the linear portion of the PIE curves can be reduced by

acquiring points over a broader VUV wavelength range.

An interesting feature of the PIE curves is that the individual

fragment ions all show roughly the same appearance energies

as the molecular ion for both DHB and oleic acid (Fig. 5). For

DHB a low vaporization energy was used and only a single

fragment at m/z 136 was observed. This fragment had an

appearance energy of 8.50 eV, 0.08 eV higher than the

molecular ion. It is possible that the appearance energy for

this fragment is in fact slightly higher than that of the

molecular ion, but since both measurements have an

uncertainty of 0.05 eV, we cannot conclusively say that it is

different. For oleic acid the parent and fragment ions all

appear at the same VUV photon energy. Fig. 5 shows

representative traces for high and low mass oleic acid

fragments at m/z 264 and m/z 127.

An interesting question that arises for these systems is

whether fragmentation occurs before or after ionization.20,25,26

Two scenarios are possible; in the first scenario the molecule is

fragmented during vaporization and the neutral fragments are

then ionized by the VUV light. In the second scenario the

neutral molecule generated during vaporization, is subsequently

ionized by the VUV light, and then decays to give fragments

post-ionization. The fact that we observe the same appearance

energies for the molecular ion and the fragment ions supports

the case of fragmentation occurring post-ionization, a reasonable

possibility given the generally lower dissociation energies of

ionic species. If a series of neutral fragments were to be

Fig. 5 Photoionization efficiency curves for (a) DHB and (b) oleic

acid. The molecular ion peaks are at m/z 154 for DHB and m/z 282 for

oleic acid. The break in the DHB curve from 8.42 to 8.48 eV occurs

because a strong resonance line in xenon prevents VUV generation in

this region.
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ionized, the appearance energies would almost certainly be

different. One would expect this to be especially true in the

case of oleic acid where the m/z 282 and m/z 127 ions are likely

to have quite different structures, although for DHB the

fragment is similar enough in structure to the parent molecule

that this interpretation might not apply. In addition to

the appearance energies, a comparison of the mass spectra

obtained with the VUV-ion trap system and a VUV-TOF

system also supports fragmentation occurring post-ionization.

This is discussed in detail in Section 3.4.

The most probable scenario regarding fragmentation seems

to be that the vaporization step imparts enough internal

energy to the molecule to let it dissociate after ionization even

with very low VUV photon energies, making the appearance

energies of the fragments the same as that of the molecular ion.

Such a shift to lower fragment appearance energies with

particle heating was observed by Wilson et al. in a study of

tryptophan aerosols using a heater for vaporization.52

However, although high internal energy can shift the appearance

energy of fragments arising from an ionized molecule, it has

only a small effect on the cross-sections of polyatomic neutral

molecules and very little change in the molecular ion appearance

energy is expected.53,54 This makes identification of molecules

using appearance energies possible even with considerable

heating.

3.4 Comparison with results from TOF mass spectrometers

Both DHB and oleic acid have been studied previously in

other single particle aerosol mass spectrometers, allowing a

comparison of the results from this study with the results from

time-of-flight systems.

Nash et al. studied 3–4 mm oleic acid particles using a CO2

laser for vaporization and VUV generated by pulsed lasers for

single photon ionization.26 The mass analysis in their system

was done using a TOF mass spectrometer, but the conditions

for vaporization and ionization were very similar to those used

in this study.

Nash et al. reported the ratio of parent to total ion signal as

a function of the CO2 laser energy. We have re-plotted their

data in Fig. 6a along with the data from this study. It can be

seen that fragmentation is much more extensive in the ion trap

experiments than in the work of Nash et al. We believe that

this disparity occurs because of the type of mass spectrometer

used and the resulting difference in the time that the ions are

stored prior to mass analysis.

In their study Nash et al. noted that if the extraction pulse in

their TOF mass spectrometer was delayed by 3 ms, the ratio of

the molecular ion to the water-loss fragment decreased from

1.72 to 1.27, an effect they attributed to the decay of a

metastable oleic acid molecular ion with a low dissociation

rate constant. Using these ratios we can calculate an approximate

rate constant for the decay of the metastable oleic acid ion

which gives a half-life on the order of several tens of micro-

seconds. In the ion trap, residence times for the ions are on the

order of tens of milliseconds. Helium gas is introduced to cool

the ions and collisions with helium should thermalize

and therefore stabilize the metastable ions. However, at the

1 mTorr pressure used in the trap, the collision rate with

helium is on the order of 1 per 120 ms. Even considering the

upper limit for cooling, where only a single collision with

helium is required to quench the excited oleic acid ion, there is

still ample time for the metastable ions to dissociate. The fact

that we calculate an approximate half-life on the order of

several tens of microseconds from the Nash data means that

Fig. 6 A comparison of this study with the studies of (a) Nash et al.26

and (b) Morrical et al.11 The ratio of parent to total ion signal is

plotted as a function of (a) the vaporization pulse energy or (b) power

density depending on the units used in the original work. In this study

a TEA pulsed CO2 laser was used at 944 cm�1 (10.6 mm). The laser

focus has a Gaussian spatial profile with a FWHM of 0.9 mm and a

total pulse duration of B1 ms with a sharp 150 ns wide spike at the

beginning of the pulse accounting for approximately 50% of the total

energy. Based on a different study from the same group66 we assume

that for Nash et al. the CO2 laser spot was 0.9 mm and the pulse

duration was 140 ns. Given the similarity of the two pulses, the points

in (a) are not corrected for any differences in beam profile or pulse

duration. The dotted line in (a) shows a lower limit for the values of

Nash et al. if a correction is made for differences in the dependence

of total ion signal on CO2 laser energy (see text). For the work of

Morrical et al. we know only the total CO2 focal area, which is given as

3.2 � 10�2 cm2. Since we do not know the spatial profile of the laser

used byMorrical and colleagues, we can consider a worst case scenario

in which their laser spot has a top-hat profile with a uniform energy

distribution across the whole profile. This would result in the aerosols

being exposed to only 40% of the energy as in the Gaussian profile

case. The data point shown in (b) does not account for any differences

in laser profile; however, we have added a horizontal arrow which

shows where the point from their work would fall with relation to the data

from this study if this correction for a top-hat beam profile was made.
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one would expect to see almost no molecular ion after 120 ms,
which is indeed the case for the collected spectra.

It should also be noted that, in general, Nash et al. used

much higher CO2 pulse energies than were used in this study.

This discrepancy might be due to the much higher mass of the

particles used by Nash et al., or it might be due to differences

in the CO2 beam profiles of the two lasers used. Despite

some uncertainty in comparing the CO2 pulse energies from

the two experiments directly, we have attempted to scale the

two sets of data to account for some of the possible

discrepancies. In the study of Nash et al. a plateau starting

at around 150 mJ per pulse was observed in the plot of total

ion signal versus vaporization energy. This could indicate the

onset of complete vaporization of the particles. In the ion trap

experiments the dependence of the total ion signal on CO2

pulse energy became less steep after an energy of approxi-

mately 25 mJ per pulse was reached, although a true leveling

was never observed. In Fig. 6a we have plotted a line that

shows where the values of Nash et al. would fall if we scaled

their energies so that the leveling seen in the ion trap signal

overlapped the beginning of the plateau in their data. Even

with this adjustment made, the fragmentation is much more

extensive in the ion trap experiments.

An interesting consequence of the different degrees of

fragmentation seen for the ion trap and TOF systems is that

it gives some insight into when the decomposition of oleic acid

occurs. In the previous section we discussed how the observed

appearance energies for oleic acid fragments support the idea

that fragmentation is occurring after ionization rather than as

a result of vaporization alone. The large differences between

the mass spectra from this study and that of Nash et al.

give additional evidence that fragmentation of oleic acid is

occurring post-ionization. Since the time between vaporization

and ionization is very similar in the two systems, one would

expect to see similar ratios of parent to total ion signal if the

fragmentation were occurring during this interval. The fact

that much more fragmentation was seen in the ion trap system

argues for a primarily post-ionization mechanism.

To further explore the differences between ion trap and

TOF systems, we can compare the DHB results from the ion

trap with results obtained by Morrical et al. using a TOF MS.

Morrical et al. used a pulsed CO2 laser to vaporize 1 mm DHB

particles followed by REMPI using a 266 nm UV laser pulse.11

In this study low energy single photon ionization was used

(142 nm, 8.75 eV) and decreased fragmentation compared to

Morrical and co-workers was expected. This was indeed the

case for low IR fluences (5 � 106 W cm�2, 10 mJ per pulse)

where the ratio of parent to total ion signal was close to 1,

however, when the power density was raised to 1.6� 107W cm�2

(30 mJ per pulse) the ratio of parent to total ion signal

dropped to only 0.15. Morrical et al. had a ratio of approxi-

mately 0.6 at an IR fluence of 5 � 107 W cm�2.11 Even when

we introduce a correction factor to account for possible

differences in CO2 beam profile (horizontal line in Fig. 6b)

the fragmentation in the ion trap experiments is considerably

higher for lower IR power densities.

To obtain a better comparison with Morrical’s work, we

also carried out a series of experiments using resonance

enhanced multiphoton ionization with a UV laser pulse at

249 nm. Even with the lowest possible CO2 laser intensity,

the ratio of parent to total ion signal in these REMPI

experiments was only 0.26, considerably lower than the value

of B0.6 obtained by Morrical et al. Of interest is the fact that

although REMPI is a soft ionization technique, it still deposits

considerably more excess energy in the ions than is the case for

near-threshold single photon ionization. At low vaporization

energy close to 100% of the total ion signal comes from the

molecular ion when SPI is used, however, when REMPI is

used a maximum of 26% of the total ion signal comes from the

molecular ion.

One major difference between this study and those of both

Morrical et al. and Nash et al. is the size of the particles used.

Morrical et al. used 1 mm DHB particles whereas in this work

600 nm particles were used. Nash et al. used 3–4 mm oleic acid

particles whereas 1 mm particles were used in this work.

In order to test the effect of particle size on the degree

of fragmentation, mass spectra were collected from DHB

particles ranging in diameter from 300 nm to 700 nm, a factor

of 12.7 change in particle volume. This change in particle size

did not reveal any clear trend towards more or less fragmentation.

This is not particularly surprising given that the particles are

uniformly heated (see Experimental Section 2.2) and as a

result the amount of IR energy absorbed per unit volume is

independent of particle size.

Since particle size does not appear to be a major factor, it is

likely that the higher degree of fragmentation observed for

DHB in the ion trap experiments is, like the oleic acid, due to

the decay of metastable ions during the long storage interval

prior to mass analysis.

The conclusion that the fragmentation observed in this

study is related to the type of mass spectrometer used and

the long storage time in the ion trap is consistent with very

recent observations by J. D. Smith and K. R. Wilson (personal

communication). These researchers studied stearic acid

aerosols using TOF mass analysis and observed a single peak

at the molecular ion mass. When an ion trap, with storage

times from 10 to 100 ms, was used in lieu of the TOF mass

analyzer, only fragment ions were observed.

Metastable ion decay is a well known phenomenon in

MALDI. It can be either beneficial or detrimental depending

on the application. Post-source decay can be used to gain

structural information from large biomolecules,55 but it can

also result in complicated mass spectra, especially for mixed

samples of unknown compounds.56 Several groups using

MALDI have experimented with high pressure pulses

immediately after ionization to control fragmentation by

quickly thermalizing and stabilizing the metastable ions.56–58

This high pressure pulse approach has worked well for large

biomolecules in MALDI systems, and may be an option in our

instrument as well.

As shown above, aerosol mass spectrometers with

time-of-flight mass analyzers have an advantage over ion trap

systems in that less fragmentation is observed when dealing

with labile molecules. One may ask, based on this data, if a

TOF mass analyzer would be more useful in an aerosol

instrument. The answer to this depends on the type of

molecule to be studied. The ion trap system works particularly

well when using low CO2 energies and studying more stable
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compounds like caffeine and DHB. In these cases only the

molecular ion is observed and tandem MS can be used for

positive identification. For labile molecules like oleic acid, the

time-of-flight instruments have an advantage in that they give

considerably less fragmentation, although even these systems

do not give mass spectra consisting exclusively of molecular

ion.25,26 However, even for molecules like oleic acid, the

tandem MS capabilities of the ion trap can be used to

determine structural information from fragments that appear

in the mass spectrum. In addition to giving structural information,

MS/MS spectra from these fragments could be used as

markers for specific organic molecules and for product

identification. In Fig. 7 we show the MS/MS spectrum for

the main fragment ion observed in the oleic acid mass

spectrum. The fragmentation pattern from this ion can be

used to help identify oleic acid in a mixture of compounds. The

MS/MS efficiency of the ion trap is also high enough that

tandem mass spectra can be collected for individual particles,

although for oleic acid the signal to noise ratio for individual

particles is not exceptional.

More work is needed to determine if the tandem mass

spectra for individual particles will be sensitive enough for

quantitative studies of complex aerosol particles. The current

data suggest that the averaged MS/MS spectra will be useful

for aerosol studies. (See below for an expanded discussion of

possible future experiments.)

It seems reasonable to suggest that the ion trap will provide

information complementary to that obtained with TOF

systems, even for less stable molecules like oleic acid. Perhaps

the best mass analyzer for this instrument would be a Q-TOF.

This would allow both analyses of metastable ions and

MS/MS experiments. Another option is to operate the ion

trap at high pressures using a pulsed gas source as mentioned

above. Experiments in either of these directions would be

interesting.

3.5 Ion trap chemistry

In order to better understand the effect of ion storage time on

the extent of fragmentation, experiments were done in which

the trapping time was increased from the minimum ofB25 ms

to a maximum of 830 ms. For oleic acid this increase in

trapping time had no discernable effect on the extent of

fragmentation, a result consistent with the decay of metastable

ions on a microsecond timescale resulting in a stable distribution

of ions. For DHB, however, an interesting phenomenon was

observed. As the storage interval was increased to very long

times, there was an increase in the fraction of ion signal at the

molecular ion mass (m/z 154).

Fig. 8 shows the relative abundances of the DHB molecular

ion and main fragment ion (m/z 136) as a function of trapping

time and helium bath gas pressure. Extending the trapping

time to several hundred milliseconds revealed an almost total

conversion of the m/z 136 progeny to generate ions at m/z 154.

Since ion cooling does not result in recombination of an

already fragmented ion, the most plausible explanation is a

reaction with background species, in this case water. In the ion

trap a significant part of the background pressure comes from

water vapor (based on EI mass spectra) and this water vapor

could provide an ample supply for the reaction. An ion-

molecule reaction of this kind is expected to be heavily

Fig. 7 TandemMS of oleic acid, all spectra except (d) are the average

of 300 laser shots. (a) Aerosol mass spectrum of oleic acid vaporized

with a CO2 energy of 7 mJ per pulse and ionized with 8.75 eV VUV

photons, (b) isolation of water-loss fragment at m/z 264, (c) MS/MS

spectrum of m/z 264, and (d) single particle MS/MS spectrum of m/z

264.

Fig. 8 Contributions of DHB ions atm/z 154 andm/z 136 to the total

ion signal at 6 ms ionization delay as a function of (a) trapping time

and (b) helium pressure.
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pressure dependent, a fact that can be easily confirmed by

varying the helium pressure (Fig. 8b). The mono-exponential

dependence suggests that at the pressures used here the

reaction rate is exclusively limited by the He gas pressure

(Lindeman’s low pressure limit). The fact that almost identical

recombination yields are obtained at 34 ms cooling time with

4.4 mTorr helium and 100 ms cooling time with 1.4 mTorr

helium further supports the idea of a recombination mechanism.

The observation that stored ions can undergo reactions is

another effect that arises from the long storage time of ions in

the trap. Reactions with a background neutral, as shown here,

are a distinct possibility. Since there is no expected spatial

focusing effect from longer storage times, cooling times should

always be kept at a minimum (1 ms).

The fact that long storage times lead to an increased

abundance of ions at the parent mass seems to suggest that

we should actually see a higher fraction of molecular ions in

our mass spectra when compared with the results of Morrical

et al. since the time between ionization and mass analysis is

orders of magnitude longer in our system. This would indeed

be the case if the storage time in the ion trap was several

hundred milliseconds rather than tens of milliseconds,

however, we believe that two different processes are occurring

and that the combined effect gives us low molecular ion

abundances at shorter storage times. The first process is a fast

decay of metastable ions that occurs on a timescale shorter

than the minimum extraction time of B30 ms and leaves us

with low molecular ion abundance under normal operating

conditions. The second is the much slower recombination

process described above that regenerates ions of m/z 154 on

long timescales. Based on the extrapolated ratios from Fig. 8a,

the nascent parent ratios at 0 ms storage time should be

probably 25% less than those reported in Fig. 6, at 34 ms

effective storage time.

3.6 Detection limits

In previous work a single particle caffeine detection limit of

8 � 105 molecules (3.5% of a pure 225 nm aerosol) with

ionization at 8.75 eV (142 nm) was calculated. In the

previously reported caffeine data, and the results presented

here, the reported detection limits are predicated on a

negligible background at the mass peak used for detection.

While our pulsed technique guarantees that there will be

virtually no gas background, in a complex mixed aerosol there

might be an increased background from fragmentation of

other components.

In addition to the caffeine data, some tentative estimates as

to what the detection limits would be for other aerosol types

using shorter VUV wavelengths for ionization were made in

the previous study.38 In this work we have collected DHB

and oleic acid mass spectra at both 8.75 eV (142 nm) and

10.0 eV (124 nm) and we can calculate detection limits for

these particles at these two VUV photon energies.

The intensity of the ion signal at a particular VUV photon

energy is determined by two factors. As the VUV wavelength

is shifted from 8.75 eV to 10.0 eV the number of photons per

pulse is reduced by two orders of magnitude.38 The resulting

signal reduction is compensated by the increase of the

molecular ionization cross-section as the VUV wavelength is

shifted towards the blue away from the ionization threshold.

As a result the detection limit at a particular wavelength can

vary considerably from molecule to molecule.

To calculate a detection limit we average several hundred

mass spectra and set a detection limit of three times the

standard deviation of the baseline noise at the most intense

peak. The signal to noise ratio at this most intense peak is used

to determine the detection limit. Because higher vaporization

energies result in more fragmentation, it is often the case that

the best detection limit is achieved for a low to intermediate

CO2 laser energy where only a few peaks are very prominent.

For DHB the detection limit at 8.75 eV is B7.0 �
105 molecules. At 10.0 eV the detection limit is B1.2 �
107 molecules. These are equivalent to B2.5% and B40%

of a 225 nm particle, respectively (assuming that the other

compounds present do not increase the background signal

level), which is relevant for our studies since the scattering

detection limit in the sizing region of the aerosol mass spectro-

meter is B225 nm.40 This is calculated from the measured

scattering intensity of 300 nm polystyrene latex spheres which

are detected with B70% efficiency. With the current optical

setup the scattering detection efficiency for polystyrene latex

spheres is 490% for particles above 400 nm.40

For oleic acid the detection limit at 8.75 eV is B2.6 �
107 molecules (equivalent to a pure particle diameter ofB300 nm).

At 10.0 eV it is B5.2 � 107 molecules (equivalent to a pure

particle diameter of B375 nm). For oleic acid the minimum

detectable particle sizes are larger than the scattering detection

limit of the instrument, but are equivalent to B2.6%

and B5.2% of a 1 mm particle, respectively.

These detection limits are more than adequate for hetero-

geneous studies and we anticipate that a realignment of the

system to bring the CO2, VUV, and particle beams on top of

each other in the center of the ion trap will give approximately

an order of magnitude increase in the ion signal (assuming

instantaneous evaporation) which should substantially decrease

the detection limit. If the particle is vaporized within the

ionization volume, there is no need to wait for the vaporized

molecules to reach the ionization region and the VUV laser

can be fired at an earlier time when the vapor plume is much

denser and more of the molecules are contained within the

ionization zone.

Future work

This instrument is intended for use as a laboratory tool to

study several processes of interest in organic aerosol chemistry.

One series of measurements that will be undertaken is a study

of heterogeneous reactions between PAH containing particles

and oxidants such as OH, NO3, and O3. By studying PAH

containing particles, fragmentation should be minimized. It is

important to note that PAH studies can also be conducted

with much simpler UV lasers and REMPI for ionization,

but as shown in Fig. 6, this leads in some cases to more

fragmentation than single photon ionization. In addition,

unlike REMPI, the use of single photon ionization allows

for the possibility of observing non-aromatic oxidation

products. Also, single photon ionization is preferred for
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quantitative studies since the single photon ionization cross-

sections vary much less from compound to compound than

REMPI cross-sections do. A tunable VUV source also allows

ion appearance energies to be acquired. The value of appearance

energies in identification of oxidation reaction products was

demonstrated in a study of anthracene coated particles under-

taken by Gloaguen et al.27 With the instrument presented

here both appearance energies and MS/MS can be used in

compound identification providing a powerful tool for

laboratory studies.

Other options for studying PAH particle chemistry include

GC-MS. However, GC-MS, like our instrument, has its own

set of limitation. For example, it is well known that a majority

of components of organic aerosol will not be resolved in

conventional GC-MS59,60 and that even more sophisticated

2D techniques are not immune to the fact that most of the

multifunctional organics cannot be eluted at all from conventional

columns.61

In addition to heterogeneous chemistry experiments, this

instrument shows some promise for characterization of real

world aerosols from combustion sources which tend to contain

a significant fraction of PAHs.1,62 In these studies tunable

VUV and MS/MS could again be used to help in compound

identification and the single particle capabilities could be used

to investigate particle-to-particle variability and extract size

dependent information. More work is needed, however, to

determine the usefulness of our technique for these studies. We

also plan to use this instrument to study other types of

heterogeneous reactions on organic particles, for example

reactions between olefin containing particles and oxidants

such as OH, NO3, and O3. We will look at these types of

reactions using shorter chained olefins than oleic acid. This

will reduce the energy required to vaporize the particles which

may result in less fragmentation. Again, more work is needed

to confirm the usefulness of the ion trap instrument for these

studies.

An issue not addressed in this manuscript is quantitative

detection. Preliminary work by Woods et al.20 has

demonstrated that single particle aerosol mass spectrometers

with separate laser vaporization and ionization can give

quantitative results. Preliminary work using our instrument

also suggests that quantitative results may be attainable as

long as the IR absorption cross-sections are not changing

significantly as a function of particle composition. However,

more work is required to understand the implications of

particle composition and IR absorption for quantitative

studies.

Conclusions

In this work DHB and oleic acid aerosols were studied using a

pulsed CO2 laser for vaporization, single photon ionization

with vacuum UV, and an ion trap for mass analysis. The

extent of fragmentation seen in the mass spectra was heavily

dependent on both the vaporization energy and the type of

molecule being studied. For DHB, a low vaporization energy

gave mass spectra in which only the molecular ion was

observed. In contrast, oleic acid aerosols showed quite extensive

fragmentation even with low energy vaporization with the

most intense peak being the water-loss fragment at m/z 264.

Tandem MS was performed on this fragment and could

provide a means for identifying oleic acid in mixtures.

Mass spectra from DHB and oleic acid aerosols were also

collected as a function of the VUV photon energy used for

ionization. Near-threshold ionization was seen to result in

reduced fragmentation.

Photoionization efficiency curves were collected by

continuously scanning the VUV wavelength. The appearance

energies for the DHB and oleic acid molecular ions were

measured and for oleic acid were found to agree well with

the literature value. A literature value could not be found for

DHB. The ability to determine molecular ion appearance

energies together with the ability to identify organic molecules

using tandem MS, should make this technique well suited

for studying the reactivity of organic particles in the

laboratory.63,64

Appearance energies for the fragment ions of DHB and

oleic acid were also measured and found to be the same as

those of the molecular ions within the uncertainty limits of the

technique. This indicates considerable heating of the particle

and offers evidence for a post-ionization fragmentation

mechanism. A post-ionization fragmentation mechanism was

further supported by large differences in the extent of

fragmentation when comparing the ion trap results to those

from aerosol mass spectrometers with time-of-flight mass

analyzers.

The degree of fragmentation observed in this study,

particularly for oleic acid, was considerably higher than in

comparable experiments using TOF mass analyzers. This is

attributed to the long storage interval in the ion trap which

allows ample time for metastable ions to decay. Because of

this, aerosol mass spectrometers with TOF mass analyzers

have an advantage over ion trap systems in that less fragmentation

is observed when dealing with labile molecules, although even

TOF mass analyzers do not give exclusively molecular ion for

oleic acid under similar experimental conditions.26 It is also

not possible to perform tandem MS in the time-of-flight

systems currently used for aerosol mass spectrometry.

Although not done in these experiments, in an ion trap it is

also possible to set the trapping level so as to immediately eject

low mass ions, increasing sensitivity at higher masses,65 and

resonant ejection can be used to improve mass resolution.

Recent MALDI experiments suggest that the increased

fragmentation observed in this study could be overcome by

using high pressure pulses to quickly stabilize the

metastable ions.

In addition to allowing time for the decay of metastable

ions, the long storage time of the ion trap can also provide an

opportunity for reactions to occur with background gases, as

was seen for DHB ions held in the trap for several hundred

milliseconds. The implications of long ion storage times need

to be considered when carrying out aerosol studies with ion

traps in order to avoid any experimental artifacts.

The detection limits for DHB and oleic acid aerosols

were calculated at two VUV wavelengths. For DHB the

detection limit at 8.75 eV is B7.0 � 105 molecules (B2.5%

of a 225 nm particle). At 10.0 eV the detection limit is B1.2 �
107 molecules (B40% of a 225 nm particle). For oleic acid the
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detection limit at 8.75 eV is B2.6 � 107 molecules (B2.6%

of a 1 mm particle) and at 10.0 eV the detection limit

is B5.2 � 107 molecules (B5.2% of a 1 mm particle). In all

cases these detection limits assume that other compounds

present in the particle do not raise the background signal

level. These detection limits should be sufficient for studying

organic reactions in the laboratory.
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