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This paper presents the studies of one and two component particles using a CO2 laser for

vaporization and VUV ionization in an ion trap mass spectrometer. The degree of fragmentation

for a one component system was demonstrated to be a function of CO2 laser energy. In a two

component system, the degree of fragmentation was shown to be a function of the particle

composition. This observation indicates that the analysis of mixed particles may be far more

complicated than anticipated for a two step process with soft vaporization. In addition to

showing that fragmentation is a function of CO2 laser energy and particle composition, we also

show that a key parameter that determines the extent of fragmentation is the energy absorbed

by the particle during desorption. The ionization delay profile in a one component system is also

shown to be strongly dependent on the vaporization energy. In a two component system, the

delay profile is shown to strongly depend on the composition of the particle. The combined data

suggest that the key parameter that governs the delay profile is the energy absorbed by the

particle during desorption. This finding has implications for potential field measurements.

Finally, for a two component system where the absorption crosssections are different, the change

in the degree of fragmentation with particle composition resulted in a non-linear dependence of

ion signal on composition. This makes any attempt at quantification difficult.

Introduction

Aerosols are an important topic of research given their

ubiquitous presence in the atmosphere and their significant

role in climate, chemistry of the atmosphere, and human

health.1–4 Atmospheric aerosols contain numerous species,

including sulfates, nitrates, and organics. One of the challenges

in real-time organic aerosol analysis is the fragility of the

molecules under study. One step laser desorption/ionization

requires high laser powers which can cause extensive fragmentation

of organic species through successive absorption of several

photons and charge-transfer matrix effects.5 A solution to this

is to separate the vaporization and ionization steps6 and use a

‘‘soft’’ ionization source to reduce fragmentation of many

organics.7–9 Recently we have developed a single particle mass

spectrometer that incorporates a CO2 laser for vaporization, a

tunable laser-based VUV source for ionization, and an ion

trap mass spectrometer for mass analysis. The instrument

was characterized with single component particles by

Hanna et al.8,10

By using a ‘‘soft’’ ionization source, ions are generated from

the vaporized aerosol neutrals with a minimum of excess

energy. This reduces the extent of fragmentation and

thus simplifies the chemical characterization of the aerosol.

To date, several research groups have implemented soft

ionization sources for aerosol mass spectrometry. Some

examples include metal attachment,7 chemical ionization,11–14

attachment of low-energy photoelectrons (PERCI),15–17

resonance enhanced multiphoton ionization (REMPI),6,18–24

and single photon ionization.9,25–31

In the following, we carry out detailed studies of pure oleic

acid, pure oleyl alcohol (see Fig. 1 for chemical structures),

and mixed oleic acid : oleyl alcohol particles using our single

particle ion trap mass spectrometer. The three specific

questions we are trying to address are detailed below.

Question 1: how does the fragmentation vary with CO2

energy and particle composition for one and two component

systems? This is critical for interpreting mass spectra for similar

instruments and also for determining if similar instruments will

yield a linear response with particle composition. For example,

if the fragmentation pattern of one species in a mixed particle

changes as a function of the particle composition, evaluating

the ion signal from a singular molecular or fragment ion would

not give a linear response for that species.

Question 2: how does the ionization delay profile vary with

CO2 energy and composition for one and two component

systems? The ionization delay profile is a scan of total ion

signal as a function of the delay time between the firing of the

desorption laser and ionization laser. Understanding the

ionization delay profiles is important for achieving optimal

instrument performance, particularly in a field instrument

where a single delay time will be used.
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Question 3: for a two component system in which the

absorption crosssections are different, does the mass spectrum

show a linear response with composition? The results from this

study will help determine the usefulness of similar instruments

for future quantitative and kinetic studies. Our results should

apply to similar instruments that use a two step vaporization/

ionization process with a CO2 laser for desorption. This point

is discussed in more detail in the Summary and conclusions

section. Furthermore, this study will help identify some of the

potential weaknesses of a two laser system for quantitative

analysis of multi-component particles.

Oleic acid is present in the atmosphere at concentrations

of B1 ng m�3 in the particle phase and is known to originate

from a variety of sources, including meat cooking operations.32

Oleyl alcohol is structurally comparable to oleic acid with the

carboxylic acid group being replaced by an alcohol (see Fig. 1).

The two compounds are liquids and miscible in each other.

Additionally, as the absorption crosssections of the 2 species at

1056 cm�1 (the CO2 wavelength utilized) differed by a factor

of B4 (based on the IR spectra measured; see Table 1), the

instrument’s ability to carry out quantitative measurements of

mixtures of this kind is investigated.

There have not been many studies related to the questions

outlined above. Studies of the effects of CO2 power on

fragmentation have been previously conducted for single

particles of oleic acid,31,33 ethylene glycol,28,31 and aniline5

with CO2/VUV in a TOF-MS. Hanna et al. investigated the

same effect for oleic acid, 2,4-dihydroxybenzoic acid, and

caffeine in an ion trap using a CO2/VUV combination.8,10

There have been no previous studies of the change in

fragmentation as a function of composition for mixed particles.

Studies of the ionization delay profile as a function of CO2

energy and/or composition have been done for single component

particles of ethylene glycol,28 aniline,5 oleic acid,8 and 2,4-

dihydroxybenzoic acid.8 In addition, Woods et al.30 discussed

ionization delay profiles of mixed glycerol–oleic acid particles

(immiscible mixtures) using a CO2/VUV system. To our

knowledge, no one has explored the effect of changing particle

composition on ionization delay profiles (or noted such an

effect) in a miscible mixed particle system.

Lastly, there has only been one study investigating the linear

response with particle composition for mixed particles using

CO2/VUV. Baer and coworkers explored the quantitative use

of CO2/VUV for four varying particle compositions of a three

component polycyclic aromatic hydrocarbon (PAH) mixture.29

These aromatic species are reasonably stable under fragmentation

and primarily produce molecular ions which makes the overall

analysis more straightforward. Conversely oleic acid and oleyl

alcohol are not as robust as PAHs and tend to undergo more

fragmentation,27,33 particularly in the ion trap system where

storage time is longer8 (see below for further discussion).

The two component system was studied at two CO2

desorption energies of 10 mJ per pulse and 7 mJ per pulse

(1056 cm�1). At 10 mJ per pulse, both species fragmented

extensively and it was impossible to separate the mass spectral

peaks of the individual components; hence this paper focuses

on results from the 7 mJ per pulse case.

Materials and method

Instrument description

The instrument has been described in detail in previous

publications8,10,34 and therefore only a brief description is

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 gas phase

molecules ionized by pulsed vacuum ultraviolet (VUV), and

the ions mass analyzed by an ion trap mass spectrometer

(Fig. 2).

The mid-IR laser for desorption is a single mode, tunable

pulsed CO2 laser (9.2–10.8 mm) with a maximum output of 50 mJ

on the strongest lines (MTL-3G, Edinburgh Instruments Ltd).

In these studies, IR pulses with energies between 4–30 mJ were

used to vaporize the particles with a laser spot size of B1 mm

diameter inside the trap. For all the studies discussed in this

paper a wavelength of 1056 cm�1 was used.

Particles are optically thin with respect to the IR energy in

these experiments and are 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

crosssection, s, and the concentration, C, is {1.35 The IR

absorption crosssections of oleic acid and oleyl alcohol

(solutions prepared in dichloromethane) were measured using

a Bruker Equinox 55 FTIR. At 1056 cm�1, the absorption

crosssections were measured to be 2.85 � 10�20 cm2 molec�1

Fig. 1 Chemical structures of oleic acid (left) and oleyl alcohol (right).

Table 1 Relevant properties of oleic acid and oleyl alcohol

Compound
MW/g
mol�1

Density/g
cm�3

sCO2
/cm2

molec�1 IE/eV

Oleic acid 282.4614 0.895 2.85 � 10�20 8.6827

8.65 � 0.058

Oleyl
alcohol

268.4778 0.850 1.03 � 10�19 o9.14a

8.56 � 0.05b

a Based on energies given for 2-propen-1-ol and 2-butene-1-ol fromNIST

Chemistry Webbook and trends shown in Adam and Zimmermann37 for

ionization energy as a function of increasing hydrocarbon chain length.
b Measured in a separate study in our group.
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and 1.03 � 10�19 cm2 molec�1, respectively, for oleic acid and

oleyl alcohol. Based on these numbers, rsC { 1 for the

experimental conditions. Additionally, the particle size is small

in comparison to the CO2 wavelength making it unlikely that

internal focusing of IR light will give rise to a temperature

gradient in the particle.36

The tunable vacuum UV light is produced by resonance

enhanced four wave difference mixing in xenon gas and is

described in detail elsewhere.8,10 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 the 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 all the current studies an ionization energy of 8.75 eV was

used. For comparison, the measured ionization energy of oleic

acid is 8.68 eV.27 See Table 1 for some select properties of oleic

acid and oleyl alcohol.

The ion trap is operated in mass selective instability mode

with an accessible mass range of 10 to 340 Da. Mass scanning

rates of 4000 Da s�1 were used for all the experiments which

gives a mass resolution ofB500m/Dm atm/z=264. The mass

axis is calibrated daily by recording 70 eV EI spectra of

perfluorotributylamine.

It should be noted that 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 beam as they traverse

Fig. 2 Instrument schematic of the single particle ion trap mass spectrometer (SPITMS).
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the ion trap (inset of Fig. 2). The distance that the aerosols

travel between the two intersection points is on the order of

2 mm. As a result of this distance, there is no ion signal if the

ionization pulse is fired immediately after the CO2 laser

(0 ms delay time). However, if the delay between the two laser

pulses is varied, a profile of the expanding plume from the

vaporized aerosol can be obtained.

Experiments consisted of collecting mass spectra as a

function of the delay time between the two laser pulses.

Typically we scanned from 0–30 ms delay time. From these

data we extracted the ionization delay profiles (scan of total

ion signal as a function of time between desorption and

ionization). See Fig. 5 as an example. The mass spectra

presented in this paper were obtained by integrating over the

entire delay profile. In other words, we summed all the mass

spectra at each different delay time to obtain a representative

mass spectrum for the entire vaporization process.

For the exploration of effects on fragmentation ratios, the

integrated values over the entire delay profile were also used,

again to give a fragmentation ratio consistent with the entire

vaporization process.

Chemicals

Oleic acid (Fluka, Z 99%) and oleyl alcohol (Aldrich, 99%)

were used as purchased without further purification. For pure

particles, solutions were prepared in 2-propanol (Aldrich, 99.9%)

in the concentration range of 10�5 g mL�1 and particles

were generated using a vibrating orifice aerosol generator

(TSI Model 3450).

Mixed particles of oleic acid and oleyl alcohol were

prepared by aerosolizing solutions with mass ratios of

90 : 10, 75 : 25, 50 : 50, and 25 : 75 oleic acid : oleyl alcohol

in isopropanol with the total mass concentration of the

solution remaining unchanged (2 � 10�5 g mL�1). Since the

molar masses of oleic acid and oleyl alcohol are very similar,

the mole ratios vary from the mass ratios by at most 1%.

All particles were passed through a 85Kr charge neutralizer

with B25 LPM dilution air flow before entering the single

particle ion trap mass spectrometer (SPITMS). This acted as a

drying tube and prevented additional drying and size changes

in the aerosol lens.

Results

Pure oleic acid particles

Particle mass spectra were acquired for pure one component

particles of oleic acid using a range of CO2 energies for

vaporization. Fig. 3 shows an example spectrum recorded at

7 mJ per pulse CO2 energy. No ions from the CO2 laser alone

were observed over the entire range of energies. The mass

spectra showed a shift towards lower m/z fragments with

increasing vaporization energy as expected.31

Several peaks from the oleic acid mass spectrum were used

to assess the degree of fragmentation as a function of CO2

energy. The peaks chosen for this analysis were selected to

cover a range of fragment ions from high m/z to low m/z

across the spectrum. These peaks are labeled in Fig. 3. Each

fragment’s relative intensity is determined with respect to the

total ion signal. As can be seen in Fig. 4, the general trend is a

decrease in high mass peaks and an increase in lower mass

fragments with increasing desorption energy. This changing

degree in fragmentation reflects the increasing internal energy

of the vaporized molecules.28

Fig. 5 shows the ionization delay profiles obtained for oleic

acid over a range of desorption energies. The exact shape of

the profile is dependent on the distance between the two laser

beams (which is constant in these experiments) and the

translational energy of the vaporized molecules which expand

outward from the particle, filling, and then passing beyond the

ionization volume. As can be seen, the expansion speed of the

desorbed aerosol plume increases with increasing CO2 laser

energy, with the maximum total ion signal shifting to shorter

delay times. These profiles were normalized for ease of

comparing the optimal delay time where maximum ion signal

Fig. 3 Oleic acid normalized mass spectra (averaged over the entire

delay profile) acquired at 7 mJ 1056 cm�1 CO2, 142 nm VUV.

Fig. 4 Relative intensities of fragment peaks compared to the total

ion signal as a function of desorption energy for pure oleic acid

particles.
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occurs. It should be noted that total ion intensities do change

with increasing desorption power, reaching a plateau in total

ion signal at approximately 15 mJ per pulse. Also, note that

the ionization delay profile is only a qualitative indicator of

translational energy, since energy distributions from the

vaporization process can be complex and are not well

understood.

Pure oleyl alcohol particles

Particle mass spectra were also acquired for pure one component

particles of oleyl alcohol using a range of CO2 energies. Fig. 6

shows an example spectrum recorded at 7 mJ per pulse CO2

energy. Increasing the desorption energy resulted in increasing

levels of fragmentation in concurrence with previous

studies.5,8,10,28,31,33 No molecular ion was observed at any of

the desorption energies used and the fragmentation was quite

extensive even at the lowest vaporization energy used.

The peaks chosen for this analysis were selected to cover a

range of fragment ions from high m/z to low m/z across the

spectrum. The intensities of selected fragment peaks in the

mass spectrum (see Fig. 6) were again compared to the total

ion signal as a function of desorption energy to give an

indication of the degree of fragmentation for oleyl alcohol.

Fig. 7 shows the same trend observed for oleic acid: a decrease

in high mass fragments and increase in low mass fragments as

desorption energy increases.

Fig. 8 shows the normalized ionization delay profiles

obtained for oleyl alcohol at a range of desorption energies.

These profiles were normalized for ease of comparing the

optimal delay time where maximum ion signal occurs. It

should be noted that total ion intensities do change with

increasing desorption power, reaching a plateau in total ion

signal at approximately 10 mJ per pulse for oleyl alcohol.

An increase in the expansion speed of the desorbed aerosol

plume can be observed with increasing CO2 laser energy

similar to what was observed for pure oleic acid particles

and in other studies. However, it is observed that at a

comparable desorption energy, for instance 7 mJ, there is a

significant difference in the delay profiles observed for oleic

acid and oleyl alcohol. For pure oleyl alcohol, the maximum

ion signal occurs at 6 ms compared to 14 ms for pure oleic acid.
The delay profile reaches a maximum ion signal at a shorter

delay time and decays faster for oleyl alcohol, suggesting a

much faster translational energy of desorbed molecules as

compared to oleic acid. The differences in delay profiles are

likely due to the differences in IR absorption crosssections of

oleyl alcohol and oleic acid for an equivalent CO2 laser power.

As mentioned previously, the absorption crosssection of oleyl

alcohol was approximately a factor of 4 higher in magnitude

than that of oleic acid based on the IR spectra of the pure

components. This concept is explored in more detail in the

Discussion section.

Fig. 5 Total ion signal as a function of ionization delay time for oleic

acid. Each trace is for a different CO2 pulse energy (at 1056 cm�1) as

indicated in the legend (VUV at 142 nm). All traces have been

normalized to make comparison easier.

Fig. 6 Oleyl alcohol normalized mass spectra (averaged over the

entire delay profile) acquired at 7 mJ 1056 cm�1 CO2, 142 nm VUV.

Fig. 7 Relative intensities of fragment peaks compared to the total

ion signal as a function of desorption energy for pure oleyl alcohol

particles.
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Two component particles of oleic acid and oleyl alcohol

All results discussed for the two component particles were

obtained with 7 mJ per pulse desorption energy, where the

oleic acid mass spectrum has distinctive high mass peaks

(m/z = 264, 246, 148, 134, 127) that do not overlap with oleyl

alcohol fragments. Due to the fragmentation of metastable

ions observed in the ion trap previously,8 we don’t see

significant molecular ion peaks for the analytes chosen in this

study (Fig. 3 and 6). This adds to the complexity of analysis.

Normalized mass spectra are shown as a function of particle

composition in Fig. 9. The pure particle spectra for oleic acid

and oleyl alcohol are distinctly different at 7 mJ 1056 cm�1 CO2.

Oleic acid experiences far less fragmentation and produces

fragments primarily above m/z 125, while oleyl alcohol under-

goes much more fragmentation and gives fragments primarily

below m/z 125. The mass spectra of the mixed particles show

some interesting features. The 90 : 10 wt% spectrum

appears to most closely resemble a combination of the peak

intensities found in each of the 7 mJ pure component spectra.

By 75 : 25 wt%, the dominant peaks for oleic acid (atm/z=264

for example) are extremely diminished, more so than would be

expected based on composition alone. This could be due to a

shift in the fragmentation pattern of oleic acid, perhaps due to

experiencing more heating in the vaporization step or it

could be due to a preferential vaporization of oleyl alcohol.

However, as the two components are both liquids and

miscible, it is not expected that oleyl alcohol partitions to

the surface and undergoes preferential desorption at low CO2

energies; therefore a change in the oleic acid fragmentation

pattern seems most likely.

The fragmentation of the mixed particles was then examined

as a function of composition. Since oleyl alcohol is more

heavily fragmented at 7 mJ, selected high mass peaks in oleic

acid were used to monitor the change in fragmentation. Peaks

at m/z 127, 134, 235, 246, and 264 were ratioed to m/z 148 to

determine the degree of fragmentation of oleic acid. All of

these peaks are assigned exclusively to oleic acid. Oleyl alcohol

spectra were examined in detail at a range of different CO2

energies to ensure that none of the peaks selected to evaluate

oleic acid were observed. Therefore we can use these peaks

with confidence to look at the change in fragmentation for

oleic acid by comparing to the peak at m/z 148, which also

belongs exclusively to oleic acid and is present at a range of

energies in the pure oleic acid spectra. All other peaks that we

considered using for comparison had extensive overlap with

oleyl alcohol fragments. For example, the oleic acid fragment

at 56 m/z overlaps with an oleyl alcohol peak within the cluster

of fragments around 57 m/z that can be seen in Fig. 6.

Fig. 10 shows the degree of fragmentation as a function of

composition for oleic acid in mixed particles. The fragmentation

pattern for oleic acid clearly shows that as the percentage

composition of oleic acid decreases (oleyl alcohol increases),

oleic acid fragments more extensively.

The ionization delay profiles (total ion signal versus ionization

delay time) also reflect the effect of composition on vaporization

of the particle. In Fig. 11, it can be seen that the ionization

delay profiles change noticeably with composition until a

certain percentage of oleyl alcohol is reached in the particle

(B25% or greater). There is also a significant change in total

ion signal with an increasing amount of particle material

desorbed with increasing oleyl alcohol composition which is

not reflected by the normalized delay profiles.

Fig. 8 Total ion signal as a function of ionization delay time for oleyl

alcohol at an ionization wavelength of 142 nm. Each trace is for a

different CO2 pulse energy (at 1056 cm�1) as indicated in the legend.

All traces have been normalized to make comparison easier.

Fig. 9 Normalized mass spectra (averaged over the entire delay

profile) as a function of particle composition (7 mJ 1056 cm�1 CO2,

142 nm VUV).
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Discussion

Dependence of degree of fragmentation on CO2 energy and

composition

The degree of fragmentation for a species has been shown

to be strongly related to the internal energy of the

molecule.8,9,28,31,33,35,38,39 If the internal energy of the vaporized

molecules is high, then increased fragmentation is

expected.35,38–40 For the pure particles in this study, fragmentation

increased with increasing desorption energy, which is

consistent with results from other groups that show the degree

of fragmentation to be a strong function of particle heating,

regardless of whether a heater or laser was used for the

vaporization step.8,9,28,31,33,35,38,39 Additionally, in this study

the extent of fragmentation was seen to depend on particle

composition. At an equal desorption energy, pure oleyl

alcohol showed more fragmentation than pure oleic acid.

The partitioning of energy into the different degrees of

freedom is complex and not well understood in laser vaporization

of particles. Here we only carry out a simple qualitative

analysis to show that the fragmentation behavior observed

for pure particles as well as the two component particles comes

from the different amounts of absorbed CO2 energy. In other

words, this simple analysis shows that the presence of oleyl

alcohol in the mixed particle enhances the absorption of

CO2 laser radiation and leads to an increase in internal energy

(and hence fragmentation) of the vaporized molecules.

The respective absorption crosssections determined in the

IR measurements were used to calculate the amount of energy

absorbed by the particle (Eabs) for both the pure oleic acid

particles and the mixed particles according to Beer’s law and

some simple approximations as described by eqn (1) and (2).

The derivation of eqn (1) (for a one component system) is

given in the Appendix.

Eabs ¼ ECO2

Ap

ACO2

1� exp �sNp
4rp

3

� �� �� �
ð1Þ

ECO2
is the measured CO2 energy, Ap is the area of the particle,

ACO2
is the area of the CO2 beam where it intersects the

particle, s is the absorption crosssection, Np is the number

density of molecules in the particle, and 4rp/3 is an approximation

of the path length the light travels through the particle.

Similarly for a two component system, the equation for energy

absorbed by the particle during desorption is given below:

Eabs ¼ ECO2

Ap

ACO2

1� exp �ðs1N1 þ s2N2Þ
4rp

3

� �� �
ð2Þ

where s1 and s2 are the respective crosssections of each

component and N1 and N2 are the respective number densities

of each component in the mixed particle.

Fig. 12 shows the ratios of the peak intensities at m/z= 127,

134 and 264 relative to the peak at m/z 148 as a function of the

calculated CO2 energy absorbed per particle for oleic acid in

both the one component and two component particles. The

closed data points represent the pure oleic acid particles and

the open data points represent the mixed particles. The ratio of

m/z = 264 to m/z = 148 decreases with increasing energy

absorbed whereas the ratio of peaks at m/z 127 and 134 to

m/z 148 increases with increasing energy absorbed. At higher

energies for the pure oleic acid, the error bars are large due to

the low signal to noise ratio which occurs because the

mass spectra are dominated by very low mass fragments

(om/z = 50) at these energies. The data in Fig. 12 demonstrate

that the degree of fragmentation for oleic acid in both one

component and two component particles is due to the energy

absorbed per particle in the desorption step. As expected,

more energy absorbed results in more fragmentation.

Dependence of ionization delay profiles on CO2 laser energy and

particle composition

The expansion of the aerosol plume can be followed by

varying the delay between the CO2 and VUV pulses. The

shape of the ionization delay profile as illustrated by the profile

FWHM or the delay time at maximum ion signal is a

qualitative indicator of the translational energy of the

Fig. 10 Fragmentation ratio of oleic acid (selected peaks relative to

m/z 148) as a function of weight percent oleic acid.

Fig. 11 Normalized ion signal as a function of ionization delay time

for mixed oleic acid : oleyl alcohol particles.
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vaporized molecules.28 The pure component data suggest that

the relative translational energy of the desorbed molecules

increased with increasing CO2 energy leading to narrower

delay profiles and earlier optimal delay times. In the case

where a higher translational energy is imparted to the

molecules, they will enter and leave the ionization region more

quickly, whereas at lower energies the molecules will take

longer to fill and then expand beyond the ionization volume.

In the mixed particle study, all particles are vaporized at the

same CO2 laser energy of 7 mJ, yet the relative translational

energy of the molecules appears to be changing with composition

as shown in Fig. 10.

Similar to the previous section, we perform a simple

qualitative analysis to show that the trends in the ionization

delay profiles for both the one component and two component

aerosols come from the different amounts of absorbed CO2

energy. Fig. 13 contains the pure and mixed particle data

for oleic acid plotted as ionization delay profile FWHM

(full width at half maximum) versus absorbed energy in the

top panel and optimum delay time versus absorbed energy in

the bottom panel. Closed data points represent the pure

particle and open data points represent the two component

particle. Both panels demonstrate a fairly consistent trend: the

FWHM and delay time both decrease with an increase in CO2

energy absorbed. Overall, Fig. 13 illustrates that more

absorbed CO2 energy results in a higher relative translational

energy, as expected.

Non-linear response of ion signal with particle composition

In a previous study, Woods et al. showed that a two step

process using VUV ionization gave quantitative detection of

aromatics (PAHs) in a mixed particle.29 In other words, the

signal from a single component in a mixed particle was linear

with the amount (mole fraction) of that component in the

mixed particle. Shown in Fig. 14 is a plot of three peaks

(assigned exclusively to oleic acid) normalized to the total ion

signal as a function of concentration. By normalizing to the

total ion signal any effect of partial or incomplete vaporization

on the quantitative response should be removed. The spectra

were collected from 30–300 m/z and it is not believed that any

significant amount of fragments occurs below 30 m/z based on

previously collected data. Therefore, the relative amount of

oleic acid fragments should give a linear response in relation to

composition even if the amount of material evaporating

Fig. 12 Fragmentation ratios for oleic acid as a function of IR energy

absorbed during vaporization. Closed symbols show pure oleic acid

particle data, open symbols show mixed particle data.

Fig. 13 (Top) Ionization delay profile FWHM for both pure oleic

acid particles and mixed particles as a function of CO2 energy

absorbed/particle and (bottom) delay time at maximum total ion

signal as a function of CO2 energy absorbed/particle.

Fig. 14 Relative intensity of oleic acid fragment ion signal to total ion

signal for all peaks (oleic and oleyl) as a function of the oleic acid mole

ratio.
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changes as a function of composition. However, the trend

shown in Fig. 14 is clearly non-linear over the range of

compositions. This trend most likely occurs because the

relative amount of signal at m/z 127, 134 and 264 is changing

due to: (1) a change in composition and (2) a change in

fragmentation with composition. If every peak in the mass

spectrum from oleic acid could be included in the analysis, a

linear trend would be expected. Conversely, this would be very

difficult due to the issue with overlapping peaks between

similar aliphatic species. To illustrate the problem with over-

lapping peaks, in our experiments only peaks at m/z 282, 264,

246, 148, 134, and 127 can be exclusively assigned to oleic acid.

All other peaks overlap with oleyl alcohol peaks. For a 50 : 50

mixture of oleic acid and oleyl alcohol, these peaks assigned

exclusively to oleic acid contribute o5% to the total ion

signal.

Fig. 14 shows that a quantitative analysis is difficult if the

energy absorbed per particle during desorption changes

significantly with composition. Conditions where quantitative

analysis should be successful are (1) where the fragmentation

does not change with composition or (2) where the IR

absorption crosssections do not change with composition

(assuming heat capacities are similar). An example of the first

case would be analytes that do not fragment or produce

relatively few fragments, such as the mixtures of PAHs studied

by Woods et al.29 For the second case, species with similar

absorption crosssections and heat capacities are needed or the

change in composition restricted to a range where the

dependence is not as strong. These conditions also assume

liquid phase and miscibility of species such that the particle is a

homogeneous mixture.

Summary and conclusions

This paper presents the first results obtained from a two

component aerosol study of miscible organic species using

CO2 laser vaporization and VUV ionization in an ion trap

mass spectrometer. The analysis of mixed particles, even

laboratory generated two component aerosols, is a complicated

process. Below we address the three questions posed in the

Introduction.

Question 1: how does the fragmentation vary with CO2 laser

energy and particle composition for one and two component

systems? The degree of fragmentation observed in single

particle mass spectra of a one component systemwas demonstrated

to be a function of CO2 laser energy. In a two component

system, the degree of fragmentation was shown to be a

function of the particle composition. This observation

indicates that the analysis of mixed particles may be far more

complicated than anticipated for a two step process with soft

vaporization if the degree of fragmentation can change as a

function of composition. The mass spectra of the pure

component cannot necessarily be used as a fingerprint for that

same component in a mixture. The implications of this effect

are also important for laboratory studies of particle reactions

and subsequent product analysis, depending on the extent of

particle composition change. In addition to showing that

fragmentation is a function of CO2 energy and composition,

we also showed that the key parameter that determines the

extent of fragmentation, which is a proxy for the internal

energy of the vaporized molecules, is the energy absorbed by

the particle during desorption.

Question 2: how does the ionization delay profile vary with

CO2 energy and composition for one and two component

systems? The ionization delay profile in a one component

system is shown to be strongly dependent on the vaporization

energy. In a two component system, the delay profile is shown

to strongly depend on the composition of the particle. The

combined data suggest that the key parameter that governs the

delay profile is also the energy absorbed by the particle during

desorption. This finding has implications for potential field

measurements. In the field, where each particle is not necessarily

identical, it will be necessary to use a fixed ionization delay

time (fixed time between the vaporization laser and ionization

laser). This however could be problematic. For instance, if the

instrument parameters are optimized for the maximum total

ion signal with one species, these parameters may be far from

ideal for a different species and will result in a sensitivity bias.

Hanna et al. have shown delay profiles for 2,4-dihydroxy-

benzoic acid (DHB) and oleic acid at 15 mJ vaporization

energy that varied widely; collecting data at the optimal delay

time for oleic acid would result in almost no signal for DHB as

its vaporization profile evolved much more quickly.8 Both one

component and two component delay profiles in this study

indicate this to be a valid concern. This effect may be diminished

at high vaporization energies where there appears to be less of

a composition dependence for pure particles, but this will

come at the cost of increased fragmentation.

Question 3: for a two component system where the

absorption crosssections are different, does the mass spectrum

show a linear response with composition? No. The change in

the degree of fragmentation with particle composition resulted

in a non-linear dependence of ion signal on composition. This

makes any attempt at quantification difficult. One possible

way around this problem is to monitor all ion peaks associated

with a species. But this also seems difficult to achieve in most

cases, since organic species often have significant fragmentation

even with VUV ionization, which can result in overlapping

mass spectral peaks. For species that do not fragment as

easily, or have similar absorption crosssections, quantitative

analysis should be possible. Another possible way around this

problem is to change the desorption method: impinging the

particles on a heated surface would ensure that the desorption

temperature is independent of the particle composition.

For atmospheric aerosols, the variation in the IR cross-

section is not known. Many particles consist of inorganic

species and a multitude of organic species. Studies on the IR

crosssection of atmospheric aerosol particles (specifically for

IR wavelengths relevant for a CO2 laser) would be interesting.

Our studies have focused on a case where the crosssection

changed by a factor of 4. Whether or not this represents a

‘‘worst-case scenario’’ for field measurements remains to be

determined.

Our system included a two step laser desorption/ionization

system followed by an ion trap for mass analysis. Other two

step laser desorption/ionization systems with a CO2 laser all

use a TOF mass analyzer, which will result in less fragmentation

than what is observed with an ion trap.8 One of the main
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differences between the TOF mass analyzer and an ion trap is

the storage and measurement time for the ions. For a TOF

mass analyzer the measurement/extraction time is on the order

of microseconds. For an ion trap, the storage and measurement

time is on the order of tens of milliseconds. As a result more

fragmentation can occur in the ion trap experiments due to the

longer time for unimolecular dissociation. Nevertheless the

effects observed above should still be relevant for TOF instruments

as long as some level of fragmentation is observed, which is the

case for many types of analytes, particularly long chain

hydrocarbons.9,25,30,31,33

Appendix

Calculation of energy absorbed per particle during desorption

Beer’s law, which describes the absorption of light by a sample

is given below, where I is the intensity of light measured after

the sample, Io is the initial intensity of light, s is the absorption

crosssection, c is the concentration of the species, and l is the

path length the light travels:

� ln
I

Io

� �
¼ scl ðA1Þ

In this case we are interested in the CO2 energy absorbed by

the particle (Eabs). The energy measured after the particle is

equal to the difference of the initial CO2 energy (Ei) and the

energy absorbed by the particle (Eabs), thus the equation can

be rewritten:

� ln
Ei � Eabs

Ei

� �
¼ scl ðA2Þ

Solving for the absorbed CO2 energy gives:

Eabs=Ei(1 � exp(�scl)) (A3)

The initial CO2 energy the particle experiences is defined as the

measured CO2 energy times the fraction of the CO2 beam

intercepted by the particle:

Ei ¼ ECO2

Ap

ACO2

ðA4Þ

where ECO2
is the measured CO2 energy, Ap is the area of the

particle and ACO2
is the area of the CO2 beam where it

intersects the particle. The fraction of Ap over ACO2
is included

to take into account the geometric fraction of a flat beam

profile intersecting the particle. We know the CO2 profile is

Gaussian, so we could be off by as much as a factor of 2 in

the absolute energy absorbed per particle, but the relative

comparison between the pure and mixed particles will not be

affected. Eqn (A4) can be rewritten as follows:

Eabs ¼ ECO2

Ap

ACO2

ð1� expð�sclÞÞ ðA5Þ

The absorption crosssection (s) was measured with an FTIR

spectrometer for pure components of oleyl alcohol or oleic

acid and is given in units of cm2 molec�1. The concentration c

is given as the number density (Np) of molecules in the particle

(molecule per cm3). The path length l (units of cm) is approximated

by calculating the height of a cylinder with the same volume

and radius (rp) as the particle studied which yields a path

length of 4rp/3. (For the purposes of this paper, the exact

correction factor for path length is irrelevant since we are only

comparing relative ratios).

Thus Eabs can be determined as follows:

Eabs ¼ ECO2

Ap

ACO2

1� exp �sNp
4rp

3

� �� �� �
ðA6Þ

For the two component particle, eqn (A6) can be rewritten as

follows where the contribution from each component is taken

into account:

Eabs ¼ ECO2

Ap

ACO2

1� exp �ðs1N1 þ s2N2Þ
4rp

3

� �� �
ðA7Þ

s1 and s2 are the respective crosssections of each of the pure

components and N1 and N2 are the molecular densities of each

species in the mixed particle. There is some uncertainty in the

absorption crosssection terms as absorption crosssections can

vary with solvents and vary with temperature during the

heating process. Also, the absorption crosssections determined

for bulk solutions do not necessarily apply directly to aerosol

particles.
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