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Chapter 1. Introduction

ICP-MS

Inductively coupled plasma-mass spectrometry (M®-is among the most
powerful and sensitive techniques for elementalysma The ICP is an atmospheric, high
temperature atomization source (5000-6000 K) capabVaporizing, atomizing and ionizing
a variety of samples [1,2]. Argon is most oftelnsdn as the gas for plasma generation.
Plasma ignition is easier in Ar, which requireslesergy to heat compared to diatomic
gases. The ionization energy of Ar (15.76 eV), ohthe highest found in the periodic table,
enables the ICP to effectively ionize the majoatylements [3]. Unlike other available
gases, Ar is relatively chemically inert. Thisilits the formation of molecular argide ions
with analyte species, an important consideratioratomic spectrometry.

Very early ICPs were used for the growth of crigstd refractory oxides [4].
Adaptation of the ICP for application as an atosxcitation source was begun soon
afterward [5]. This work led to the employmeni@GPs as emission sources in atomic
emission spectrometry (AES), introducing instruraéiot still used in many laboratories
today. Emission spectra, especially for heavy el#s) can be plagued by spectral overlap
when multiple elements are present, making intéagiom difficult [6]. Incorporation of an
ICP source with a mass spectrometer, first achieéyadouk et al. [7], simplified multi-
element analyses. ICP-MS instruments exhibit laddrge dynamic range and low detection
limits (<1 part per trillion) [8].

Innovations in ICP-MS instrumentation have invoheath the integration of

different types of MS, including quadrupole [9], gn&tic sector [10] and time of flight MS
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[11], and the further development of sample intioiun methods. Samples are typically
prepared as acidified dilute aqueous solutionsitindduced via solution nebulization.
Addition of water to the plasma can lead to therfation of undesirable oxide (M{and
hydride (MH) polyatomic interferences [3]. Desire to redusese analytically harmful
species has spurred the development of desolvsystems for sample introduction [12].
The development of laser ablation (LA) sampling $iagplified sample preparation and

expanded the scope of samples that can be readilyzed by ICP-MS.

LA-ICP-MS

LA-ICP-MS permits direct sampling of solids wiiktle or no sample preparation
[13]. A reduction in sample preparation providesuaber of advantages for ICP-MS
analyses. Complicated and hazardous dissolutiecegures involving the use of
hydrofluoric acid or heated perchloric acid caralieided altogether. Contamination from
the acids and containers used during digestiorrexduce the accuracy of analyses and
introduce interfering species to the sample. SoibAgy distillation of acids and acid vapor
washing of containers may be performed to lesseseticomplications [14]. However, these
steps, much like the digestions they precede, ftl@a tme-consuming and can greatly
extend the duration of the analysis. By removimgnecessity of performing these steps,
LA-ICP-MS expedites the analytical process.

Another advantage provided by LA-ICP-MS over solbased analysis is the
ability to obtain information on the spatial dibuition of elements in the sample. Digestion
destroys all structures in the original samplegeging lateral spatial analysis impossible.

Through control of laser spot size and beam prbfilmogenization, both surface and depth
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profiles can be constructed with LA-ICP-MS. Theagabilities have extended the adoption
of LA-ICP-MS to a number of fields from geologidab-17] and materials analysis [18,19]
to forensic [20,21], environmental [22,23], and mbéological applications [24,25].

With the ever increasing use of this techniqugreater emphasis has been placed on
addressing the issues that hinder the analyticdigency of LA-ICP-MS. Some of these
issues are the same faced for solution-based ICPat8ely the problem of spectral
interferences arising from polyatomic species. edfare specific to LA-ICP-MS, chiefly
concerns involving the interaction of the laseftwiite sample surface and subsequent
production of solid particulates. Depending uponditions during the ablation event, a
non-representative aerosol may be produced froreahwle location ablated by the laser
beam [26]. Improvement in these areas will fureve to make LA-ICP-MS an attractive

alternative to solution nebulization ICP-MS anadysi

Polyatomic lon Interferences

As an ion source for elemental analysis, the IQfegsiired to fully atomize and
ionize the sample for detection in the MS. WHhiles fis largely achieved, some polyatomic
species remain after ion extraction from the ICB the MS [3]. Operation of the ICP at
temperatures great enough to completely eliminatd polyatomic species would produce
an abundance of multiply-charged ions, further cacapng spectral analysis [27]. Thus the
conditions at which the ICP is commonly used regmean acceptable compromise between
the maximization of singly-charged atomic ions #&melsurvival of some polyatomic
interferences. Atomic signals measured in the repsstrum are susceptible to overlap by

these polyatomic ions.
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Polyatomic species may arise from incomplete atatium in the ICP itself or
reactions in the extraction process between analgteents and the major background atoms
in the ICP (Ar, H, O) [28]. Whatever the sourde tletrimental effect of polyatomic
interferences on analytical accuracy has spurreddvelopment of a number of strategies
for their eradication.

Attempts to remove or reduce polyatomic ions haken many forms. Some have
relied upon instrumental design. High resoluticegmetic sector instruments capable of
resolutions mim = 10,000 and higher can separate many polyatmmgfrom nearby
atomic species [10]. This comes at the expensigeabn signal, however, with the
measured signal decreasing as much as two orderagritude compared to low resolution
(m/Am = 300) results on the same instrument. ICP ssunave been incorporated with
Fourier-transform ion cyclotron resonance and caipbimass spectrometers to achieve even
greater resolutions, but cost and sensitivity abersitions limit their practical application
[29]. Collision cells have been added to ICP-M&mmments to remove polyatomic
interferences [30]. An additional gas is added the MS in a controlled fashion as a means
to either change unwanted interfering ions intccgsethat do not overlap with the elements
of interest or enable kinetic energy discriminatibrough collisions with polyatomic ions. If
the polyatomic ion is to be removed via a chemieattion, the choice of gas must be made
with regard to the specific polyatomic ions to benoved and may not be effective at
dispensing with all interferences in multi-elemanglyses.

Other procedures for the reduction of polyatomitsicely upon operational
modifications such as cool plasmas [31,32]. A gdasma is produced by operating the ICP

at lower RF power and higher Ar gas flow ratesly@omic species with high ionization
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energies, like many Ar-based ions, are less aburaddhese conditions. While this enables
the measurement of elements otherwise overlappélaelsg polyatomics, many elements
with high ionization energies themselves are noizeed. Post-analysis schemes have also
been pursued in the form of mathematical correst[88,34]. These must often be tailored
to address a single polyatomic interference as aeerss a class of polyatomic ions, such as
oxides, species may affect the spectrum in vefemdint ways.

The described methods for the reduction of polyataooms suffer from drawbacks
that prohibit their application in many situationgo take advantage of the sensitivity and
multi-element detection capabilities of the ICP-M&nedial strategies that can be applied to
complex sample analyses are needed.

If lower basic levels of polyatomic ions can be giatly achieved, compromises
caused by the measures to reduce them will bestagse. Studies have been performed on
the fundamentals behind the formation of polyatoimis in solution nebulization ICP-MS
to help develop a universal reduction in these lprohtic species [28,35]. A similar
investigation undertaken for polyatomic interferemarising during LA-ICP-MS is
necessary. Samples with complex matrices, a pateaiurce of myriad polyatomic
interferences, are commonly analyzed with LA-ICP;M&h no prior chemical separation to
remove the offending species. A unified stratégyt thaintains the advantages of the LA-
ICP-MS while reducing a majority of possible polyaiic interferences will improve the

fitness of the technique for all trace-level analys
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Laser Sampling Effects

In order to be utilized as a distinct analytieadttnique and not simply a complement
to solution nebulization analysis, LA-ICP-MS mustdble to achieve the level of accuracy
and precision necessary for isotopic and quantéatnalyses. The degree to which this is
attained is heavily influenced by the ability oétlaser to produce an aerosol which correctly
represents the bulk composition. Failure in tegard results in an effect known as
fractionation, the non-stoichiometric representatib the isotopic or elemental composition
of the bulk sample in the mass spectrum [36,3Thctionation effects occur both during the
ablation event itself, known as laser-induced feoaetion, and in the ICP during the
conversion of aerosol particle into ions, refet@ads ICP-induced fractionation.

Laser-induced fractionation is a consequenceefiitanner in which energy is
deposited into the sample by the laser pulse. &#portion of the laser energy goes to
breaking chemical bonds to produce the aerosolestiithe energy simply heats the sample
[38]. This enhances the vaporization of volatlEneents from the solid. As particles
condense within the aerosol, they become enrichéovelatile elements relative to the
composition of the bulk sample. These volatileredats are then overrepresented in the
mass spectrum relative to the actual stoichionattite sample.

Beyond contributing to laser-induced fractionatisample heating can also influence
the magnitude of ICP-induced fractionation effedelting occurs around the ablation
crater as the laser heats the sample. Contindaticabat a single location can eject melt
from the crater area. The melt then condensedange spherical particles which are

transported to the ICP [39]. Large-sized particlas also be produced when samples
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weakly absorb energy from the selected laser, wisicblated to the laser wavelength and
sample optical characteristics [36].

Particles larger than 150 nm are only partiallyorgged in the ICP prior to extraction
in the mass spectrometer [40]. Volatile elemergsvaporized more extensively than
refractory elements during this process, increasieg relative abundance in the mass
spectrum [37]. When these large particles layaadf to the extraction orifice, the non-
stoichiometric ion cloud surrounding the partidenbt sampled uniformly by the mass
spectrometer and the accuracy of the analysisnsdihed by ICP-induced fractionation.
Large particles can also prove detrimental to dicalyprecision should they be transported
on-axis with the extraction orifice [41]. In thesstances partial vaporization immediately
before extraction can produce large spikes onitir@ktransient as the entire ion cloud is
sampled together by the mass spectrometer, redtle@ngyecision of the measurement.

Several modifications have been made to laseriablptocedures to diminish
fractionation from all sources. Smaller averageigla sizes have been obtained by
employing UV lasers [36]. Energy transfer to thenple surface is enhanced at shorter
wavelengths, improving the breakdown of the ablatederial into smaller particles. Helium
is frequently substituted for argon as the cagees through the ablation cell. The increased
thermal conductivity of He more efficiently dispessheat away from the ablation location
[42]. This curtails melting in and around the aiola crater, inhibiting the formation and
transport of large spherical melt particles [4B}P-induced fractionation effects are
additionally lessened due to this property. Helasthe carrier gas in the ICP better

conducts energy to the central channel and impreapsrization of the sample aerosol.
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Pulse duration has been identified as another &pgat in dictating the constitution
of the sample aerosol [37-39,44,45]. Nanosecoset$shave long been the most economical
systems available for LA-ICP-MS, but recent advarta&ve increased the practicality of fs
lasers for ICP-MS laboratories. The shorter iraemr which the fs laser pulse interacts with
the solid sample presents numerous advantagesisvasers. Typically on the order of
~100 fs, the time scale of the fs pulse is shah@n that over which heating can occur in the
solid. Material is removed from the surface befamg of the negative consequences from
heating are possible. The large spherical pasticleserved during ablation with ns lasers are
not present when fs lasers are used. Insteady smaall, irregular particles (~100-200 nm
diameter) are created [45]. These agglomerateg @mart some time during transport and
introduction into the ICP, breaking into small peles manageably vaporized and atomized.

Such a particle formation process is observed wisary fs lasers with many
different sample matrices as opposed to ablatiatyaes with ns lasers, where fractionation
effects can be both greater and more variable sdthple type [39,46]. This aspect of fs-
LA-ICP-MS may help to overcome an important chajiesince the inception of LA-ICP-
MS, the need for matrix-matched standards for atewalibrations [47]. With matrix-
independent particle formation, external standé&dguantification and mass bias
corrections need not be exactly the same type tixras the sample to be characterized.
Ablation with a fs laser improves the accuracy edtitative and isotopic analysis for a
broad scope of samples [48].

Among the sample types benefiting from this imgment are particulate matter
samples. LA-ICP-MS is most commonly applied todhalysis of bulk solid samples, for

which matrix-matched standards can be utilized/dilable [13]. Matching standards to
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particulates is more difficult. Particulates maydwllected on media such as filters or swipes
from the atmosphere or surfaces, resulting in eetsaof materials constituting the total
sample matter [22]. The morphology and compositibthe particulate matter is often
unknown and indeed may not be the same for aliqodates in a single collected sample.
Adoption of fs-LA facilitates the analysis of thessamples by permitting use of unmatched
standards with reasonable quantitative results.

The diminished surface heating effects from fsrmsee also advantageous for
particulate samples. Distinct particulates oripalate ensembles are selected for ablation
from the substrate. Alteration of the sample stefaurrounding the ablation crater may
liberate particulates not directly selected or etffaeir removal in subsequent ablations.
Either phenomenon can introduce undesirably lasggqulates into the ICP. Affixing the
samples to the collection medium with an immobilizetigates this effect somewhat, but the
immobilizer is still prone to heating when a nselais used. Ablation of particulate samples
incorporating both an immobilizer and fs laser mpayvide improved precision and maintain
information on the spatial distribution of element&lidation of this technique may enable a
number of applications from environmental monitgrof hazardous materials to quality

assurance in production of nanopatrticles.

Dissertation Organization

This dissertation is organized into five chaptethapter 1 provides a general
introduction to ICP-MS and LA sampling, with an exaation of analytical challenges in
the employment of this technique. Chapter 2 priss@manuscript prepared for submission

to Spectrochimica Acta Part B. It discusses thgiroof metal oxide ions (MQ in LA-ICP-
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MS, as well as the effect of introducing helium atdogen to the aerosol gas flow on the

formation of these polyatomic interferences. Chaaptfeatures another manuscript prepared

for submission to Spectrochimica Acta Part B. xteads the study of polyatomic ions in

LA-ICP-MS to metal argide (MA) species, an additional source of possible sicpifi

interferences in the spectrum. Chapter 4 desctii®eapplication of fs-LA-ICP-MS to the

determination of uranium isotope ratios in parttelsamples. Chapter 5 summarizes

conclusions from the above studies and considessilple directions for the continued

investigation of these and related issues in LA-M®. Appendix A is a paper published in

Spectrochimica Acta Part B for which | contribusagplemental experimental data and

analysis. Appendix B is a paper published in Tokagy and Applied Pharmacology for

which | contributed an analysis of the trace metaitent of treated cell cultures.

References

[1]
[2]
[3]

[4]
[5]

[6]

[7]

R.S. Houk, J.J. Thompson, Inductively coupléasma mass spectrometry, Mass
Spec. Rev. 7 (1988) 425-461.

K.E. Jarvis, A.L. Gray, R.S. Houk, Handbookinéluctively Coupled Plasma Mass
Spectrometry (Chapman and Hall, New York, 1992).

H. Niu, R.S. Houk, Fundamental aspects of intration in inductively coupled
plasma mass spectrometry, Spectrochim. Acta P&ft @996) 779-815.

T.B. Reed, Induction-Coupled Plasma Torch, gplAPhys. 32 (1961) 821-824.
R.H. Wendt, V.A. Fassel, Induction-Coupled PtasSpectrometric Excitation
Source, Anal. Chem. 37 (1965) 920-922.

S. Gu, H.Ying, Z. Zhang, Z. Zhuang, P. Yang\Wang, B. Huang, B. Li, High
resolution spectra of selected rare earth elensmspectral interferences studied by
inductively coupled plasma-atomic emission spectpyg (ICP-AES), Spectrochim.
Acta Part B 52 (1997) 1567-1574.

R.S. Houk, V.A. Fassel, G.D. Flesch, H.J. Svet,. Gray, C.E. Taylor, Inductively
Coupled Argon Plasma as an lon Source for Masst@peetric Determination of
Trace Elements, Anal. Chem. 52 (1980) 2283-2289.

www.manaraa.com



[8]

[9]
[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

11

K.J. Stetzenbach, M. Amano, D.K. Kreamer, \lHedge, Testing the Limits of ICP-
MS: Determination of Trace Elements in Ground Watahe Part-Per-Trillion Level,
Ground Water 32 (1994) 976-985.

P.E. Miller, M.B. Denton, The quarupole madgefi basic operating concepts, J.
Chem. Ed. 63 (1986) 617-622.

N. Bradshaw, E.F.H. Hall, N.E. Sanderson, kitkely coupled plasma as an ion
source for high-resolution mass spectrometry, &lAft. Spectrom. 4 (1989) 801-
803.

D.P. Myers, G.M. Hieftje, Preliminary Desigro@siderations and Characteristics of
an Inductively Coupled Plasma-Time of Flight Mage&rometer, Microchem. J. 48
(1993) 259-277.

M.G. Minnich, R.S. Houk, Comparison of cryogeand membrance desolvation for
attenuation of oxide, hydride and hydroxide iond eoms containing chlorine in
inductively coupled plasma mass spectrometry, &l.A&tom. Spectrom. 13 (1998)
167-174.

B. Hattendorf, C. Latkoczy, D. GlUenther, Laabtation-ICPMS, Anal. Chem. 75
(2003) 341A-347A.

H. Yuan, S. Hu, J. Tong, L. Zhao, S. Lin, SadiPreparation of ultra-pure water and
acids and investigation of background of an ICP{sratory, Talanta 52 (2000)
971-981.

L.A. Solari, A. Gomez-Tuena, J.P. Bernal, @rdéz-Arvizu, M. Tanner, U-Pb
geochronology with an integrated LA-ICP-MS microlgtiaal workstation:
achievements in precision and accuracy, GeostagoaGal. Res. 33 (2010) 309-317.
R. Arevalo, Jr., W.F. McDonough, P.M. Piccai,situ determination of first-row
transition metal, Ga and Ge abundances in geologiaterials via medium
resolution LA-ICP-MS, Geostand. Geoanal. Res. BA {2 253-273.

C.M. Fisher, C.R.M. McFarlane, J.M. HancharDMSchmitz, P.J. Sylvester, R.
Lam, H.P. Longerich, Sm-Nd isotope systematicsalset ablation-multicollector-
inductively coupled plasma mass spectrometry: Méthand potential natural and
synthetic reference materials, Chem. Geol. 2841p0120.

A. Michalska, M. Wojciechowski, E. Bulska, Klaksymiuk, Experimental study on
stability of different solid contact arrangementsom-selective electrodes, Talanta 82
(2010) 151-157.

J.S. Lee, H.B. Lim, Laser ablation ICP-MS &tefmine Cu on a Si wafer prepared
by ion sputtering, J. Anal. Atom. Spectrom. 26 (201534-1538.

M.I. Szynkowska, K. Czerski, T. Paryjczak, RParczewski, Ablative analysis of
black and colored toners using LA-ICP-TOF-MS fag thrensic discrimination of
photocopy and printer toners, Surf. Interface Adal(2010) 429-437.

P. Weis, M. Duecking, P. Watzke, S. MengesB&ker, Establishing a match
criterion in forensic comparison analysis of flgédss using laser ablation inductively
coupled plasma mass spectrometry, J. Anal. Atoractgpm. 26 (2011) 1273-1284.
Y.-K. Hsieh, L.-K. Chen, H.-F. Hsieh, C.-H. Hng, C.-F. Wang, Elemental analysis
of airborne particulate matter using an electrigal-pressure impactor and laser
ablation/inductively coupled plasma mass spectromét Anal. Atom. Spectrom. 26
(2011) 1502-1508.

www.manaraa.com



12

[23] A. Ugarte, N. Unceta, C. Pecheyran, M.A. Gteep R.J. Barrio, Development of
matrix-matching hydroxyapatite calibration standafi@ quantitative multi-elements
LA-ICP-MS analysis: application to the dorsal spafidish, J. Anal. Atom.
Spectrom. 26 (2011) 1421-1427.

[24] I. Konz, B. Fernandez, M.L. Fernandez, R. Reré\. Sanz-Medel, Absolute
Quantification of Human Serum Transferrin by Specpecific Isotope Dilution
Laser Ablation ICP-MS, Anal. Chem. 83 (2011) 535%8.

[25] Z. Qin, J.A. Caruso, B. Lai, A. Matusch, JB®cker, Trace Metal imaging with high
spatial resolution: Applications in biomedicine, tsléomics 3 (2011) 28-37.

[26] R. Hergenrtder, A model of non-congruent ladaation as a source of fractionation
effects in LA-ICP-MS, J. Anal. At. Spectrom. 21 (B) 505-516.

[27] K.E. Jarvis, A.L. Gray, E. McCurdy, Avoidanoéspectral interference on europium
in inductively coupled plasma mass spectrometrgdnsitive measurement of the
doubly charged ion, J. Anal. At. Spectrom. 4 (19883-747.

[28] R.S. Houk, N. Praphairaksit, Dissociation ofy@tomic ions in inductively coupled
plasma, Spectrochim. Acta Part B 56 (2001) 1069109

[29] K.E. Milgram, F.M. White, K.L. Goodner, C.H. &tson, D.W. Koppenaal, C.J.
Barinaga, B.H. Smith, J.D. Winefordner, A.G. Mai§ha.S. Houk, J.R. Eyler, High-
Resolution Inductively Coupled Plasma Fourier Tfarm lon Cyclotron Resonance
Mass Spectrometry, Anal. Chem. 69 (1997) 3714-3721.

[30] S.D. Tanner, V.l. Baranov, D.R. Bandura, Rexi®eaction cells and collision cells
for ICP-MS: a tutorial review, Spectrochim. Actartfia 57 (2002) 1361-1452.

[31] S.D. Tanner, Characterization of lonizatiom &ftatrix Suppression in Inductively
Coupled 'Cold' Plasma Mass Spectrometry, J. AnalSpectrom. 10 (1995) 905-921.

[32] K.Y. Patterson, C. Veillon, A.D. Hill, P.B. Mr-Veillon, T.C. O'Haver,
Measurement of calcium stable isotope tracers usiogplasma ICP-MS, J. Anal.
At. Spectrom. 14 (1999) 1673-1677.

[33] J. Goossens, L. Moens, R. Dams, A mathematimakection method for spectral
interferences on selenium in inductively coupleaspia mass spectrometry, Talanta
41 (1994) 187-193.

[34] F. Laborda, M. Gorriz, E. Bolea, J.R. CastilMathematical correction for
polyatomic interferences in the speciation of chromby liquid chromatography-
inductively coupled plasma quadrupole mass speétynSpectrochim. Acta Part B
61 (2006) 433-437.

[35] J.W. Ferguson, R.S. Houk, High resolution gaaf the origins of polyatomic ions
in inductively coupled plasma-mass spectrometryt, P&entification methods and
effects of neutral gas density assumptions, extnaeltage, and cone material,
Spectrochim. Acta Part B 61 (2006) 905-915.

[36] M. Guillong, D. Gunther, Effect of particlez& distribution on ICP-induced
elemental fractionation in laser ablation-indudyveoupled plasma-mass
spectrometry, J. Anal. At. Spectrom. 17 (2002) 83Z-

[37] N.J. Saetveit, S.J. Bajic, D.P. Baldwin, R:Buk, Influence of particle size on
fractionation with nanosecond and femtosecond lalskation in brass by online
differential mobility analysis and inductively cdad plasma mass spectrometry, J.
Anal. At. Spectrom. 23 (2008) 54-61.

www.manaraa.com



13

[38] J. Gonzélez, S.H. Dundas, C. Liu, X. Mao, RRiasso, UV-femtosecond and
nanosecond laser ablation-ICP-MS: internal andreateepeatability, J. Anal. Atom.
Spectrom. 21 (2006) 778-784.

[39] J. Koch, A. von Bohlen, R. Hergenrdder, K. Mix, Particle size distributions and
compositions of aerosols produced by near-IR fema nanosecond laser ablation
of brass, J. Anal. At. Spectrom. 19 (2004) 267-272.

[40] H.-R. Kuhn, M. Guillong, D. GlUenther, Sizeatdd vaporisation and ionisation of
laser-induced glass patrticles in the inductivelypied plasma, Anal. Bioanal. Chem.
378 (2004) 1069-1074.

[41] D.C. Perdian, S.J. Bajic, D.P. Baldwin, R.®uK, Time-resolved studies of particle
effects in laser ablation inductively coupled plasmass spectrometry. Part 1.
Investigation of nanosecond and femtosecond puidhyasers and devices for
particle size selection, J. Anal. At. Spectrom(2308) 325-335.

[42] A.B. Murphy, Transport Coefficients of Heliuamd Argon-Helium Plasmas, IEEE T.
Plasma Sci. 25 (1997) 809-814.

[43] Z. Wang, B. Hattendorf, D. Gunther, AnalytedRense in Laser Ablation Inductively
Coupled Plasma Mass Spectrometry, J. Am. Soc. Mpsstrom. 17 (2006) 641-651.

[44] R.E.Russo, X. Mao, J.J. Gonzélez, S.S. Mamtbsecond laser ablation ICP-MS, J.
Anal. At. Spectrom. 17 (2002) 1072-1075.

[45] C. Liu, X. Mao, S.S. Mao, X. Zeng, R. Greif,lR Russo, Nanosecond and
Femtosecond Laser Ablation of Brass: Particulatel@&®-MS Measurements, Anal.
Chem. 76 (2004) 379-383.

[46] M. Gaboardi, M. Humayun, Elemental fractiooatiduring LA-ICP-MS analysis of
silicate glasses: implications for matrix-indepemd&andardization, J. Anal. At.
Spectrom. 24 (2009) 1188-1197.

[47] Q. Bian, C.C. Garcia, J. Koch, K. Niemax, Netrix matched calibration of major
and minor concentrations of Zn and Cu in brassnalum and silicate glass using
NIR femtosecond laser ablation inductively cougdabma mass spectrometry, J.
Anal. At. Spectrom. 21 (2006) 187-191.

[48] B. Fernandez, C. Pecheyran, O.F.X. Donar@l&verie, Direct analysis of solid
samples by fs-LA-ICP-MS, TrAC-Trend. Anal. Chem.(2607) 951-966.

www.manaraa.com



14

Chapter 2. Origins of Polyatomic lons in LA-ICP-MS:
An Examination of Metal Oxide lons & Effects of Nitrogen and Helium in

the Aerosol Gas Flow

Travis M. Witte and R.S. Houk

Abstract

Differences in the origins of polyatomic ions ietwplasma conditions, as exist in
solution nebulization inductively coupled plasmassiapectrometry (ICP-MS), versus dry
plasma conditions, found in laser ablation (LA)-1®1S, are investigated. Silicate and
metallic samples are ablated and gas kinetic teayn@r (a9 is measured to establish the
origins of metal oxide (MQ ions. MO ion abundances observed from both the ablation of
silicate samples and metallic samples are fourmdteespond to formation of the polyatomic
ion in the ICP. The same strategy is applied id@ratios measured when additional gases
(N, and He) are introduced into the aerosol gas flblwis found to decrease the Ni™™*
signal ratio by maximizing atomic sensitivity atder total gas loads. The addition of He
reduces polyatomic ions throughout the plasma. di®eth N and He produces the lowest
MO*/M™ signal ratio and highestZvalues at the position sampled in the ICP. Byigaj a
better understanding of the origin of polyatomicsaon LA-ICP-MS and their behavior in
mixed gas plasmas, perhaps strategies can be geddio minimize polyatomic

interferences in the mass spectrum.
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Introduction

The popularity of ICP-MS for elemental and isotoanalysis rests upon its ability to
efficiently atomize and ionize the sample [1-4)veR though the ICP is the most effective
atomization source available, it is nonethelesblen® completely eliminate polyatomic
ions in the spectrum [5-9]. These polyatomic specause spectral interferences, producing
peaks that overlap with atomic ions present asédme nominal mass-to-charge (m/z) value.
This degrades detection limits and reduces theracgwf analyses.

Prior studies of polyatomic ions in ICP-MS havsuléed in a number of strategies to
reduce their impact. These strategies include plaaimas [10,11], collision and reaction
cells [12-16], mathematical corrections [17-20]d dmgh resolution mass analyzers [21,22].
While these methods are effective in dealing wittyatomic interferences, each also has
drawbacks that may render them less than idegddudicular applications. Rather than focus
on situational remediation techniques, study ofatigin of these species in the ICP-MS can
provide a fundamental understanding of the fornmatibpolyatomic interferences. Perhaps,
more encompassing and effective techniques omnim&ntal developments to eliminate these
interferences from the spectrum may be possible.

The work presented here applies this fundamepfaioach to polyatomic ions
produced in LA-ICP-MS. Earlier investigations cooted both in our group and elsewhere
have chiefly described polyatomic interferencesdpoed during traditional solution
nebulization analyses, where the “wet” plasma diovts have been well-characterized [5,7-
9,21,23-27]. Conversely, polyatomic ions from ey’ plasma conditions present in LA-

ICP-MS have not been investigated extensively [@B-3
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A number of considerations may affect the abundahpelyatomic ions produced in
a dry plasma as compared to a wet plasma. An galyaf LA-ICP-MS is the ability to
perform analyses with little to no sample preparafBl]. Because of this, however, matrix
elements that might be removed during sample pagiparin solution-based analyses are
introduced into the ICP during the ablation eventis provides a ready source of species for
the formation of undesirable polyatomic interferesic The degree of polyatomic ions in the
spectrum may also be affected by the nature oaliteted aerosol. Sample aerosol
characteristics depend upon the interaction ofabker with the sample substrate,
condensation of ablated particles, and transptetisfas the aerosol travels from the
ablation cell to the ICP-MS [32]. Additional gassker than argon are often employed in
the plasma in LA-ICP-MS. Along with the absencevater loading, these gases result in a
somewhat different plasma environment in which ptaynics may be formed [33].

The purpose of this work is to examine the oridipayatomic ions in LA-ICP-MS
analyses, both in comparison to solution nebubzatinalyses and for a variety of aerosol
gas compositions often used in ablation analy§ds¢he common polyatomic species, MO
ions are among the most persistent and troublesueréerences found in an ICP-MS
spectrum. They are the most abundant polyatomi seen during LA. This study will

focus on these MOons to more fully understand these interferemcgsA-ICP-MS.
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Theory

Determination of Polyatomic lon Origin

A general method has been developed to describarigfia of polyatomic ions in
ICP-MS [23,27,34,35]. This method is based up@nptitoposed dissociation reaction for the

generic ion AB.
AB* = A"+ B AH = Dy (AB") Eq. 1

A dissociation expression can then be constructa@tyiexperimentally collected data.
n +
K= (—A}nB Eq. 2

The measured signal ratio between the iohad AB' is taken to be proportional to the
ratio between number densitieg for A” and AB’, which eliminates the need to determine
absolute ion densities. The neutral species nuhasity () is estimated from known
plasma conditions. The equilibrium expressionaan be written in terms of the
appropriate partition functions (z) of each speaiethe reaction. Table 1 lists the
spectroscopic dataw (= vibrational constanB = rotational constant, g = statistical weight of
the ground state) for AB(i.e., MO ions) used in these calculations in the presemk wo

[35,36].
Ky =—2—e> Eq. 3

Both the neutral number density and the partitiorctions are dependent upon the gas

kinetic temperature @h9 and must be calculated at each value acrossye @rily.svalues.
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The measured dissociation constard) iom Eq. 2 and theoretical dissociation
constant from Eq. 3 are compared at eaghacross this range. The value at which they
most closely agree is considered to be thgifidicative of the origin of the polyatomic ion.

Based on thesegdsvalues, there are three general assignmentsahdie made for
the origin of the polyatomic ion. (1) If the meestl Tyssfalls in the range 5000 to 6000 K,
the polyatomic ion is present in the spectrum alkeconsistent with plasma conditions and
is not being affected by post-plasma effects initkerface. (2) If the assignedadis greater
than 6000 K, the polyatomic ion is being removedbse process during ion extraction and
thus is less abundant in the spectrum than expéetsetl on plasma conditions alone. (3) If
the measuredyksvalue is below 5000 K, the polyatomic ion is mabeindant in the
spectrum than expected from plasma conditionsxsess polyatomic ion is being formed by

some process during ion extraction [23,25].

Experimental

Instrumentation

All experiments were performed on a Thermo Finni@remen, Germany)
ELEMENT 1 ICP-MS. The ELEMENT 1 is a high resotutimagnetic sector instrument,
capable of operation at three defined resolutidrsy resolution (mAm = 300) was used
when possible to maximize sensitivity. Medium tason (m/Am = 4000) was employed
when polyatomic ions could not be resolved fronrbgatomic ions. An ICP torch with a
grounded shield was used throughout this studyibénmze secondary discharge effects
from the plasma and the kinetic energy spreadrd.idGas flows and ion optics were tuned

to optimize signal sensitivity and stability by ndibation of standard solutions initially. The
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instrument was then set up for laser ablation arad &djustments of the aerosol gas flow
settings were made.

A nanosecond laser system, the LSX-500 (CETAC fieldyies, Inc., Omaha, NE),
was used for the majority of the ablation experitaemhe LSX-500 is a Nd:YAG laser
operated at 266 nm with a pulse width of 5 ns aretgy of 9 mJ. Laser energy, repetition
rate and spot size can be adjusted through softveanteols. Typical operating conditions
for the ICP-MS device and laser are described inlela.

During argon-only experiments, all gas flows weueplied through the internal mass
flow controllers of the ELEMENT. For ablation irlium, an external mass flow controller
(Matheson Tri-Gas, Inc., Basking Ridge, NJ) waglusdntroduce the gas flow into the
ablation cell. External mass flow controllers walgo used to regulate argon make-up gas
and nitrogen gas flows. All flow rates cited indéucorrection factors for the different gases
relative to Ar. The argon make-up gas was combwiéd the sample aerosol post-ablation
cell via a Y-connector. When nitrogen was requitedas blended with the sample aerosol

through an additional Y-connector downstream ofatided argon make-up gas.

Materials

A custom silicate disk containing several rareteatéments (REEs) was created by
Dr. Scott Schlorholtz (Department of Civil, Congfiion, and Environmental Engineering,
lowa State University) for this study to allow mwider survey of metal oxide species.
Reductions in sensitivity at the higher resolutioesessary to resolve betweefi ad MO
ions (e.g.*°%Ce0" vs.™®Gd", m/Am ~ 7000) resulted in poor signals for polyatongiecies

and rendered common laser ablation standards,asuttte NIST 61X series, not optimum for
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this study. The disk was prepared by silicateggfasion by adding rare earth oxide powders
to a silicon dioxide base. A silicate-based sam@e chosen as a suitable proxy for mineral
samples due to the similar behavior exhibited bty lsample types during laser ablation.
Oxide powders were added as necessary to achiemmiaal elemental concentration of
2000 parts per million for each rare earth. Thec# elements selected (Y, Cs, Ce, Tb, Tm
and Ta) were chosen to avoid spectral overlap aaile analysis in low resolution to
maximize analytical sensitivity, especially for M@ns. Elements were also selected to
cover a mass range adequate for the constructian ofstrument response curve for mass
bias corrections. This disk was used for examimaif YO formation from ablation of
silicate samples. A sample of Y metal (Materialgparation Center, Ames Laboratory, U.S.
Department of Energy, Ames, IA) was used to stu@y formation from ablation of a

metallic matrix.

Estimation of Neutral Density (g)

In order to calculate the measured dissociatiostemr, the neutral density must be
estimated based upon known plasma conditions théostudy of MO ions, this involves the
determination of the density of neutral oxygag)( This has been achieved for solution
nebulization in earlier work through the followieguation [23].

e NALTroom Eqn 4
FM,, oT,.1000

In Eq. 4 N\ is Avogadro’s number, L is the measured solvead I mirt), TroomiS room

temperature (K), F is the aerosol gas flow raten{h™) and Mo is the molar mass of water

(g mol"). The measured solvent load is typically detesdihy recording the amount of
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water sampled into the plasma over a defined tiem®g. It is assumed that water is the
chief source of oxygen. This strategy is effecfimewet plasma conditions where solution
nebulization is used for sample introduction.sltdgss directly applicable to the dry plasma in
LA-ICP-MS, where no solvent is involved.

Without solvent to provide the bulk of the oxygéns expected that the oxygen
found in the plasma under dry conditions would biganed from the atmosphere or present
as an impurity in the argon. Some oxygen may tredunced by ablation of samples,
especially those with silicate matrices, but tldatdbution is observed to be small. This
loading is difficult to quantify directly and comgétes the calculation of the density of
oxygen in the ICP.

A strategy was developed to address this issueshyindg the oxygen number density
for a dry plasma from the measured solvent loaalwét plasma. This requires measuring
the solvent load during solution nebulization aliyy. During these measurements, the signal
of 1*0" is collected (Fig. 1a). Operation of the instrairia medium resolution ensures that
the'®0" (m/z = 17.99916) peak is fully resolved from ttearby H'°0" peak (m/z =
18.01057) (mAm = 1640, data for P1°0O* peak not shown). The instrument is then switched
to laser ablation sampling and the signal®ef' is again measured (Fig. 1b).

During either solution nebulization or laser aldatithe measured O density is
assumed to be proportional to ti@" signal. Usingio from the measured solvent load (Eq.
4), a relationship can be constructed to calculatensity in the ICP. This same
proportionality value is used to calculate the redudensity of oxygen across thg.drange

of interest during LA.
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Mass Bias Corrections

lon ratios, such as those investigated in this waré& prone to mass bias effects
inherent in ICP-MS analyses. Mass bias is corcefdeby creating an instrument response
curve, as described by Ingle et al. and Fergusah E25,37]. Atomic ion signals, corrected
for isotopic abundance and ionization efficienay, plotted against their respective nominal
atomic masses to generate the response curvee Tégsonse curves require elements in
known concentrations that span the mass rangdesest. In solution nebulization ICP-MS,
a custom multielement solution can be preparethisrpurpose.

For LA-ICP-MS matrix-matched samples containingdperopriate elements are
necessary. ldeally the sample being ablated witagtf include the desired elements. This
was achieved by design with the custom REE di3ke stainless steel CRM also presented
elements across a mass range appropriate forupege. A suite of elements was measured

during each ablation analysis in addition to tlevat and polyatomic ions of interest.

Results and Discussion

MO™ lons in Wet vs. Dry Plasmas

Earlier studies have established the nature gfgbomic ion interferences in wet or
desolvated plasmas [5,7,9,21,23-25,38,39]. Hexedhdy availability of O and H from the
solvent leads to the formation of oxide ions, hgdrions and argide ions from the argon
supporting the plasma itself. Absent solvent,glagmas feature less available O and H for
the formation of interferences, as evidenced in EigBased on our method to determine

solvent load, at a given temperataggwas approximately 2 orders of magnitude lower
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during LA compared to wet conditions, even thoughmatrix being ablated was SiOThis
would correspond to a nearly 200-fold dromin

Given the decrease in O and H abundances in &senpl under dry conditions,
polyatomic species incorporating those ions are &sindant than in wet plasmas. Table 3
compares the ratios of YO during solution and laser ablation analyses. disserved
YO'/Y" ratio decreases by nearly the same amoung aen solution nebulization and
laser ablation are compared. The reduced abunddimog/gen atoms in the dry plasma
directly correlates into a reduction in the impaicbxide interferences on the mass spectrum.
This holds true for both metallic and silicate neas, indicating that any contribution of
oxygen from the sample to the formation of Mons is insignificant.

YO (Do = 7.24 eV) was observed in both solution and labéation analyses at
abundances corresponding t@sF 5200 K, values indicative of formation in thagina
alone. The solution result agrees well with thegeaaf Tyasfound in previous studies of
dissolved REEs in ICP-MS [23]. Close agreemeatss found between theEvalues
determined from ablation of Y glass and metallimpkes (Fig. 2) within a substantial range
of Ar gas flow rates (0.925 L/min to 1.25 L/min)A of silicate samples produces patrticles
that are mainly of a size distribution that is igadaporized, atomized and ionized in the
ICP when ablated, although some large, spherictitfes are also observed [29]. With
more particles of a common size regime, atomizatmsurs in a discrete zone in the plasma
much like for solution aerosols.

Similar results are seen from the ablation of thmétal sample, despite the increased
possibility of large particles in the aerosol. Hegand subsequent melting of metallic

samples by the laser pulse can cause a greatdenus of large particles during the ablation
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[32,40]. These particles may be expected to doutiei MO ions to the spectrum if not fully
atomized. The low oxygen content of the metabimple, however, helps prevent this
undesirable effect. As observed for both sampesythe shared origin of Yn the
plasma is itself an expression of the common erpe& of ablated particles and solution
aerosols in the ICP. This link enables use o@&/Y" ratio, as well as the ratios of similar
species like CeQCE€', as probes to determingadat the sampled position in the ICP.
During LA, absolute ion signals of 1&nd 18 counts & were observed for YO
from the silicate and metallic samples, respectivd@lhe observed ratios used peak
integrated signals of #@nd 18° counts & for both atomic ions, however, which were only
reached due to the high concentrations of eachesie(tlass: Y = 9.45%, Metal: Y >
99.9%). Thus, these MQons are much less abundant during LA than frobufized
solutions, as expected. Similar oxide percentag#ss range (0.001% - 0.01%) would
result in much lower absolute polyatomic ion sign&aformed from trace elements, greatly
reducing their impact on the spectrum. Nonethekssh MO ions from minor or trace
constituents can still be problematic in LA-ICP-M¥Bhe convenience of little to no sample
preparation comes with the caveat that all materents will be sampled alongside the
analyte elements of interest. Strongly bound polydc ions, like MO, should therefore be
considered as possible interferences to be acabfmtevhen developing a method based on

laser ablation.

Mixed Gas Plasmas

Gases other than argon are commonly added t&Cellring laser ablation analyses.

In particular N or He is used in the ICP center channel to imptbeeconversion of the
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analyte from ablated particle to atomic ion. Thgases have also been shown to reduce the
abundance of MOinterferences [41,42] and, in the case of He, awertransport out of the

LA cell [43]. Using REE oxide ions as thermomepiobe species, the effect of these gases
on conditions in the ICP can be determined and tsegi/e context to the enhancements
produced in the spectrum. To accomplish thisgteflow rate through the ablation cell was
maintained constant at 0.5 L rilifor each analysis to ensure that transport canditfrom

the ablation cell were consistant. Thé &hd MO ion signals were then measured at a
series of increasing Ar make-up gas flow ratesgpecong ion signal profiles similar to those
found in Fig. 3a.

Changes in the measured ion signals relate to elsanghe relative position of the
various zones where MOM and M species can be found relative to a fixed sampling
position. This is a consequence of alteratiorthéngas flow rates, either for pure Ar or
mixed gas flows [38,44-46]. Figure 4 illustratkee effect of the total gas flow rate on the
position of a particular plasma zone, the initadiation zone (IRZ), relative to the sampling
orifice. At higher total flow rates, the IRZ isclated closer to the sampler interface than
when a lower total gas flow rate is used with @dixssampling position [47].

All measurements were conducted at a fixed samplasition and power in this
study. The sampling position cannot be easilystdifor the ICP-MS instrument used in
this study, as the radial and axial positions cabealtered independently. The only option
for obtaining axially-resolved results is to vamgtaerosol gas flow rate, as described by
Horlick et al. [38,45]. Variations in the plasmatgntial with changes in the gas flow rate
should be minimal due to the use of a groundeddkigh the ICP torch. lon signal profiles

such as those in Fig. 3a can thus be used as ap@toons to investigate axial spatial effects
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of gas identity and flow rates on the ICP througkasurement of Mand MO ions,

although actual axially-resolved measurements wbalbetter.

N, and Ar

N, has been used at low flow rates (~ 5 to 100 mLnimthe central gas flow by
other investigators to increase sensitivity fomaitoions by factors of 2 to 5, while reducing
the MO'/M” signal ratio [33,42,46,48-52]. M@" signal ratios for each of the elements
from the REE disk at increasing Mow rates in the aerosol gas flow are shown o Bi
The experiments are done by increasing the Ar nugkgas flow rate at each of the indicated
N, flow rates, with 0.5 L miri Ar through the ablation cell.

Fig. 5 shows that inclusion of,hh the central channel lowers the minimum
achievable MO/M™ ratio for all species observed, which is desiratfter CeO, the most
strongly-bound oxide investigated (Table 4 [53,54]¢ CeO/Ce" signal ratio decreased
from 1.98x10° without N, to 3.26x10 at the highest Nflow rate. Similar behavior is found
for all elements save Cs. Being the most weaklyrbloof the polyatomic species analyzed,
CsO (Do = 3.04 eV [54]) was not abundant under all condiiinvestigated. It can thus be
expected that polyatomic species with dissociatioergies equal to or less than that of CsO
will be present only at low abundance in a dry plas For the remainder of the species, the
trend presented can be understood through théoreship between the Mand MO signal
profiles and the determinedIvalues. The behavior ofYand YJ, as an established
metric for plasma conditions, can be used to erptlois phenomenon.

The Y" and YO signal observed at four different flow rates ofitlthe central gas

flow in Fig. 3 illustrates the effect ofNn LA-ICP-MS analysis. Without Nthe central
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channel gas flow consists of 0.5 L ilinf Ar from the ablation cell and an Ar make-up gas
flow added after the ablation cell. Thé &gnal maximum is at ~ 0.9 L mirmake-up gas
flow, or ~ 1.4 L mirt total. This value is commonly seen on our inseam Each 5 mL
min® increase in the added Kshifts the Y signal profile to lower make-up gas flows by
0.2 L miri*. The maximum Y signal then occurs at lower gas flows, such thamaximum
signal at 20 mL mit of added M, and possibly at 10 mL miihof added N, probably occurs
at a make-up Ar flow below the investigated ranBather than the 2x to 4x increase
reported by others during LA-ICP-MS [42,52], wedilittle to no sensitivity enhancement
with the addition of M.

Despite the small gain in absolute signal for ttoeréc ion, an analytical advantage is
still gained by introducing Ninto the ICP. At the Ar make-up gas flow rateresponding
to the Y signal maximum, the abundance of Y@&creases as,Nlow rate increases (Fig.
3c). This trend is consistently observed for oM&™ species (data not shown). By
suppressing the polyatomic ion, accuracy and detetimits can be improved at m/z values
corresponding to the MQnterference.

The combined information on the atomic and polyataons can be used to describe
the effect of N in the ICP central channel throughdmeasurements. Compared to an Ar-
only plasma, Tusis slightly greater at each make-up gas flow fiaé yields the Msignal
maximum, as shown by the points labeled with asterand arrows in Fig. 3d.4Falso
drops more extensively as the make-up gas is iseteahen MNis present.

Various explanations have been offered by othezarehiers about the effects of N
the ICP. Hu et al. note that the thermal conditgtiof N is 32x greater than that of Ar at

ICP temperatures. Thus, energy transfer from@ablated sample particles within the axial
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channel could be better with a small dose gfrfithe Ar gas flow [42]. Conversely Sesi et
al. observe that Naddition to the aerosol gas flow cools the cedbannel of the plasma
[33]. They propose that, as a molecular gas, iftv@ational and rotational states of N
dissipate heat transferred into the center of @t IHowever, when Ns added to the
auxiliary gas flow, an increase in the temperatirine center channel is observed. They
attribute this effect to Nfacilitating an improved transfer of energy frane touter gas flow

to the center channel of the plasma. Compariseono$ignal profiles collected by Agatemor
and Beauchemin from an Ar-only plasma and a plasittaN, added to a sheath gas flow
indicate the plasma shrinks when il introduced [55]. The formation of strongly-imal

NO" (Do = 11.76 eV) would also effectively bind the O atopresent in the ICP and prevent
the formation of MO species from analyte ions [42].

Based on the response gfdfto changes in the gas flows, it appears to be a
combination of these factors that best describeettect of N in a dry plasma. The
increasingly extensive reduction ig.Jacross the range of Ar flows as morgiintroduced
supports both the Nshrinking the normal analytical zone (NAZ) in fhlasma as well as
acting as an energy sink. Photographic studi¢iseoplasma during ablation experiments
have shown that the regions over which atomizatimhionization occur are more diffuse
and ill-defined compared to the ICP during solutistroduction [47]. The plasma
shrinkage induced by the addition of td the aerosol gas flow compacts these zones. A
better defined and thinner NAZ decreases the raiffaision of ions, increasing the
proportion of ions positioned in line with the edtion interface at lower Ar flow rates. Fig.
3a shows that a similar result can be achieved wbpenating at low gas flow rates by

increasing the aerosol gas flow in an Ar-only plasmhich also decreases diffusion to the
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boundaries of the center channel of the ICP. Bwmarison, the introduction ofMauses

the optimum NAZ position, where the atomic sigrsafiaximized, to be reached at lower
central gas flows. With a modest amount efokesent, a similar value ofzis observed as
at lower Ar flow rates. This can prove analytigdieneficial in several ways. Operation at
lower total aerosol gas flows can reduce fractiomgd3] and, as shown in Fig. 3, reduce the

formation of polyatomic ions in the ICP.

He and Ar

While N; is used as a complement to Ar, He is employeddieat substitute for Ar
in LA-ICP-MS analyses to enhance signal througltgsses that occur during ablation and
transport as well as in the ICP [33,43,56]. Taeistigate the effect of He on'Mnd MO
signal profiles, a flow rate of 0.5 L mirHe only was passed through the ablation cell to
provide constant ablation and transport conditioviariable amounts of Ar were then added
to the aerosol gas flow before introduction inte l&P. A fixed flow rate for He was
maintained for all analyses. Again, this situaonresponds to common analytical practice.

For the measured™signal (Fig. 6a), replacing Ar with He resultedi®0% increase
in the Y* signal maximum over an Ar-only plasma at the “béstflow rate for each case.
This is only achieved by re-optimizing plasma caéinds. Simply substituting He for Ar at
the “best” Ar make-up gas flow rate (0.9 L M)nwould otherwise result in a nearly 50%
decrease in Mion abundance.

An interesting difference between the He-Ar andoAly plasmas can be found in the
YO signal profile (Fig. 6b) and the attendagisValues (Fig. 6¢) measured from the

YO'/Y" ratio, especially at high Ar make-up gas flow satén the Ar-only plasma, YO
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abundance increased 13x from the optimum make-sflga (0.9 L min') to the highest
setting investigated. Over the same range ofnggtiin the He-Ar plasma YOncreased

only ~ 4x. The correspondingzEvalues also show less variation with make-up gas fl

rate. The He-Ar plasma maintained @sbf ~ 5000 K while the Ar-only plasma experienced
a drop of nearly 1000 K in calculateg.Jover the examined range of gas settings.

For Fig. 7a there is He through the ablation célwr make-up gas, but no,N
Similar ratios are observed at low make-up gas flat@s as shown for the Ar-only plasma in
Fig. 5a. Unlike the Ar-only plasma, however, thestéos do not change much even when
the make-up gas flow rate is increased. With Heugh the ablation cellglsremains high,
even at high total gas flows into the central ctehnf high aerosol gas flows are necessary
for an analysis, incorporation of He in the cemteannel of the ICP can be used to minimize
the abundance of MQnterferences.

These results corroborate other findings on thecefif He in the plasma [43]. At
~ 5000 K, He has a thermal conductivity of ~ 1 W Ki* [57], much greater than that of Ar
(~0.1 W nm K% [58]. It has been suggested that a small dosteadllows for improved
transfer of energy from both the induction regintoithe axial channel and within the axial
channel itself [33]. The increase in maximum achbde Y signal with He introduction
(Fig. 6a) due to more efficient vaporization, i@tipn and atomization of the ablated
material is one expression of this attribute. ddidon, better energy transfer from the bulk
plasma enables the ICP to attain a consistg@atifoughout the center channel. As a result
the measuredgksdoes not change much with alterations in the sagplosition of the He-

Ar plasma induced by changes in the gas load @&gover a very wide range (0.4 to 1.3 Ar

make-up gas flow rate), suppressing the $@nal at locations upstream in the ICP. This
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permits a greater freedom when tuning the gasgstfor optimal signal, which may occur
at different central gas flow rates for differeatples or even different analyte elements,
without sacrificing the enhanced figures of mehbtasned by reduction of polyatomic

interferences.

N2, He and Ar

In further experiments, Nwvas added to the He-Ar plasma to establish ifreatydical
advantage could be gained by combining two additiveEhe variation of MOM™ ratios with
the addition of Mto a He-Ar plasma, presented in Fig. 7b, c, and similar to that of the
Ar-only plasma. Lower ratios are reached for eguécies as the Nlow rate increases. At
higher make-up gas flow rates (Fig. 7c and d) ti@&'M" ratios change more than in the
absence of pN(Fig. 7a).

The combined influences of He and dh the ICP are more clearly evident in the
signal profiles of the atomic and oxide ions arelidsultant J,svalues. Fig. 8a shows that
the introduction of M shifts the Y signal maximum to lower make-up gas flows, mukh i
in Fig. 3a for the Ar-only plasma. Raising thefféw rate above the initial addition of 5 mL
min™ provides diminishing changes in the optimum mageas setting, with He again
moderating the effect of increases in gas loacmall increase in Ysensitivity is realized
only at a N flow of 10 mL min* and at a lesser extent than when added to ther-o
plasma. The moderating effect of He was also elesein the overall signal profile at each
gas setting. Compared to the rate of decline ptedeat higher Ar make-up flow rates in the
N.-Ar plasma (Fig. 3a), the Ysignal experienced a more gradual drop past ggaklgFig.

8a). The abundance of YQFig. 8b) is similar for all added amounts of &t lower Ar
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make-up gas flow rates. At low make-up gas flotesahe YO signals do not increase
much, while the Y signal does increase, so the measugagv@lues (Fig. 8c) are moderately
higher with N introduced into the He-Ar plasma. TheggsValues are hotter than those
measured whenNvas added to the Ar-only plasma (Fig. 3d) and ierekevated at higher
make-up gas rates (up to 1.0 L fin Past this threshold, decreasedayid increased YO
abundances meantdrops to values below those reached in the exalysHe-Ar ICP.

The combined effects of Nand He in the center channel of the ICP could @rov
favorable if managed properly. The hottgssfesulting from the greater thermal
conductivity of He is sustained even in the presasfdthe temperature dampening effect
caused by Bl Similarly the compaction of the NAZ by,Nan still be attained in a He
environment, providing all the advantages of opensaat lower total gas loads. gt at
maximum signal for Ywhen N is included in the He-Ar plasma is moderately kigthan
in all other investigated central channel gas comiions as presented in Table 5.

Careful tuning of the flow rates for the variousgs can produce optimal atomic ion
signal for a LA-ICP-MS analysis while keeping pdlyaic ion interferences to an acceptable
minimum. Possible gains are lost if thefldw rate is set too high, however. Presumably,
the tip of the sampling cone is now upstream ofNA& in the ICP. Though the plasma
does not cool as quickly in these positions dudégoresence of He in the center channel,
the benefit of N addition is lost as gksdrops below the value that would be achieved with
He and Ar alone. As they are among the most stydsaund of the polyatomic
interferences encountered in the ICP, careful mamagt of oxide-based polyatomics with
mixed gas plasmas should help ensure that a breégtilyatomic interferences are

minimized throughout the spectrum.
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Conclusions

Comparison of MOinterferences between the wet plasma conditiomsdaon
solution nebulization ICP-MS and the dry plasmadittons of LA-ICP-MS reveals the
changed environment in the ICP directly impactsabendance of MOions in the
spectrum. The decreased availability of oxygemced the abundance of oxide ions for both
silicate and metallic matrices. While the oxidesstudied here are less prevalent in LA-
ICP-MS, interferences from MQons from matrix and major elements can still@ris
Ablation of silicate samples results igdvalues similar to those found in solution
nebulization. Apparently, the ICP can sufficieratpmize these particles in the aerosol.
This may be less true for metallic samples, whbtat@n of this sample type often produces
larger particles [59,60] that cannot be completgbmized in the plasma. However, the
minimal oxygen content of metallic samples prevamtsncrease in the abundance of MO
ions in the mass spectrum from these large pasticle

In LA-ICP-MS, mixed gas plasmas provide a way tuee MO ion interferences
without large sacrifices in the abundance dfidhs. The addition of Nto an Ar aerosol gas
flow produces a narrower NAZ in the plasma, whiah be sampled at lower total gas flows.
Operation under these conditions increasgs dalculated by monitoring the YY" ratio,
by reducing polyatomic ion levels in the spectruftis effect is compounded when He is
included in the aerosol flow at the ablation célelium added to an Ar plasma increasgg T
and enhances sensitivity for atomic ions througgnger zone in the center channel of the
ICP. When both He and,Mire added, a modest 20% sensitivity enhancemeaingd

while polyatomics are suppressed even further,tesyiof plasma operation at a lower total
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aerosol gas flow rate. The highest operatiggi$ achieved with this combination,
providing the best analytical performance observed.

Future work could focus on the formation of Midn interferences from other types
of matrices. Ablation of biological materials isiocreasing interest and represents a sample
type not investigated here. Study of the polyatsnproduced from ablation of the organic,
and often water-rich, matrices encountered in tisaseples may provide valuable
information to improve the figures of merit for shgrowing area of LA-ICP-MS analysis

[61-63].
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Table 1. Spectroscopic constants for '@ andB are for the neutral species)

Do (eV) w cmY)B (cm™) g Refs
7.24 861 0.3881 1 [35, 36]

Table 2. ICP-MS Operating Parameters

ICP-MS Instrument Thermo Finnigan ELEMENT 1
Resolution Low (mfm = 300)
Medium (mAm = 4000)

Torch Shielded (grounded Pt guard electrode)
RF Power 1200 W
Outer Gas 6 L mih
Auxiliary Gas 0.9 L mift
Aerosol Gas

Ar-only plasma 0.925 — 1.275 L mifiAr

Ar and N plasma 0.5 L min Ar (ablation sweep gas)

0.4 — 1.3 L mitt Ar (make-up gas)
0 — 20 mL mift N,

He-Ar and N plasma 0.5 L miti He (ablation sweep gas)
0.4 — 1.3 L mirt Ar (make-up gas)
0 — 20 mL miHN;

Detector Mode Dual (analog and pulse counting)

Laser System CETAC Technologies LSX-500 Nd:YAG 26n
Pulse Energy 8.65mJ

Spot Size 15@Qm

Repetition Rate 10 Hz

Ablation Mode Single spot
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Table 3. Comparison of MCabundance from silicate (Y-doped glass) and niet@l metal)
samples during both solution nebulization and LARIMS
(All data corrected for mass bias)

YO+/Y+ Tgas no
Signal
Ratios (K) (cm™®)

Solution
Nebulization 1.67x102 5630 9.41x10%

Laser
Ablation 1.36x10% 5230 1.81x10%
(Y in SiOy)

Laser
Ablation 1.43x10% 5210 1.81x10%
(Y metal)

Table 4. Dissociation energies of MQAIl Ref [53] except CsO[54])
(Do (CsO) = Dy (CsO) + IE (Cs) — IE (CsO)

+ Do
MO V)
CeO" 8.83
TaO" 7.89
ThO* 7.71
TmO" 4.90
CsO" 0.57

Table 5. Fasvalues at the maximum™signal for each aerosol gas combination.
(a) Ar: 0.9 L mint Ar

(b) No-Ar: 5 mL min* Np, 0.4 L min® Ar

(c) He-Ar: 0.5 L min* He, 1.1 L mift Ar

(d) Np-He-Ar: 20 mL miri* Ny, 0.5 L miri* He, 0.6 L mif* Ar

Gas Mixture a) Ar b) No-Ar  ¢) He-Ar d) Np-He-Ar
Tgas (K) 5040 5380 4930 5810
Y* Signal (c s*) 2.27x10® 2.37x10° 3.29x10®  3.86x10°
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Fig. 1. (a)'®0" spectrum acquired during solution nebulization-I&8 (1% nitric acid,
100uL min™ nebulizer, Elemental Scientific Inc., Omaha NE)*f®* spectrum acquired
during LA-ICP-MS (Y-doped glass)

www.manaraa.com



43

4500 ——Y Glass

—=—Y Metal

Gas Kinetic Temperature (K)

3000 T T T T T T T
0925 0975 1.025 1.075 1.125 1175 1225 1.275

Aerosol Gas Flow Rate (L mihl)

Fig. 2. Dependence of,J;on argon aerosol flow rate for YQ¥* for LA-ICP-MS analysis of
Y glass and metal samples

www.manaraa.com




44

4 2.50E+08

(@]

= 3a)

S 2.00E+08-

[

D

() 1.50E+08- — 0mLN,
5 — 5mLN,
Q —— 10 mL N
(@)]

2 5.00E+07-

=

+

>- 0.00E+OG I I I I I T T T T T

03040506070809 1 11121314
. -1
Ar Make-up Gas Flow Rate (L min™)

.
“-‘3 3.00E+06

= 3b)

© 2.50E+06

S

&y 2:00E+06- — OmLN,
- —=— 5mMLN,
@ 1.50E+06 e 10mL R
E —x—= 20 mL N
S 1.00E+06

g

£ 5.00E+05
+

g_) 0.00E+00-

03040506070809 1 11121314

Ar Make-up Gas Flow Rate (L min")

Ol LAC U Zyl_ilsl

www.manaraa.com




45

‘_If'n\ 2.50E+05
O
et 3c) /
(G 2.00E+05
% /
N 1s0e05 / —— 0OmLN;
5 —— 5mLN,
- —— 10mL N,
©  v.00805 — 20mL N,
(@)}
(]
e
E 5.00E+04
+
@)
> 0.00E+00 : : :
0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
. -1
Ar Make-up Gas Flow Rate (L min™)
< 6000
¥
~ 3d) i
L 5500 i «
% v
S 5000 — OmLN,
o | —=— 5mLN;
% 4500 e 10mML N
= 4000 —— 20mL N
>_
£~ 3500+
@)
> 3000 ——F——

03 04 0506 07 0809 1 1112 13 14

Ar Make-up Gas Flow Rate (L min™)

Fig. 3. Effect of N addition on (a) Y sensitivity (b) YO sensitivity (c) YO+ sensitivity at
low Ar make-up gas (d)gsfor YO' formation for 0.5 L mift Ar aerosol gas plus
Ar make-up gas

[* indicates flow rates corresponding to maximurh $ignals at each Nlose]

Ol LAC U Zyl_i.lbl

www.manaraa.com




46
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SAMPLER SKIMMER
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Fig. 4. Drawings of ICP, initial radiation zone @R and normal analytical zone (NAZ)
during LA of Y,O3 pellet: a) at low aerosol gas flow rate, thellRA ends well upstream of
the sampler; b) at higher aerosol gas flow rate JRZ tip moves closer to the sampler.

(Adapted from Ref. 48.)
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for maximum Y signal] (b) YO sensitivity (c) Fasfor YO' formation for 0.5 L miit He
aerosol gas plus Ar make-up gas
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Chapter 3. Examination of the Origins of Metal Argide lons in Laser

Ablation-Inductively Coupled Plasma-Mass Spectromet

Travis Witte and R. S. Houk

Abstract

The abundance of metal argide (Mpions during laser ablation- inductively
coupled plasma-mass spectrometry (LA-ICP-MS) issuesd during ablation of pure
samples of transition metals. The relative abundari MAr" ions to M ions for each
element increases as the dissociation energydiDhe ions increases. Gas kinetic
temperatures (k) are determined from the calculated MAM™ ratios and are used to
indicate the origins of MArions. Based on the determineglsvalues, MAF ions are found
to be much less abundant in the mass spectrunettgected based upon plasma conditions.
Collision-induced dissociation during the ion egtran process is suggested to be

responsible for removal of MAiions. Factors responsible for these collisiomsdiscussed.

Introduction

Inductively coupled plasma mass spectrometry (M3)-is one of the most sensitive
techniques for atomic analysis, owing to the e#iicy and robustness of the ICP as an
atomic ion source [1,2]. The gas composition efglasma is a significant factor in
determining the ionization efficiency of the IC®/hile a number of gases have been utilized

to generate the ICP, including nitrogen [3,4], caayd5], helium [6,7], neon [8], and air
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[3,9], argon remains the gas of choice for plaser@egation in ICP-MS. Argon offers
several advantages for ICP operation. Comparsdre alternative gases, the low cost of
Ar better suits it for the high gas consumptiondezefor long-term operation of the plasma.
The ionization energy of Ar (15.76 eV) and the &dton energy of the first excited state
(11.55 eV) are sufficiently high to achieve gredbtem 90% ionization of most elements but
low enough that formation of doubly-charged analgtes is minor [10]. As an inert gas Ar
is chemically unreactive with analyte species mplasma, which minimizes the formation
of unwanted molecular ions during atomic analysis.

Molecular Ar species are not absent entirely, hawe Given the high number
density of Ar in the ICP, if even a small percemtad Ar atoms form molecular ions with
other species in the plasma, the resulting Ar-basdghtomic ion interferences can
significantly impact the mass spectrum. Diatoroitsi, such as Af, ArH* and Ard, which
incorporate major background species in the plaamdahe most abundant of these
interferences [1]. These ions are endemic toGH-MS analyses, particularly those in which
the sample is introduced as a solution. Accorgingfudies have been undertaken of this
variety of Ar polyatomic ion to better understahe fundamental processes in the ICP
related to their abundance in the mass spectrum 31.1

Interferences arising from the formation of Ar adduwith analyte ions in the plasma
are less prominent but may still lead to greatengecations in the mass spectrum. Unlike
the polyatomic ions formed by the combination ofafad background species, where only
the same handful of masses must be monitored texrfénences, an Ar-based interference is
possible at every mass equal to that of the analytiethe major isotope of Ar combined. In

certain m/z regions these MAions cannot be readily resolved from so-calledbaric”
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atomic analyte ions with high-resolution magneécter instruments. Foreknowledge of
sample composition and chemical separations cast assurmounting this obstacle but may
complicate the analysis or be impracticable in ssivations.

One such situation is encountered for solid sasleere spatial integrity needs to
be preserved, whether to gain additional inforrmatiaring the analysis or to minimize the
destruction of a valuable sample. Laser ablatigx){CP-MS can readily analyze such
samples, with the concession that all species prés¢he sample, including those that may
form polyatomic interferences, will be introducedoi the ICP-MS. Guillong et al. describe
a specific case where these MAsns complicate analysis, the determination ofiflan
Group Elements (PGESs) in ore samples [14]. The batals that occur alongside PGEs in
these samples can form metal argide ions (M#krat occur at almost the same m/z values as
the M' ions from the low-abundance PGEs.

Studies to better understand and address'Nokis in ICP-MS analyses, for either
solution nebulization or LA, have only been undegtaby a few investigators [15,16].
Becker et al. compared the abundance of M@ms in solution nebulization ICP-MS, LA-
ICP-MS and glow discharge (GD)-MS and investigdtedperiodic nature of their
abundances [17]. Guillong et al. described theatfdf the mass spectrometer interface
design in commercial quadrupole instruments on Mémn abundance [14].

The present work seeks to further build upon th@staedge about MATions
presented in these investigations. By compariegretical calculations of the MAM™ ion
ratio at various conditions with a MAM" ratio measured from empirical ion signals, the

conditions responsible for the observed abundahbéo” ions can be determined.
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Potentially, information on the origin of these sorould be utilized to develop broad

strategies needed for their reduction.

Theory

Determination of Polyatomic lon Origin

Prior investigations have developed a general noethalescribe the origins of
polyatomic ions in ICP-MS [11,13,18,19]. The basfishis method is a proposed

dissociation reaction for the polyatomic specieghis case MAT.
MAr* = M* + Ar AH = Do(MAr™) Eq. 1

Experimental data are collected and used to evahudissociation expression for the

proposed reaction.

nM+
K=| 4 Iny Eq. 2
MAr*

In this expression, the ratio between the numbasities () for M* and MAF is assumed to
be proportional to the ratio between the measuigethls of the ions Mand MAr. Use of
this measured signal ratio removes the need tatastéhe absolute number densities of
each ion. An estimate of the number density ofnngtral speciesif) is made from known
plasma conditions.

An alternative form of the same dissociation exgi@scan be written in relation to
the partition functions (Z) of each species, ushregavailable spectroscopic constants (Table

1) [20-31].

Kd :Me’DO/kT Eq 3
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In the expanded form of this expression (not show® electronic partition function is
assumed to be equal to the statistical weight@ftound state (g) of the ion MArWhen
the term symbol of the ground state is sigma, lge=ntultiplicity of ion. For all other term
symbols, g = 2 * (multiplicity of the ground eleahic state of MAF) [32,33]. Calculation of
the electronic partition function for Mutilizes a polynomial equation valid from 1500 to
12000 K for each element [34,35]. Use of theseaBgns at greater temperatures represents
the best approximation available and is necessauthé very high Jasvalues encountered in
this study. Both the neutral Ar number density drapartition functions depend on the gas
kinetic temperature @h9 and thus are calculated across a ranggg@Walues. In this study,
the range of Jasvalues extends beyond the limit cited for the atopairtition functions.

A Tgasvalue is determined for the reaction by compatitegmeasured dissociation
constant (K) from Eg. 2 and theoretical dissociation consteorh Eq. 3 across the likely
range of reasonablgEvalues. The value at which the measured andéhieal K; values
best agree is assigned as thyg epresentative of the conditions responsibleferdbserved
abundance of polyatomic ions in the spectrum.

Based on thesegdsvalues, there are three possible assignmentsahate made for
the origin of the polyatomic ion. (1) Atdsvalues between ~ 5000 to 6000 K, the
polyatomic ion abundance in the spectrum is coasistith that expected in the plasma.
Post-plasma effects do not alter the polyatomicaloundance. (2) Atglsvalues greater
than 6000 K, some process(es) during ion extracgaroves the polyatomic ion, leaving it
less abundant in the spectrum than expected baspldsma conditions alone. (3) Afad
values below 5000 K, some process during extractieates additional polyatomic ions,

causing it to be more abundant in the spectrum ¢éix@ected from plasma conditions.
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Experimental

Instrumentation

LA-ICP-MS experiments were conducted using an LER-ECETAC Technologies,
Inc., Omaha, NE) connected to an XSeries 2 (Thdfisioer Scientific, Inc., Bremen,
Germany). The LSX-500 is a 266 nm Nd:YAG systerthwai laser pulse width of 5 ns and
maximum energy output of 9 mJ. Beam charactesisiicluding laser energy, repetition
rate and spot size are selected through a sofiwendace. The XSeries 2 ICP-MS was
operated with a grounded guard electrode to mir@rtiie secondary discharge and the
kinetic energy spread of the ions. This devica guadrupole, unlike the magnetic sector
instrument utilized in a previous paper to investigMO ions during LA [36]. A collision
cell is available in this instrument but was opedatvith no added collision gas. This
ensured that polyatomic ion abundances were infle@isolely by conditions in the plasma
and extraction interface.

All gas flows were Ar. Most gas flows were regathiith the internal mass flow
controllers of the XSeries 2. An external Ar mége# controller was used to control the
aerosol gas flow for laser ablation. The instrutivess tuned using atomic ions from
nebulized solutions to maximize signal and whileéntzning reasonable stability. The torch
inlet was then connected to the laser system i@t &djustment before data collection.

Settings for both the LSX-500 and XSeries 2 arersarized in Table 2.

Materials

Single metal samples (Materials Preparation CeAtmes Laboratory, U.S.

Department of Energy, Ames, IA) were obtained facteof nine first-row transition metals
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(Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn). Since the MAons occur at low abundance, lbns
from impurity elements could be mistaken for théyptomic. Various isotopes
corresponding to heavy metal impurities were maadpwhich confirmed that only MAr
ions were detected at the masses of interest, havmg from elemental impurities. NIST
1263a Cr-V Modified Steel was ablated to collecitralement data for construction of a

mass bias plot.

Estimation of Neutral Density (1ar)

It is necessary to estimate the number densitlgeoheutral species in the proposed
dissociation reaction to calculate the measuresbdiation constant. For the MAons
examined in this study, that requires estimatiothefnumber density of neutral Aaf).

The number density of the major components in thsnpa can be estimated using the ideal
gas law.

Motal = Nar + N + No = P/RTgas Eq. 4
In LA-ICP-MS experimentsy, andno (~ 4 x 16° and 2 x 1& cm®, respectively) are
assumed to be negligible relativerte (~ 1 x 16° cm® at P = 1 atm andgIs~ 6000 K),

especially when ablating metals.

Mass Bias Corrections

The preferential transmission and detection of/tegaons relative to lighter ions,
known as mass bias, is an issue endemic to ICP#Mlysis. Corrections for this behavior
are necessary for analyses involving the measureoh@ccurate isotope ratios, especially

when the mass difference between isotopes is laFhe.MAr" ions in this study present an
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extreme case, with Mons 40 Da lighter than their corresponding Mam. The effect of
these corrections on the isotope ratios studiethisrwork is discussed in detail elsewhere in
this paper.

A corrective strategy employing a multielemenpi@sse curve, developed and
discussed in detail by previous investigators [IR,&as used in this study. NIST 1263a, a
steel standard, was chosen as a matrix-matchedetanient sample for this purpose. This
standard contained elements across the mass ramgerest in this work (up to m/z = 107).
After correcting for isotopic abundance and iorimaefficiency (Ton = 7500 K, g = 1x10°
cm®), a polynomial was fit to the collected data, lagven in Fig. 1. All multielement data
were collected after analysis of the pure metal@asnso that no residual atomic ions from
ablation of the standard were available to interfgith measurement of MAion

abundances.

Results and Discussion

The MAr/M™ (M = Ti, V, Cr, Mn, Fe, Co, Ni, Cu and Zn) sigratio was measured
for nine first-row transition metals and is presehtincorrected for mass bias effects in Table
3. The signal ratios in the table are multipligdls® and are thus presented in ppm for
convenient comparison. They are comparable teethusasured by Becker et al. [17] and by
Guillong et al. [14] for several of the same MAens. The ratios found by Guillong et al.
[14], included for comparison in Table 3, providatularly suitable points of reference for
the MAr‘/M” ratios in this study, as they were collected anghme model of ICP-MS
(XSeries 2). Their measured ratios are higher thas by factors of 5 to 8. Some of this

disparity can be attributed to the use of bothfi@idint mass bias correction method and
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cones of a different geometry than those in outstuDespite this, theglsvalues calculated
from the ratios published by Guillong et al. delsera fate similar to that found in this work
for MAr™ ions, as will be discussed.

The low abundance of each MAon relative to the corresponding’Nbn (1 to 10
ppm, ~ 10 to 10°) is expected for this type of polyatomic ion. Bwender plasma
conditions, the formation of argon-based diatormith metals is not highly favored
energetically. Experimentally and theoreticallyeitmined dissociation energies for MAr
ions incorporating transition metals (Table 1) 0-are no higher than 0.55 eV, which
illustrates the weakly-bound nature of these idbespite this, the absolute abundance of
MAr " interferences can still have a significant impattrace element detection when M
represents a matrix element.

A general trend of decreasing dissociation enerfyem Ti to Fe, followed by a
marked increase centered on Ni, has been fourtgdiasition metal-based MAions.
Because these values are collected from severateyudiscrepancies in the degree of
change in @ values between species, and even exceptions teetiek (e.g., VAT, are
found. Nonetheless, a broad correlation is obsebetween increasing MAIM™ ratios and
increasing dissociation energies across the pefitite first-row transition metals. Both the
upper and lower bounds of MAM ratios are established by the most weakly (Feand
strongly (NiAr") bound ions, based on experimentally determingdalues.

Differences in the dissociation energies among Méms may be influenced by both
the electronegativity of the transition metal atetgon configuration of the metal ion. It
has been suggested that a more covalent-typedtiteraoccurs between the metal ion and

argon neutral for metals with higher electronegtdis [17]. While this is a very weak
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covalent interaction for all transition metals wttgon, it would account for the higher
MAr*/M” ion ratios calculated for metals toward the rightl of the period in the periodic
table, where the greatest electronegativities@uad. Indeed the most electronegative of the
metals studied, Ni (Pauling electronegativity =) 1sBhows the highest relative abundance of
MAr™ ions.

However, electronegativity patterns alone canualty ficcount for the variation in the
binding strength of the MArions. If this trend were the sole controllingttagthe B
values for FeAr (0.11 eV) and CoAr(0.51 eV) should be similar due to identical
electronegativity values (Pauling electronegatiwity.7 for both), but they are quite
different. The MAf/M™ signal ratios measured for these species bedheulifference in
binding strength, with the CoAICo" ratio approximately an order of magnitude gretitan
the FeAf/Fe ratio. The cause of the weaker interaction betwike Fe and Ar atoms, as
compared to Co and Ar atoms, is likely relatechi ¢lectron configuration of the metal ion.

Given the low ionization energy of most of thens#ion metals (6.7 to 7.9 eV, 9.29
eV for Zn) against that of argon (15.76 eV), ieigected that the formation of MAions
results from the interaction of an’Nbn with neutral argon. Thus one of the factorshie
reaction is the electronic state of thé idn. The valence electron configuration of most
first-row transition metals (Table 4) [38-40] indees only electrons in the 3d orbitals.
Theoretical modeling has established that the afesehelectrons in the 4s subshell reduces
repulsion between metal ions and argon, enhanbimgttength of the MArion [20,24].

Those transition metal ions with 4s electrons {Mf€) form much weaker diatomic
ions with argon than nearby elements with emptgudshells. Both MnArand FeAf were

less abundant relative to their respectiveidhs than the other MAiions measured. TiAr
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appears to be an exception to this rule; the Toation has a more complex ground state
electron configuration. Though the lowest enengy preferred configuration places an
electron in the 4s subshell, a low lying electrastate exists with no electrons in the 4s
subshell [20]. This state likely contributes te gopulation of Tiions in the ICP, forming a
more stable diatomic ion with argon than would beeovise expected from the lowest
energy configuration alone.

TgasValues (Table 3) were determined for each Mi&n where all necessary
spectroscopic values (Table 1) were available.yViegh Tyasvalues that are very different
for the various ions are found for the MAons chosen, with even the lowest value (~ 8000
K for NiAr™) laying clearly above the typicalErange of the ICP (5000 to 6000 K). This
observations indicate a) these polyatomic iongrareh lessabundant in the mass spectrum
relative to the metal atomic ion than would be prisdl based upon plasma conditions alone,
and b) the lack of a uniformgdsvalue shows their relative abundances are faobtltermal
equilibrium. Thus, somgrocess(es) during ion extraction greatly redheeatoundance of
MAr ™ relative to M.

The MAr/M™ ratios discussed have been presented without éiss bias corrections
typically applied to isotope ratios calculated frd@P-MS spectral data. The basis for such
corrections rests in constructing a plot of instemtnresponse over a range of mass-to-charge
values covering the isotope masses of interestrument response is calculated by adjusting
the measured atomic ion signal for isotopic abundaimnization efficiency in the ICP and
concentration in the multielement standard usedmRhis the preferential transmission of
heavier isotopes, often attributed chiefly to spettarge effects that cause greater repulsive

losses of lighter ions [41], can be correctedsotope ratio calculations. This approach
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should be generally valid when correcting atomicriatios, whose behavior is represented
by the atomic ions used to create the instrumestanese curve.

For lack of something better, this same massdma®ction approach has been used
previously for polyatomic ions. It is not cleaatht is valid when the measured signal ratios
and Tyasvalues show clearly that the polyatomic ions d@enaiated during ion extraction.
Additional factors beyond space charge effectsctalier the observed ion abundances. In
particular, the instrument response curve from &oeoms cannot account for the
dissociation of MAF ions during extraction. For example, the instratresponse curve
created for this study (Fig. 1) would predict ttia polyatomic ioff*Zn*°Ar* would be
transmitted at 3x the level of the lighf8Zn" atomic ion, based on the loss of ions at m/z =
64 relative to those at m/z = 104. The mass diffee between any MAion and its M
analog is 40 Da, the highest value for any abunpalyatomic ions and thus subject to the
largest numerical mass bias correction. If, haveMAr" ions are dissociated to a very
high degree during extraction, it is unlikely thia¢ heavier polyatomic ion is being
transmitted at that great a level relative to ttoeréc ion.

Uncertainty as to the proper exercise of massdoagctions would seem to be a
significant hurdle in the use of MAM™ ion ratios for the determination offand
polyatomic ion origins. Given the large relativasa difference between the ions,
application of mass bias corrections to MM™ ion ratios greatly influences the value
calculated (Table 3). The calculated ratios adeiced by factors of ~ 3 with these
corrections, which makes the measurggi alues higher than 6000 K by even greater
amounts. Ergo, doubt about the validity of mass loorrections does not affect the

assignment of ion origins, which is the primary Igafethe work. The determined,gkvalues
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still indicate extensive removal of MAions during ion extraction. Application of thisaes
bias model to the ion ratios calculated in thiglgtdoes not alter the conclusion that
processes during ion extraction reduce the aburdai®IAr" ions.

For weakly bound MATrions, collisions in the regions after the samplea/or
skimmer could readily result in the fragmentatidnhe polyatomic ion. Such a mechanism
is in line with the proposal put forth by Guilloegal. that flow restrictions through the
sampler and skimmer cones promote collisions tissbdiate MAT ions [14]. We also
provide TgasVvalues from their measurements of MM™ ions with an XSeries 2, the same
device used in this study, in Table 3. Even wetlative MAr" abundances greater than those
found in this study, all svalues are still much higher than 6000 K, agathaating
extensive removal of these ions during extractiBar the MAF ions to be present in the
mass spectrum as expected based on plasma cosgitierrelative abundance of MAons
would need to be 1 to 3 orders of magnitude higinem those observed experimentally
(Table 5). Ifit is assumed that the observed Man signal represents the fraction that
survives from the plasma, up to 99% of transitieetahMAr" ions are dissociated during ion
extraction.

These considerations clearly indicate that praegesscurring during ion extraction
actually removamost of the MAT ions. This observation is somewhat surprisingugithat
fundamental studies of these ions use supersopansions for the reverse objective - to
make them. The early predictions of Douglas @2] borne out once again, that the high
temperature of the ICP acts to suppress the abuadarf weakly-bound polyatomic ions.

In our opinion, this extensive dissociation of MAsns may also be fostered by the

existence of a small potential between the plasmiafze mass spectrometer interface. In
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this experiment, a grounded metal shield is usédden the load coil and the outside of the
torch. The free electrons in the metal shield pnéthe potential on the load coil from
coupling capacitively to the plasma [43-4%]owever, the shield does not cover the entire
outside of the torch; a small gap (~ 2.2 mm widdgft to prevent buildup of circulating
currents that would otherwise melt the shield [4Bhus, a small potential may be induced in
the plasma from the voltage gradient down the lm@bdue to this gap. Such a potential can
readily penetrate into the region between the sangyid skimmer, as shown by old
Langmuir probe measurements [46]. As ions traeélben the plasma and the sampler, or
between the sampler and skimmer, they gain eneogy this potential and also collide with
background Ar gas atoms. The situation is analsgouhat encountered with a nozzle-
skimmer extaction system in electrospray MS; thmsler can be biased at a potential more
negative than that of the nozzle to induce fragia@n of positive ions [47]. A potential of
only 2 volts would result in a center-of-mass &btin energy of 2 eV * [my/(mar + Myar+)]

~ 0.8 eV, well above the dissociation energiesnyfaf the MAF ions (D) = 0.1 to 0.55 eV)
examined in this study. Given the highsivalues found for other weakly-bound polyatomic
ions, such as ArQ[48], removal of weakly-bound polyatomic ionsdhgh collisions

induced by the plasma potential may actually remnmagay polyatomic ion interferences and

thus be desirable.

Conclusions
Measured MAI/M™ ion ratios from ablation of pure transition metate similar to
those determined experimentally by other investigator these species in LA-ICP-MS. A

general correlation is observed between the cakullian ratios and the dissociation energy
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of each MAf ion. Transition metal ions with one or more 4scéions in the ground state
configuration form the most weakly-bound MAons, as the MnAfMn* and FeAf/Fe’
ratios illustrate. Contributions from an emptysdsshell configuration to the ground state of
Ti" stabilize the TiAF ion, resulting in a larger MAAM ratio than for MnAf and FeAf
ions.

TgasValues much greater than 6000 K are found farafisition metal-based MAr
ions studied, indicating very extensive dissocratibthe polyatomic ions during ion
extraction. Collisions during the extraction pregenay actually remove most of the weakly-
bound MAY ions relative to the level expected based on plaspnditions. Multiple aspects
of the ion extraction process could be responddléhese collisions. Flow restrictions
through the orifice of the sampler and skimmer soswmuld increase the number of collisions
as the ions are sampled from the plasma. A srteshma potential may exist due to
incomplete shielding of the ICP by the guard etedr Though small, this plasma potential
may nonetheless be strong enough to bring aboligioak of sufficient energy to dissociate
MAr™ ions during extraction. Evidence of the atteraratif weakly-bound ions by such a
potential may also be found in the very highsValues consistently measured for Arf@8].
lon kinetic energy distributions could be studieastablish whether such a plasma potential
exists for shielded plasmas. This information dquiove valuable not only to understanding
those processes related to MAon abundances but to the general knowledge of ion

extraction conditions on current ICP-MS instruméptaas well.
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Table 1. Dissociation Energies and Spectroscopta Ba First-Row Transition Metal Argide (MAxlons. Boththeoretical and

experimental values are listed where availablee D4walues actually used are indicated with asterisks.

Do w B Term Refs
(eV) (cm®) (cm-1) 9 Symbol '
TiArt Theo 0.31* 163 0.110 8 ‘o [20]
VAr* Theo 0.291 143 0.103 5 3 [21, 22]
Exp 0.369* 0.108 [22]
CrAr* Theo 0.239 111 0.085 6 03 [20]
Exp 0.29* [23]
MnAr* Theo 0.149* 93 0.090 7 s [24]
FeAr* Theo 0.493 198 0.116 12 °A [25, 26]
Exp 0.11* 98 0.092 [29]
CoAr* Theo 0.533 199 0.123 6 A [27, 26]
Exp 0.51* 265 0.124 [27, 28]
NiAr? Theo 0.52 195 0.123 2 ’y [24, 26]
Exp 0.55* 235 0.165 [29]
CuAr? Theo 0.53* 197 0.119 1 y [24, 26]
ZnAr* Theo 0.322 132 0.101 2 ’y [26, 30, 31]
Exp 0.25* [30]
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Table 2. LA-ICP-MS Operating Parameters

ICP-MS Instrument Thermo XSeries 2

Torch Shielded (grounded Pt guard electrode)

Interface Configuration Xt (Ni sampler and skimmenes)

RF Power 1400 W

Outer Gas 13 L mih

Auxiliary Gas 0.7 L mit

Aerosol Gas 1.0 L mih

Detector Mode Dual (analog and pulse counting)
Cross-calibrated

Laser System LSX-500 Nd:YAG 266 nm

Energy 8.65 mJ

Spot Size 15Qm

Repetition Rate 10 Hz

Ablation Mode Raster (100m s%)
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Table 3. MA¥/M" lon Ratios (in ppm) andgds Values for First-Row Transition Metals

FeAr" MnAr* CrAr" ZnAr”" TiAr"
Mass Bias No Yes N Y N Y N Y N Y

This Study
MAr*/M* 0.538 0.168 0.607 0.186 3.19 093 788 278 8.13 219

Tyas (K) 73700 112000 141000 227000 30800 47100 87200 130000 15300 34500

Guillong et al.

MAr*/M* [14] 18.0
Tgas (K) 60300
VAr* CoAr” CuAr” NiAr*
Mass Bias N Y N Y N Y N Y
This Study

MAr*/M* 1.35 0.385 4.67 1.53 9.18 3.06 125 4.04

Tgas (K) 32200 62000 13700 18400 17100 22400 8290 14300

Guillong et al.
MAr*/M* [14] 13.0 15.0 20.0

Tgas (K) 9290 15100 6740
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Table 4. Valence Electron Configuration of FirstwRdransition Metal Cations

lon Ti" Al Cr' Mn* Fe" Cof Ni*

Cu™ zZn"

Valence  3d%4s®! 3d* 3d® 3d°4s! 3d°4s! 3d® 3d°
Configuration (3d°)

Refs.  [20,38] [38] [38] [39] [40] [40] [40]

3d° 3d%s?

[39] [39]
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Table 5. Comparison of Measured MAW* Ratios and Expected Ratios from Plasma Condi{{@gs= 6000 K)

(All ratios in ppm)

FeAr”

MnAr*

ZnAr*

CrAr"

TiAr"

VAr"

CoAr"

CuAr’

NiAr*

MAr*/M* Signal
Ratio at 6000 K

Measured
Do MAr‘/M" Signal
(eV) Ratio
0.11 0.538
0.149 0.607
0.25 7.88
0.29 3.19
0.31 8.13
0.369 1.35
0.51 4.67
0.53 9.18
0.55 125

58.1

295

274

314

32.7

31.2

31.5

229

26.3

www.manaraa.com

% Difference

99.1

99.8

97.1

99.0

75.1

95.7

85.2

96.0

52.5
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Fig. 1. Instrument Response Plot from Ablation ¢6N1263a Steel for Mass Bias
Corrections
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Chapter 4. Determination of Uranium Isotope Ratiosn Particulate

Samples by fs-LA-ICP-MC-MS

Travis Witte, Daniel S. Zamzow, Cole Hexel, DebraB&stick, Eddie H. McBay, Stanley J.

Bajic, David P. Baldwin and R. S. Houk

Abstract

Femtosecond laser ablation (fs-LA) inductively pleal plasma multicollector mass
spectrometry (ICP-MC-MS) is used to deternfirre)/>*®U ratios in particulate samples.
Standard uranium oxide samples at different toedsnoadings are analyzed to establish the
accuracy and precision of isotope ratios measuyetlib technique. Examination of
environmental samples shows the ability of fs-LARIMMC-MS to provide information on
the spatial distribution of different isotope ratiacross the sample. These results
demonstrate the fitness of this technique as bstipalement and substitute for traditional

wet chemical methods for the determination of ipetaatios in particulate samples.

Introduction

Laser ablation inductively coupled plasma-masstspmetry (LA-ICP-MS) provides
the ability to both rapidly screen samples [1-4d anoduce high-precision isotopic
measurements [5-11]. Solid samples can be abéaiedntroduced to the ICP-MS with little
sample preparation. In contrast with solution tigbtion ICP-MS, which generally requires

complete digestion of the sample, a quicker tunmadas achieved from sampling to
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analysis. For high volume sample analyses, thisstates into a significant time-savings
over the course of a sample group. LA-ICP-MS alsserves spatial information about the
sample that would otherwise be lost when digestigerformed [12-16]. Ablation analysis
can quickly screen samples, identifying those toatain high concentrations of the
elements of interest that require thorough isotcp@&racterization.

As a well established technique for obtaining ®and accurate isotopic
information, solution nebulization is commonly ugedthis more rigorous stage of the
analysis [17-20]. Advances in laser systems, hewédwave made LA-ICP-MS a viable
alternative for isotopic characterization of theaenples. Since the first coupling of laser
ablation sampling with ICP-MS [21], nanosecond (asgrs have proven effective for rapid
analysis of a variety of solid sample matrices [2@]hile this technique delivers a greater
ease of analysis through simplified sample handkaiglitional factors arise that prevent ns-
LA-ICP-MS from presenting the same levels of accyr@nd precision as solution-based
analyses. These factors are related to the intenaaf the laser pulse with the sample
surface and the ablated material.

For many materials the ns pulse duration is a@efit time period for the sample
surface to be heated by the laser beam [23]. Sahgating has a detrimental effect on the
aerosol produced by the ablation. The risk oftfeeation increases as more volatile
elements are preferentially removed by the theeffatts of the ablation, impacting the
accuracy of the analysis [24]. Melting causedhzyihteraction of the ns pulse with the
sample also negatively affects the ablation aerolaterial melted by the laser can form
large patrticles that cannot be efficiently vapatize the ICP [25]. Large spikes in the signal

can result, impairing the precision of the dataordbver melting around the ablation crater
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can prevent material from being removed in the s@rat all, simply redepositing it on the
sample surface. This deposited material often doebave the same composition as the
original sample. If it is ablated subsequentlyoes result.

The introduction of femtosecond (fs) lasers greattjuces these concerns from the
analysis. The time period of the ~ 100 fs pulsesdaot permit thermal interaction between
the beam and sample surface [26,27]. Ablated maaterejected from the surface before
heating, alleviating the problems caused by pretekvaporization and melting from the
sample. Compared with ns lasers, ablation withlader produces a smaller average particle
size in the ablation aerosol and a more complgtenzation of the ablated particles in the
ICP [28,29]. The result is a more accurate repriagi®n of the solid sample composition in
the mass spectrum with analytical figures of mes#rer to those achieved in solution-based
analyses [30-32].

Further improvement can be gained by pairing tHadsr system with an ICP-multi-
collector (MC)-mass spectrometer, which allowstfe simultaneous measurement of
multiple isotopes [33-36]. Single collector scamninstruments can only measure one
isotope at a time, limiting their utility for isgbec analysis. Signal variations measured for
one isotope can not be corrected in all other go®gnals. Concurrent detection of isotopes
ensures that signal variations coming from the &#accounted for in all ion signals,
enhancing the precision of observed isotope ratidS-equipped ICP-MS are well-suited
for analyses where precise ratios permit deternoinaif elemental provenance based on
discrimination between isotopic ratios.

This work applies fs-LA-ICP-MC-MS to the measuremeiU in particulate

samples. These deposited particulates represgaature from the usual class of samples
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analyzed by LA-ICP-MS, macroscopic solids. Thelygsia of discrete micron-sized
particulates is an area with many possible apptinatfor LA-ICP-MS analysis. Whether for
synthetic particles or collected environmental ipatates, elemental and isotopic
composition can be determined on a single partiaks. By combining this technique with
microscopy, size and morphology-related enrichnedfiects could be studied. Assays of the
particle to particle homogeneity within batcheswfthesized particulates could also utilize
single particle LA analysis.

In this study, U isotope ratios are measured frioenablation of particles immobilized
on a cotton swipe. Reference values for the naseablated were used to evaluate the
accuracy and precision of this technique. Envirental samples of particulates of variable
composition collected on single swipes were analyreng this technique. Assessment of
the spatial resolution afforded by the fs laser alas made from the collected data. The
fitness of the MC-ICP-MS device for the transieghals produced by sample ablation was
taken under examination with regard to the detéctdility to respond to rapidly changing

signal intensity.

Experimental

Instrumentation

Ablation experiments were conducted using a Cottdribra Ti:Sapphire fs-laser
system with a home-built harmonics box and ablatiseimber, permitting operation in a
fully enclosed environment. The laser was operatedwavelength of 266 nm, which was
accomplished by frequency-tripling the fundamebtdm. The emitted laser featured a

pulse width of approximately 100 fs, pulse enerfj¥20 uJ per pulse and a 1 kHz repetition

www.manaraa.com



84

rate. Neutral density filters were used to redhedaser power when necessary. A spot size
of 35um diameter was maintained for all ablations.

Analyses were conducted in single-spot and radtiation modes. During single
spot analyses, discrete bursts of 100 laser shexts used by opening the laser shutter for
100 ms. Raster analyses, where the sample is nielatve to the laser spot to ablate across
the sample surface, were performed using two diffepatterns. Pattern A consisted of
moving the sample at 0.1 mi & a zig-zag pattern of five 1 mm lines spacedri2 apart,
covering a 1 mm square. Laser pulse energy wageedo ~ 2QuJ with a neutral density
filter for the ablation, which lasted nearly 1 mieu The sample was moved more quickly in
Pattern B, at 0.4 mni‘sand over a larger area, ten 2 mm lines spacesthapart in a 2
mm square, in the same zig-zag pattern. A higisarlenergy of ~60J was used for this
raster pattern. These settings increased thewassignal relative to pattern A. Pattern B
was used for samples where ablation with pattepnofluced signals too low to permit
calculation of isotopic ratios.

The laser system was coupled to a Thermo FinliggIRTUNE MC-ICP-MS located
at Oak Ridge National Laboratory (ORNL). The nudtiector detector consists of an array
of Faraday cups capable of simultaneously deteciinp seven isotopes. A secondary
electron multiplier (SEM) is also included when msensitive detection is required. The
Faraday cup detector was used to measure bofithand®®U signal initially. If the***U
signal fell below 1 mV for a sample, measuremeritdf was performed by the SEM. A
detector integration interval of 131 ms was usedughout the study.

All measurements were performed in low resolutmmaximize sensitivity. Faraday

cup signals below a 1 mV threshold were discardedadling below the background. The

www.manaraa.com



85

minimum acceptable signal for SEM measurements2bAscounts per integration, while the
maximum acceptable signal was’ bdunts per integration. The upper signal boundary
necessary as a result of detector nonlinearitygde counting rates. Argon alone was used
to supply all gas flows in this work. Tuning waesrformed daily for the MC-ICP-MS using

solutions introduced with an Apex desolvating netsul

Materials

Uranium oxide particulate samples were prepareah §ix certified reference
materials (CRM) (U0002, U005-A, 129-A, U015, U020akd U030-A) provided by New
Brunswick Laboratory (NBL) — United States Depamitnef Energy. Slurry solutions
containing 20 mg mt U in 20% collodion in ethanol were prepared fatte€RM. Serial
dilutions of 10x to 10,000x were performed on estamdard solution. Samples for laser
ablation were prepared by spotting@0of solution on a cotton Texwipe swipe. Swipes
with nominal total U deposits of 4@y, 400 ng and 40 ng were produced for each CRM.
Dissolution and analysis of samples from the 48eries by solution nebulization ICP-MS
showed a total U mass of 15.5 to 35.5 ng.

Environmental particulate samples were collected exwipes for analysis from
areas known to feature U contamination. The 100sguare Texwipes were quartered to fit
the laser ablation cell. A drop of 20% collodionethanol was used to immobilize particles
on the Texwipe to immobilize particles and estdbsisnilar sample conditions as the
prepared uranium oxide standards. Samples werldfy in a chemical hood prior to
analysis. These samples were dissolved and amibyzsolution nebulization ICP-MS after

the LA analysis was completed at ORNL.
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A solution series was prepared from certified refee materials from the Joint
Research Centre’s Institute for Reference MateaatsMeasurements (IRMM-183, -184,
-185, -186) and NBL (CRM U010). The solutions waesed for mass bias corrections
during the analysis. A standard solution of thprapriate isotopic ratio was measured both

prior to and after ablation of a prepared swipedarfor these corrections.

Results and Discussion

U Particulate Standard Samples

For each level of prepared U-loading, a least-szpifit is constructed for the data
collected across the entire CRM-series (Fig. 1ugho3). Each plot features the calculated
95% prediction and confidence intervals for theadsdt. An expanded view is displayed
near the natural isotopic ratio foPU/®U, which is plotted as a comparison between the
experimental values from this analysis and theditee value.

All data for the highest sample loading, 4f) in Fig. 1 were collected from ablations
of the sample in a single spot with 100 laser shbksanium oxide particles for this sample
were discernible using the optical camera systam &, allowing discrete subjects to be
chosen for each ablation. This was not possiblle thie lower U-loading of 400 ng (Fig. 2)
and 40 ng (Fig. 3). The raster patterns were eyepldor these samples since no patrticles
could be definitively identified.

Correlation coefficients for the least-squaresfithe data range from R = 0.9987 for
the 400 ng sample series to R = 0.9997 for thegd@nd 40 ng sample series. The smallest
confidence and prediction intervals are calculéedhe 40ug sample series. A more

accurate isotopic ratio for naturally abundant dakulated from the measured signals for
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the 40ug sample series as compared to the two lower sdogdéeng series. While better
accuracy and precision is expected for the sanfpétaring higher sample loadings, the
poorer figures of merit found, especially for tH#g sample series, are exacerbated by an
additional analytical issue issue arising fromdlegectors used in the analysis.

In order to accommodate signals below the noisestiold of the Faraday cup array,
it was sometimes necessary to use an SEM for measmt of the minof*U isotope. The
SEM was needed more often as samples with lowes fpadings were analyzed. However
the SEM was prone to saturation if too much uranias introduced into the ICP during a
given ablation, undercounting the signal for tha@oniisotope. This presents a challenge for
samples like the 400 ng set, where the mass loadogres the sensitivity provided by the
SEM but makes detector saturation a possibilityefeh ablation. At lower sample loadings,
such as the 40 ng series, this concern is reliegatktector saturation becomes less probable.

Precision for all sample series suffered from epiik the measured signal, as
illustrated in Fig. 5. The extent of the effectloése signal spikes on the calculated isotope
ratios varies with sample loading. For theyg0loading of NBL CRM 129-A (Fig. 5a), little
influence is apparent on th&U/*®U ratio. In contrast, th&°U/?**U ratio for NBL U015
(Fig. 5b) changes throughout the duration of tigaalitransients. While this is the most
extreme example of this effect and not typicalrfarst samples, the cause of this behavior is
an important consideration for this type of anaysi

Spikes on the signal transient have been foundgoltfrom the introduction of large
particles into the plasma that are incompletelyraeed by the ICP [37,38]. Large particles
in this analysis most likely come from liberatioihparticulates near but not directly in the

ablated spot on the sample. When the laser stifieesample surface a shockwave is
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produced in the sample, which can eject particslatan the area around the ablation crater.
Whereas material directly ablated is fragmented gmhaller particles by the laser,
particulates freed by the force of the shockwaeet@nsported intact into the sample
aerosol. The layer of collodion is used to minieikis effect but particles close enough to
the ablation crater are likely liberated nonetheles

These larger patrticles, unable to be fully atomiretthe ICP, cause rapid increases in
the atomic ion signal measured at the detectors gitoblem is magnified for detectors that
are not designed to measure quickly changing ssgsath as the Faraday cup array used in
this study [39,40]. Mixed detector analyses inuodvSEMs and Faraday cups introduce
further complications through different detectapense timings. These detector issues
result in cases like that presented in Fig. 5b,re/lspikes in each atomic ion signal do not
track with each other and cause poor precisiohendotopic ratio.

Given the other advantages provided by using arRNMCPMS for isotopic analysis,
changes in sample preparation can be considemedlt@e rapid changes in ion signals to
accommodate the detectors used for these instram@&areful evaluation of the data can
also address the detector issues described. isotims can be calculated from sections in
the signal transient free from large spikes antiiwithe dynamic range of both detectors.
With these considerations, fs-LA-ICP-MC-MS can genet only as a capable technique for
the rapid screening of samples but as a methatthéodetermination of accurate and precise

isotopic ratios.
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Environmental Particulates

Three environmental samples of particulates ofalde composition collected on
single swipes (X, Y and Z) were analyzed to esshbtihe fithess of LA-ICP-MC-MS for the
type of samples typically collected for isotopi@bysis. Much like the prepared standard
samples with low uranium oxide loadings, two of theee samples (X and Y) featured little
visible material. Without distinct particulatesgelect, single spot ablations did not yield
measurable signal for either sample. Ablatinggdaarea of the sample surface with a
raster pattern (pattern B) produced measurablakignboth samples.

An example of the results provided by a rasteryaimbf sample X is presented in
Fig. 6 and displays one of the advantages of LAt work. As the sample is moved under
the laser beam, distin€tU/?%U ratios are found at five separate locations.indilar
isotope ratio profile is shown in Fig. 7 for samplewith three unique ratios detected across
the sample. Tables 1 and 2 summarize the vaffdu&>®U ratios observed from samples X
and Y, respectively. Different ratios are found anly within the 2 mm square of the raster
pattern but at other locations selected aboutdhspie.

Information on the spatial distribution of diffetasotope ratios would not be
possible if only wet chemical analysis were perfedn Knowledge of the various ratios
found in the particulate samples can supplementehdts of a wet chemical analysis
conducted when ablation analysis of the samplensgpteted. After ablation was completed,
the samples were ashed, dissolved and analyzealdtyos nebulization ICP-MC-MS. The
235U/%4U ratio calculated from this wet chemical analysiplotted in Fig. 8 for sample X
and Fig. 9 for sample Y, overlaid with the averagtgo from LA analysis on a histogram of

the individual results from ablation of the sampl@se ablation results reveal the various U
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isotopic ratios that constitute the average vatuelfe bulk sample. Since only a small area
is examined by LA, the average for the ablationsneaments does not correspond to the
average from dissolution of the sample. The ytdit LA for these types of samples lies in
screening for samples of interest and providingraey of the various isotope ratio values
that contribute to the average measured ratio.

Unlike samples X and Y, particulate material wasadly visible on sample Z. Single
spot analysis was attempted on visualized partiesjdout only one in ten attempts produced
measurable U signal. Raster analysis with patteyrelded measurable U signal for all
ablations and again produced multiple isotopic cositppns within the rastered area.
Average®>®U/?* ratios for each ablation analysis are reporteBaible 3, with a histogram
showing the isotopic ratio distribution for the vilndataset for sample Z in Fig. 10.

The failure of single spot ablation to produce nueaisle U signals despite the
abundance of visible particulates presents a Itraiteof trying to identify discrete
particulates for analysis. Only a small portiortted material collected from a given area
may contain the desired elements. Even though lsafnpontained the most visible
material, the total mass of U was found to be &7y’ ng by wet chemical analysis. This is
less than sample Y, found to contain a total méssaf 60.4 ng, for which no particulate
matter was discernable. Rather than perform mengyesspot ablations to achieve a positive
result, the use of a raster pattern for LA can naffieiently investigate these environmental

samples whether particulates are visible or not.
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Conclusions

The application of fs-LA-ICP-MC-MS to U-containipgrticulate samples provides a
rapid and effective tool for the identification aisdtopic analysis of samples of interest.
Results from the examination of prepared uraniurdeparticulate standards on Texwipes
support the ability of this technique to producéhbaccurate and precise isotope ratios. For
samples of a homogeneous isotopic compositiontelique can be used in lieu of wet
chemistry methods to significantly reduce sampéppration and analysis time.

Examination of environmental particulate sample®aés how fs-LA-ICP-MC-MS
can also complement wet chemical analysis. Rasgiéhie laser across an area to ablate the
sample enables calculation of t7aJ/?*%U ratio at discrete positions. As observed in this
study, environmental samples may not feature homames isotopic compositions. Ablation
preserves information on the spatial distributibrsotope ratios, which is lost when
preparing the sample for wet chemical analysise aeragé>U/>*®U ratio determined by
wet chemical methods can be more fully interprétddyht of the added information on the
ratios present throughout the sample.

Further improvements can be made to the precisidraacuracy of the method
employed in this study. The precision enabled $iggian ICP-MC-MS is vital to the
effectiveness of this technique. The detectord uséhese instruments, however, are not
designed to handle rapidly changing signals, whiehe frequently encountered in this
analysis as spikes on the signal transient. Aylikeurce of the spikes is larger particles
ejected from areas adjacent to the ablation crateraccommodate the instrumentation,
changes can be investigated in the preparationecsamples. Since collodion may not be

effective in keeping particles nearby the ablasda immobilized, the efficacy of other
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substances in affixing the particulate matter e Texwipe will be studied. Additional
optimization of the detector combination used @aiflo be carried out for different sample
mass loadings to minimize detector saturation wdraploying an SEM alongside the
Faraday cup array. Addressing these issues wilkase the utility of fs-LA-ICP-MC-MS as

a robust standalone technique for the isotopicyaigbf particulate samples.
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Fig. 4. Image from fs-LA homemade camera systetd pérticulates (indicated by white
circles). Individual particles are able to be stdd for ablation based on this visualization.
(Inset: Expanded view created from original canierage)
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Table 1. Measured uranium isotope ratios in diffespatial locations on

sample X

Location 2738y StDev

1 0.256 0.087

2 0.262 0.074

3 0.337 0.033

4t 0.008 0.013

0.005 0.005

0.013 0.006

0.180 0.056

0.382 0.100

Raster analysis performed at all locations.
"Indicates an area where more than one distinatpsotatio region was
detected.

A\et chemical averad@U/*®U ratio for this sample: 0.356
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Table 2. Measured uranium isotope ratios in diffespatial locations on

sample ¥
Location 2278y StDev

1 0.0053 0.00102

2" 0.02842 0.01036
0.01313 0.00626
0.0279 0.0035

3 0.00933 0.00322

4 0.01373 0.00314

5" 0.01059 0.00318
0.01424 0.00404
0.00845 0.00111
0.01887 0.00373

6 0.0114 0.00492

7' 0.01129 0.00136
0.01069 0.00949

Raster analysis performed at all locations.

"Indicates an area where more than one distinatigotatio region was

detected.

PWet chemical averag@U/?*%U ratio for this sample: 0.00453
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Table 3. Measured uranium isotope ratios in diffespatial locations on

sample Z
Location 2278y StDev

1 0.00652 0.00212

2" 0.00733 0.00114
0.00293 0.00044
0.00637 0.0011

3 0.00662 0.00239

4 0.00696 0.00189

5 0.00686 0.00142

6' 0.00695 0.00164
0.0023 0.00074
0.00351 0.0011
0.00413 0.00123
0.00575 0.00092

" Indicates single-spot analysis. All other locatiavere subject to raster

analysis.

"Indicates an area where more than one distinaipgotatio region was

detected.

“Wet chemical averadé®U/?®U ratio for this sample: 0.0035
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Chapter 5. General Conclusions

Advances in LA-ICP-MS, be it the expansion of teehinique to new types of
analyses or simply improved analytical performaiocecurrent analyses, are increasingly
possible as our understanding of the ablation, &ttion and extraction processes unique to
this analytical method grows. The work discussese s another contribution to this body
of knowledge, addressing both fundamental aspégslgatomic ion interferences in LA-
ICP-MS and sampling strategies for an atypical darmjass. It is hoped that some of the
reported findings inspire additional investigati@msl innovations for the improvement of
LA-ICP-MS as a versatile and reliable techniquetface elemental analysis.

Compared with solution nebulization ICP-MS, théaaf MO'/M™ ions is greatly
reduced under the conditions found during LA-ICP-Murther moderate reductions in
MO™ ion interferences can be achieved by adding défilosv rates of He and No the
center channel of the Ar plasma. The physicalceffé addition of these two gases to the
ICP could be further revealed by visual studiethefplasma. Movies of an Ar-only and a
mixed-gas plasma during introduction of visiblehligmitting ablated material could be
compared to determine what alterations, if anyuoatthe position of the ionization and
atomization zones relative to the sampling intexfac

Another possible source of polyatomic interferens&sr™ ions, is found to be much
less abundant in the mass spectrum than theofgfmadicted based on plasma conditions.
It is hypothesized that collisional dissociatiorttué ions may be supported by a small
plasma potential produced by incomplete shieldiniip® ICP. An analysis of the kinetic

energy distribution of ions entering the mass spewtter could assist in determining the
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existence of and energy imparted by such a poteridepending on the size of the potential,
other weakly-bound polyatomic ions may be bendficdissociated during ion extraction.
The scope of samples suitable for analysis by LR-MS need not be limited to bulk
solids. Elemental analysis can be conducted fdrgodate matter, including environmental
particulates and nanoparticles, on a single parbiakis. Particle selectivity can be enhanced
with appropriate sample preparation to immobiltze particulate material. Additional study
could identify the optimum preparation method byeistigating both different particle
immobilizers and schemes for their application.isTdould possibly minimize the
occurrence of spikes on the signal transient armtawre the precision of the technique. New
experiments incorporating these observations aopgsed research regarding polyatomic
ion interferences and sampling methods may toggttese valuable to the continued growth

in use of LA-ICP-MS for precise and accurate traleenental analysis.
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Abstract

The general method of comparing measured ion ragioalculated ion ratios to
determine a gas kinetic temperaturg.§Tis reviewed. Various mathematical refinements to
the calculated partition functions are examinedteir effect on the determined.f It is
found that (a) excited electronic states shoulthbleided for ArG, neutral NO, and € (b) a
10% error in solvent load, sample gas flow ratbrational constant), rotational constant
(B) or measured ion ratio produces only a 1 to 8faren Tyas (C) @ 10% error in
dissociation energy (@ creates nearly a 10% error ig.d and (d) high temperature
corrections to the partition functions produce mai change and can generally be

neglected.

1. Introduction

Inductively coupled plasma-mass spectrometry (IC®-M one of the major elemental
analysis techniques used today. An ICP-MS instnim@rks by atomizing and ionizing
aerosols or gases that represent a sample ofshtddafortunately, even at 5000 to 6000 K,
not all of the sample is converted to single atplyig]. Statistical thermodynamics
calculations show that a small fraction of polyaitorans will survive the plasma, even those
with weak bonds like ArOand Ag" (Do = 0.312 and 1.2 e\[3,4].

Polyatomic ions that interfere with elemental silgrat the same nominal mass-to-

charge (m/z) values lead to incorrect analysespaoder limits of detection. Particular
problems arise from ions containing Ar, O, H andthims due to the great abundance of

those elements in the plasma, sample and/or sol\nany studies have investigated the
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effect of various plasma and instrument conditiongolyatomic ion signals [5]. Methods
such as collision cells [6,7], high resolution mstents [8], cool plasmas [4,9,10], and
solvent removal [11,12], have been developed enatte their effects. While these
technigues have been very successful, a betteafoedtal understanding of the origin and
behavior of polyatomic ions could lead to new typeCP-MS instruments that intrinsically
minimize the formation of these interfering iortsxisting techniques would then be even
more effective resulting in lower limits of detewti better accuracy, higher throughput and
lower costs.

Polyatomic ions do not only arise in the plasmaytbould also be formed during the
extraction process. The extent of formation ofhstextra” polyatomic ions has been an
objective of several studies. In 1988 Douglas rhch applied a hemispherical sink model
to the flow of plasma particles through the samptare of an ICP-MS. They calculated that
an analyte atom would collide with argon atoms asn250 times during the flow from
Mach 0.7 (0.1 mm downstream from the sampler tghe skimmer tip [13]. Collisions
between analyte atoms and atoms of oxygen and ggdrivom the sample solvent would be
two to three orders of magnitude less frequenteyldoncluded that there were not enough
collisions to produce appreciable additional amswitmetal oxide ions (MQ after the
Mach 0.7 position.

In 1994, Nonose et al. compared measured polyatmmisignals to theoretical
number densities calculated from spectroscopic [d&tarhis allowed them to divide the
polyatomic ions studied into two groups. Ar¥pecies appeared to reach dissociation
equilibrium in the interface. NQO," and MU species were observed at levels

characteristic of the plasma.
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In 1996 Cleland and Meeks [14] used a similar négpine to determine the most
probable formation mechanism forAr They found a fsat which experimental ion ratios
equaled calculated ion ratios. Of the mechaniswsstigated, they found that assuming
Ar," is made by collisions of neutral Ar with Agavethe most realistic §sof 2400 K [14].

In 2001, Houk and Praphairaskit used a related adelareported theglsat which
experimental ion ratios equaled ion ratios cal@dait various Jasvalues [3]. They
postulated that thegdsvalue measured in this way would indicate theaegif the
instrument where final dissociation equilibrium westablished. They argued that, at the
very least, comparison between polyatomic ions @ instructive. In 2006 Ferguson et
al. expanded this work to investigate the effeamérating conditions ongls to incorporate
high resolution and accurate mass measurementefinitive identification of the ions, and
to apply the method to some additional polyatormitsinot considered previously, e.g.
CH,O" [15-17].

In 2002, Evans et al. used this same techniquegadath two variations of
Boltzmann plots [18]. Evans’ group used only a f#whe polyatomic ions listed in Nonose
et al., and Houk and Praphairaksit. Results f@"Arere similar to those found by others;
additional ArO was made after the plasma. Lagave a lower temperature than that found
by Houk and Praphairaksit, although Evans et ahataliscuss their mass bias correction
technique. The normal mass bias favors ions &ehigmasses, which would result in lower
TgasVvalues if these corrections were omitted.

The present work extends the method of Houk aagHiraksit and critically

assesses various refinements to it. In partictharinfluence of high-temperature
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corrections to the partition function, ionizatiaactions, excited electronic states, and errors

in the various measured quantities are examined.

2. Theory
2.1 Origin of Polyatomic lon from Measured Tg,s Values [ 3,19-22]

Previous methods use a dissociation reaction optiyatomic ion. Assume a
generic polyatomic ion, AB with a dissociation energy,Pand where A may be one or

more atoms and B is either Ar, O or H,

AB"=A"+B AE

I
Y

(1)

The dissociation constantgKor this reaction can be found in two ways, byaseing

number densities), and by calculation with partition functions, Z ,aagiven temperature.

n.n Z.2Z —Dy
A+ B — — A+ B k BT as
- Kd - e g

" Zrer @

AB*
where kg = Boltzmann constant. Theglvalue that gives best agreement between the two
sides is considered to be indicative of the regibere the polyatomic ion is made. Most
measurements are done with the sampler at the senmasition that gives highest atomic
ion signal, which is the position most commonlydigeanalysis. This spot is consistently

found to be at Jasof ~ 5000 to 6000 K [3,15-17].
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The three common diagnoses for the origin of argp@yatomic ion are as follows.
1) If the measuredgisvalues fall within this range (5000 to 6000 K)e flon AB' is
observed at an abundance consistent with it bekegept in plasma.
2) If Tgas< 5000 K there is an excess of Ailative to that expected from the plasma itself.
Some process(s) make additional A8 the gas is extracted from the plasma. Some
possible causes ofyJsvalues lower than those in the ICP could be reastthat make or
remove ions in the following locations:
a) reactions early in the supersonic expansionetssentially stop when collisions
become infrequent after the M = 0.7 position, whiggis ~ 3000 K [13],
b) cooling inside the sampler nozzle induced byrtia¢ contact between the
extracted gas and the metal sampler cone [23]
c) the boundary layer around the inside edge os#mepler hole, if the skimmer hole
is large enough to sample some of this cooled 2&sqr
d) shock waves at or inside the skimmer tip thaeat the extracted gas and generate
more collisions [25-30]. This latter effect alsmluces a bimodal velocity distribution
upon the extracted species.[30,31]
3) If Tgas> 6000 K, less ABis being measured compared to that expected therplasma.

Some process causes loss of A8lative to A.

2.2 Mass Bias Corrections and Number Densities of Neutral Species
When using the measured ion ratio a correction lshimei done to account for mass
bias in the instrument. We use an instrument respcourve based on Ingle et al. [3,15,32].

To calculate neutral B number density, entrainedsaieglected; we use a sampling position
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close to the end of the outer tube of the torcliti@ reason. Thus, the major constituents of
the plasma are argon, oxygen and hydrogen fromplédsgna and aqueous sample solution.
These three elements have low ionization efficesan the plasma, 0.04%, 0.1% and 0.1%
respectively, so they are present almost totallyeadrals [1]. The total number density in

the plasma is calculated from the Ideal Gas Law.

Nt =N ¥ o+ 1N, = %Tgas 3)
Neutral oxygen and hydrogen atoms are assumedie mm the nearly complete
dissociation of water. If the amount of water laai the ICP torch per unit time is
measured and the sample carrier gas flow rateag/ikm, can be calculated by the

following:

no — N A LTroom (4)
FM ,, 0 T2c1000

gas
where Niis Avogadro’s number, L is the measured solverd i@amin®), Troomis the room
temperature (298 K), F is the sample gas flow flatgn™) and M is the molar mass of water
(g mor™).

Once the number density of oxygen is known thesitigof the other neutrals can be

found,

N, =2n, ©)
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Ny = %Tgas -3n, (6)

2.3 High Temperature Corrections to the Partition Functions

Partition functions come from the denominator & Boltzmann equation,

- y
k BTgas

Z= ge @)

00
i=0

whereg; and g are the energy and degeneracy of the ith leveerdy level equations are
derived using the time-independent Schroedingeatémuand simple models. For a
molecule, the energy levels are treated as theofuhe translational, electronic, vibrational

and rotational energies. The total partition fiscZ then becomes a product.

Z= Zelec Ztranszvibzrot (8)

Translational energy levels are addressed simplyaanurately with the particle-in-a-box
model and the resulting partition function works lf@th atoms and molecules.

Electronic partition functions for atoms and atoioics have been conveniently
computed in the form of polynomials for temperasur@nging from 1500 K to ~12,000 K
[33-35]. For molecules the first excited electwosiate is usually high enough in energy that
it does not contribute significantly to the numatigalues of the electronic partition function.
Statistical thermodynamics texts recommend adduioglectronic levels other than ground

state only if highly accurate calculations are badone, there is an unusually low-lying

excited state, or high temperatures are being U$882]. Becaus€&, can be set to zero, the
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molecular electronic partition function often siifipls to the degeneracy of the ground state
which is approximated by the multiplicity for sigrtexms and two times the multiplicity for
all other terms [19,22]

Vibrational and rotational energy levels come fritva harmonic oscillator and rigid
rotor models. For diatomic ions the Morse osaliand the vibrating rotor provide more
accurate predictions of vibrational-rotational dpgdout agreement between the various
models is good for all but the most precise catouta, as long as the majority of molecules
remain in low vibrational levels. As temperatunereases and higher levels are populated,
results from the two sets of models will graduaiyerge leading to larger errors in the
overall partition function. Since the ICP is aglinitemperatures, such corrections should be
investigated.

For diatomic ions at high temperatures, three ctioes can be applied to the energy
levels of the harmonic oscillator and rigid roth®[36].

1. Addition of centrifugal stretching constants(D.) to account for the increased
rotational energy increasing the centripetal fad stretching the internuclear bond.
E, =BhcJ(J+1)-D_hcl?(J +1)°* +... 9)

E:« is rotational energy, B is the rotational consthns Planck’s constang,is the speed
of light andJ is the rotational quantum number.
2. Addition of anharmonicity constants(Ye,...) to help correct for deviation from Morse

oscillator behavior:

3

2
Ep = hcw(v+%j - xehca)(v+%j + yehcw(v+%j +... (10)

wherev is the vibrational quantum number aatls the vibrational constant.
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3. Addition of coupling constan{g, [3,...) because rotation and vibration are not

completely independent. In the Morse oscillatbgrgying vibrational levels changes the
mean internuclear distance, thus changing the mbaienertia and the rotational

constant. B and £from equation 9 then become &1d 0 where,

B, = B—a(v+£j+...
2 (11)

D, =D, +,8(v+£j+...
2 (12)

Unless very precise calculations are needed, tharestons are truncated after the first

correction terms, B) X. andd.

2.4 Correction for lonization Reactions

The previous work approached the polyatomic i@sakiation reaction as isolated
from any additional equilibria considerations. particular, the extent of ionization for
neutral polyatomic and atomic ions was not incoapen. It was assumed that the relative
number densities of ABand A" would still reflect the position of an “equilibeat”
dissociation reaction, even if the densities andsueed signals for Aand AB" were also
affected by ionization reactions. Also, for sorpeaes overall number densities are much
larger than losses to ionization, formation andatsation reactions.

One way to test the impact of considering multiglactions is to expand reaction 1

into three reactions using a thermodynamic cycle.
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AB = A+B Ka (AB) = (T gag (13)
A=A"+¢ Kion (A) = f(Tion) (14)
AB"+ e = AB 1/Kion (AB) = f(Tion) (15)

where T, = ionization temperature. The dissociation condi@mnreaction 1 can then be
calculated by multiplying the constants of reac$id®-15. Note that Eqns. 14 and 15 use
ionization constants ik, that are functions of;d,, which does not equalygin the ICP
[1,37]. The Ky, values can be calculated from the Saha equatibichvis derived from

equation 2 where neutral B is just replaced wittel@atron.

3. Experimental Section

Adjustments were done to the original calculatisosn 24 experimental runs outlined in
another paper [38]. These trials spanned diffecene materials (Ni, Pt, Al and mixes),
plasma conditions (hot vs. cold) and X vs H skimemre geometries. Data analysis and
calculations were done in Microsoft Excel 2003 002.

Partition functions, neutral B number densities] dissociation constants were
calculated iteratively in 10 K increments. lonipatconstants were calculated using the
Saha equation [1] and gJVvalue of 7000 K for hot plasma conditions. Thédue is a
compromise between older values of 7500 K [1] ab2PeK from a newer study by Bayon et

al.[37] For the ionization efficiencies shown iable 3, g = 1x10° cm* was used. This
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value is derived from previous optical and Langnpuobe measurements on the gas just
outside the sampler for plasmas operated at sipdaser and gas flow rates as those used in
the present work.[28,39] For cold plasma condgidig, = 4750 K and a much loweg n

value (4x16° cm®) were used. [10] Of course, all thesg, Values were measured using
atomic ions only; as a starting point, they areiass] to be valid for polyatomic ions as

well.

Instrument response curves for hot plasma conditiake blank subtracted intensities
divided by isotope abundance, ionization efficientihe plasma,[1] and concentration in
solution and plot the response versus m/z. Unolergasma conditions ionization
efficiencies were recalculated at thg,&nd n values given In the preceding paragraph.
However, the resulting points scattered badly @résponse curves; a polynomial line could
only be fit to an Rof 0.2748. When ionization efficiency was ignorechot plasma
efficiencies were used a polynomial could be fithe mass bias plot with a much better
value of R = 0.9671. Therefore, instrument response cumvesdid plasma runs were
calculated in the same manner as for hot plasnms run

High temperature corrections for diatomic molecwlese done by using the following
equation [19] for the rotational and vibrationattgeon functions. Pitzer's appendix was
also useful in understanding this derivation [36].

11 y. 2y O 2%t
zZ, =— — 1+ +—=+ + 16
ay(l—etJ{ 3 y €e-1 (et —1)2(1—2xe)J (19
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HereO is the symmetry number of the diatomic molecieteronuclear diatomic ions have

0 = 1 and homonuclear diatomic ions have= 2. Symbolsy, t, y andd are substitution

constants as follows,

:E(B—E J
kT 2
hc
== (w-2
t k_l_(w ax,)
D

17)

(18)

(19)

(20)

As can be seen, only the first order correctiomsémtripetal stretching, {Danharmonicity,

Ye» @nd vibrational stretching(, are used. These constants are often reportadastic

spectroscopic data [40] but can also be calculasedbne in the present work.

X_hca;
° 4D
2
De_4B
5

(21)

(22)
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2 bz
a=5B [[M’j -1] (23)

D is well depth or the dissociation energy pluszée point energy.
Equation 16 is the result of truncating after tingt for second terms of the Euler-
Maclaurin expansions of the energy level summatidfreliminary work with MATLAB

(MathWorks, Natick, Massachusetts) showed no effdan additional terms were added.

4. Results and Discussion
4.1 Electronic Partition Functions of Diatomic Molecules

Table 1 lists ground and excited electronic sthdesach of the diatomic background
ions studied in this paper (i.e., excluding Ce@d ScO), the energy difference between the
ground and first excited electronic levels [40-44H any error in the electronic partition
function that comes from not adding the first eadielectronic state. The ground electronic
state assumption at 5000 K gives a less than S%relifce in the partition function value for
every diatomic background ion except Ar(etermination of reasonable, consistest T
values using ArOproved to be problematic, as discussed in an upgppaper [45].

In equations 13 and 15 the partition function fe heutral diatomic molecule is
necessary. Table 2 lists the first two excitetestaf some neutral diatomic molecules and
their contributions to the electronic partition &tion. Two species have a important low
lying levels. Q has®t ground state anth excited electronic state at 7,918 tmFor NO

ground statéll,, has the spin-orbit statfs, at only 120 crif. In fact, these two molecules
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are often given as cases when excited state pagngateed to be included, even at room
temperature [19,21]. Therefore calculations whtkse two neutral diatomics always

included the first excited electronic states.

4.2 Effect of High Temperature Rotational-Vibrational Correctionsto Partition Functions

The high temperatures of 5000 to 6000 K at the §ampoint in the ICP are well
above the warning line of 3000 to 4000 K commonleg in statistical thermodynamics
texts for requirement of high-temperature corredito partition functions [19]. Yet when
equation 16 was used with experimentally-measumgaabratios, there were only minimal
changes in the resultingEvalues compared to simpler calculation modelsgJ3,1
Measured Jasvalues using Ai", ArH*, O,", or ScO never changed more than 10 K for all
23 trials. ArN and OH showed a 10 K increase only once. Ca®d NO gave the largest
Tgasvalues in this work and therefore would be exptteneed the temperature correction
most. The largest changes igsWere seen using these latter two ions with inesay up
to 40 K, although this would still not change thagihoses of their origins [38].

Because the main goal of this work is to estimatedrigin and such minor changes
in Tgasdo not affect these diagnoses, high temperatureamns were not used further.
Including them does not change the total partifimction enough to affect the basic

diagnosis of the origin of the polyatomic ion.

4.3 Inclusion of lonization Energy for Neutral Diatomic Molecules

Tgasvalues from @, NO', OH', CeO and ScO were examined for the effect of

including ionization reactions. Table 3 lists theization energies [46-48] and the percent
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ionization of each species atiI= 7000 K and an electron density of 1X16m*>[39]. The
results are given in Figure 1 for a hot plasmaiarfeigure 2 for a cool plasma. Note that n
was only used to calculate the degree of ionizataoes in Table 3. Whenygis evaluated
from Equations 14 and 15, thevalues cancel.

In the hot plasma trials (Figure 1) no species ghdrits essential behavior when
ionization was included. Cé@nd Q" still gave Tasvalues characteristic of the plasma at
the sampling point. NOstill gave a high temperature indicating less'Ni@n expected.
Thus, including ionization is not the main caus¢hef high fasvalues seen for NQon both
this sector instrument and in previous studies wittome-made quadrupole device.[3] 'OH
still gave a low temperature indicating more Qhian expected given plasma conditions
alone.

Under hot plasma conditions, the corrected sigatid IScO/Sc gives almost the
same value of fsas CeQ/CE', both in this work (data not shown) and in presgiou
experiments [3]. Therefore, SHSc was used to give the estimated temperature ramge f
the plasma at the sampling point for the cool pEs@eO/Ce" was not used because there
was very little Cé& signal from the cool plasma. Inclusion of ioniaatenergies led to
similar changes as described above (Figure 2).rageeTas values changed slightly, but
overall diagnoses did not for most ions. The twesgilnle exceptions are N@nd Q*. The
average Jasfor NO" dropped by 240 K. The black box in Figure 2 shawspproximate
1000 K difference with the center on thgsvalue from ScO NO' goes from just above
this box to just below the top line of this boxhid could change the diagnosis for Nitom
loss of polyatomic ion after extraction to N@eing present at levels expected in the plasma.

Alternatively, it is likely that the expected temaeire spread for the plasma would also be
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smaller under cool conditions, the range gfValues seen for ions from the plasma shrinks,
so the abundance of N@till reflects some loss in the extraction process

By the same consideration,@ould change its diagnosis from plasma levels to
excess polyatomic ion. However, the argument @i applied here would leave,0
firmly in the latter category for both calculatiorethods.

To summarize, inclusion of ionization reactionsha calculated Kdoes change the
Tgasvalue from some polyatomic ions but not to a degratside the day to day variations

and not so much that the diagnosis of the probatidgn of the ion changes.

4.4 Error Analysis

Error analysis in these calculations is not a mattsimple error propagation.
Iteration is used precisely because there is @ogbitiforward equation to findglsfrom the
measured signal ratio ang.KTherefore, to test the effect of change in cargable, the s
estimate procedure was repeated with the “cornadtie of one given parameter increased
by 10%. In this way the effect of 10% errors icleaf solvent load, sample gas flow rate,
vibrational constant, rotational constant, disstimmenergy, and the measured ion ratio were
investigated for one day’s data.

Results from this error analysis are presentechinid4. On the day under
consideration, nickel cones, an H-geometry skimmued, ‘hot’ plasma conditions were used.

As expected from the form of Equation (2), the dcsation energy has the largest
impact. A 10% change inJddeads to about 10% changes in temperature. Teaspnably
accurate values for this quantity are necessahan@ing solvent load, sample gas flow rate,

vibrational constants, rotational constants andheéwe ratios by 10% usually produced errors
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in the Tgasonly about a tenth of that (-140 to 40 K chang@;31% of Ta9. In general, such

errors will not affect the diagnosis of ion origin.
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Table 1. Effect of including first excited state on the@tonic partition function of certain charged dratc molecules.

Ground State First Excited Electronic State
Term o Term Energy %Difference
lon | Symbol (Zeed | Symbol g (cm?)  geEVKD Zelec N Zeec  Source
0," M 4 ‘M 8 32,964 0.00060723 4.00060723  0.0152 34
NO" s 1 > 3 52,190 0.0000009q 1.00000090  0.00009 34
OH* 3 3 AN 2 17,660 0.01241474 3.01241478 0.4 34
Ary* 5 2 M 4 12,986 0.09531766 2.09531766 4.8 35
ArN* 5 3 M 6 14,047 0.10534204 3.10534204 3.5 36
ArH* 3 1 M 6 49,163 0.0000043( 1.00000430  0.0004 37
ArO* 3 4 n 4 3,490 1.4651585( 5.46515850  36.6 38
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Table 2. Effect of including first excited state on thea&lonic partition function of certain
neutral species. Fundamental data are from ref. 34.

Ground State First Excited State
Term Term Energy
Species| Symbol ®(Zeed | Symbol g (cm?) g, ED Zelec %error
(07 % 3 A 2 7,918 0.20485707 3.20485707 6.8
NO Ny 4 Mgy 4 120 3.86442842 7.86442842 96.6
OH n 4 %y 2 32,684 0.00016454 4.00016454 0.0
ScO %y 2 A 4 15,030 0.05292773 2.05292773 2.4
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Table 3.lonization energies and ionization efficienciesdtoms and neutral polyatomic

ions under hot plasma conditions.
lonization Energy
Species (eV) % lonization® Reference
Oz 12.071 0.5 34
@) 13.618 0.02 40
OH 12.9 0.1 34
NO 9.26436 5 34
N 14.534 0.02 40
CeO 4.9 100 41
Ce 5.47 100 40
ScO 6.6 100 42
Sc 6.54 100 40

Calculated from Saha Eqn ata/= 7000 K, r = 1x10° cm?®.

. . nA+
% lonization=—2—
N, +Ny

Ol LAC U Zyl_ilsl

x100%
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Table 4. Error analysis of one run. Hot plasma mode,dties, H-skimmer geometry.

Measured ]aSValues (K), Difference (K) and % Difference

CeO' | Ar,’ | AN J[ArH' | O, | OH' | NO' | H,O' | HsO°

Initial T 5390| 5130] 5520 488D 5390 46Y0 7470 4080 3F780
Solvent  Plus 10% 5410| 5100] 5490 4910 5420 4710 7510 4100 JF790
Load Difference 20 -30 -30 30 30 4 40 20 10

%Difference 04| -0.6 -0.5 0.6 0.6 0.D 0/5 0\5 g.3

Sample Plus10% 5360| 5160 5540 4850 5350 4640 7430 4050 JF770
Gas Flow Difference -30 30 20 -30 -4Q -3 -40 -30 -10
Rate %Difference 06| 0.6 04| -0.6 -0.7 -0.6 -0{7r  -0/6 -d.2
w Plus 10% 5370| 4990, 5410 4860 5360 4660 7440
Difference -20 | -140 -110 -20 -3( -10 -30
%Difference -04| -2.7 -2.0 -0.4 -0.6 -0.p -0/4
B Plus 10% 5360| 4990, 5410 4850 5350 4640 7430
Difference -30 | -140| -110 -30 -4( -30 -40
%Difference -06| -2.7 -2.0 -0.6 -0.7 -0.6 -05
Do Plus 10% 5870| 5560, 5990 534D 5900 5110 8180 4470 4090
Difference 480| 430 470 46( 510 440 710 380 310

%Difference 8.9 8.4 8.5 9.4 9.5 9.4 915 9.6 g.2

lon Ratio  Plus 10% 5410| 5290; 5640 4910 5420 4710 7510 4100 JF790

Difference 20| 160 120 30 3( 40 40

)
o
o

%Difference 0.4 3.1 2.2 0.6 0.6 0.9 0/5 05 .3
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8000 I

m Dissociation + Tonization
m Dissociation Only

OH* NO* 0, CeO"

Figure 1. Gas kinetic temperature calculated setting Equat? and 3 equal to each other
(new, Dissociation Only) and calculated includingization energy of the polyatomic
molecule and charged dissociation product (Equat®h0, New, Dissociation + lonization)
in a hot plasma. Box represents the typical rariggasma temperatures at the sampling
point (5000 to 6000K). n =20 and error bars cpond to standard deviation.
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m Dissociation + Ionization

T ¥ Dissociation Only

OH* NO* 0, ScO*

Figure 2. Gas kinetic temperature calculated setting Equat? and 3 equal to each other
(Dissociation Only) and calculated including ioriiaa energy of the polyatomic molecule
and charged dissociation product (Equations 8-1€sdgiation + lonization) in a ‘cold’
plasma. Assuming the metal oxide gives a chaiatitetemperature of the plasma, the box
represents a 1000 K range for the plasma temperagixteen spectra on each of three days
were averaged. Error bars correspond to rangetbedhree days
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Appendix B.

Vanadium Induces Dopaminergic Neurotoxicity Via Prdein Kinase C-
Delta Dependent Oxidative Signaling Mechanisms: ReVance to

Etiopathogenesis of Parkinson’s Disease

Afeseh Ngwa, HiIaril, Kanthasamy, Artﬁi Anantharam, Vellaredéy

Song, Chunjualr,l Witte, Travig; Houk R. &% Kanthasamy, AnumanthalG.

! Department of Biomedical Sciences, lowa CenteAfiranced Neurotoxicology,
lowa State University, Ames, 1A 50011, USA

2Ames Laboratory, U. S. Department of Energy, Departt of Chemistry,
lowa State University, Ames, lowa 50013A

A paper published in Toxicology and Applied Pharoiagy, 2009, 240, 273-285.
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Abstract

Environmental exposure to neurotoxic metals throwsgiious sources including exposure to
welding fumes has been linked to an increased émad of Parkinson’s disease (PD).
Welding fumes contain many different metals inchgidvanadium typically present as
particulates containing vanadium pentoxide@j. However, possible neurotoxic effects of
this metal oxide on dopaminergic neuronal cellsmatewell studied. In the present study,
we characterized vanadium-induced oxidative stdeggendent cellular events in cell culture
models of PD. YOs was neurotoxic to dopaminergic neuronal cellsudrlg primary nigral
dopaminergic neurons and the s@as determined to be 3 in N27 dopaminergic
neuronal cell model. The neurotoxic effect wasoagganied by a time-dependent uptake of
vanadium and upregulation of metal transporterganstTf and DMTL1 in N27 cells.
Additionally, vanadium resulted in a threefold i@ase in reactive oxygen species
generation, followed by release of mitochondridbchromec into cytoplasm and
subsequent activation of caspase-9 (>fourfold)@gpase-3 (>ninefold). Interestingly,
vanadium exposure induced proteolytic cleavageative protein kinase Cdelta (PRCr72-
74kDa) to yield a 41 kDa catalytically active fragme@sulting in a persistent increase in
PKCd kinase activity. Co-treatment with pan-caspas@itdr Z-VAD-FMK significantly
blocked vanadium-induced PR®roteolytic activation, indicatintpat caspases mediate
PKCd cleavage. Also, co-treatment with Z-VAD-FMK almesmpletely inhibited YOs-
induced DNA fragmentatior-urthermore, PK& knockdown using siRNA protected N27
cells from \LOs-induced apoptotic cell death. Collectively, thessults demonstrate

vanadium can exert neurotoxic effects in dopamicarguronal cells via caspase-3-
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dependent PK&cleavage, suggesting that metal exposure may peomgral dopaminergic

degeneration.

KeyWords: metal mixtures, vanadium, manganese, neurotoxickiglative stress,

Parkinson’s disease

Introduction

Parkinson'’s disease (PD) is a multifactorial chcamurodegenerative disorder
associated with progressive degeneration of ndgphminergic neurons in the
mesencephalic midbrain region resulting in subghlass of dopaminergic
neurotransmission to the striatal region (Angladal.e 1997). The etiopathogenesis of PD is
still poorly understood; however, chronic expodareertain metals such as manganese (Mn)
has been implicated in PD pathogenesis (Dobsoh, &084). Epidemiological and case-
control studies conducted in the United Stateselkag other countries have linked heavy
metal exposure to an increased incidence of PDdlGetral., 1997; Fleming, 1994; Schulte,
1996; Liou, 1997; Marder, 1998; Smargiassi, 1998;ldr, 1999; Priyadarshi, 2000;
Tuchsen, 2000; Ritz, 2000). Subtle preclinicalrotagical effects have recently been
documented following exposure to very low leveldvsf in occupational settings (Mergler,
1999; Crossgrove and Zheng, 2004). Since Mn elinwndrom the central nervous system
(CNS) typically occurs very slowly, delayed neusatoeffects may occur later in life
resulting in an increased frequency of Parkinsodiaeases in the geriatric population

(Alessio and Lucchini, 1996; Cranmer et al., 199%;chini et al., 1995; Lucchini et al.,
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1997). Early life exposure to heavy metals suclead has been shown to produce
Alzheimer’s-like pathology in rodents as well agpnmate models (Wu et al., 2008). Two
studies have shown that welders are at an increedefbr the development of PD (Racette
et al., 2001; Park et al., 2005), while anothedgtdid not find such an association between
welding and a risk for developing Parkinsonism @@aén et al., 2005; Ellingsen et al.,
2008). Welding fumes contain many different metat¢duding manganese, iron, and
vanadium, typically present as vanadium pentoxXid©(). However, the neurotoxic effects
of V,Og are not well understood.

Vanadium continues to be widely used in variousigtdal applications including
steelmaking; arc weldingemperature-resistant alloy production; and glgggnent and
paint manufacturingHazardous Substance Database, ChemIDPlus, 2006n8u2006;
McNeilly et al., 2004). Vanadium is a preferredtahdor the production of special steels
and temperature-resistant alloys because it i©btlee lightest high-strength metals. More
than 90% of industrial vanadium is used in stedtinga The dominant market driver for
vanadium over the past three years has been aasent worldwide demand for higher
strength steel, most notably in China (Bunting,&00This increased demand for vanadium
is not expected to decline as the worldwide denfantigh quality steel continues. Welding
and the associated exposure of workers to weldinge$ have increased along with steel
production. Among nine metals (Co, Cr, Cu, Fe, Mi,Ti, V and Zn) characterized in
welding fumes by use of inductively coupled plasmass spectroscopy (ICP-MS), vanadium
was present at about half the concentration of McNeilly et al., 2004). The use of
vanadium with non-ferrous metals is of particulaportance in the atomic energy industry,

aircraft construction and space technology (Haass&ubstance Database, ChemIDPlus,
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2006). Notably, vanadium compounds are releadedlie environment in large quantities,
mainly by burning fossil fuels. Vanadium is usydund to be the most abundant trace
metal in petroleum samples and can be found inemtnations reaching 1500 mg kg
depending on the source of the crude oil (Amoriralet2007). Vanadium accumulates in
the soil, groundwater, and plants that may be ameslby animals and humans (Pyrzynska
and Weirzbicki, 2004).

Despite this widespread use of vanadium, the heffidlets of the metal, in particular
the CNS effects, are not well characterized. Widldier studies have shown vanadium
exposure in humans may cause CNS deparession rireeuwasthesia and other severe
motor deficits including vegetative symptoms (WHDQO0; Done, 1979), the neurotoxic
effects of vanadium and its potential to inducenalz neurological diseases are not well
understood. Another recent study showed that @h®Os can damage the nigrostriatal
dopaminergic system in rodent models (Avila-Costal.e 2004), but the mechanism of
vanadium-induced dopaminergic neurotoxicity istgebe defined.

Oxidative stress and apoptosis are regarded askdiators of neurodegenerative
processes in PD (Hartmann et al., 2000; DawsorDawgson, 1996; Olanow et al., 2004,
Olanow and Tatton, 1999; Olanow, 2004) and areatexic sequelae resulting from metal
exposure (Kanthasamy et al., 2003; Kitazawa e2@D3; Hamai and Bondy, 2004,
Latchoumycandane et al., 2005). Our lab previoteghprted that increased oxidative stress
during exposure to Parkinsonian neurotoxicantsyedsas pesticides and metals, can activate
the proapoptotic kinase PE®y caspase-3-dependent proteolysis in cell culnodels of
PD (Kitazawa et al., 2003; Kaul et al., 2003, 2@)52005(b); Latchoumycandane et al.,

2005). Proteolytic cleavage of PRC74 kDa) by caspase-3 results in a 41 kDa catalyti
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subunit and a 38 kDa regulatory subunit, leading p@rsistent activation of the kinase (Kaul
et al., 2003; Kitazawa et al., 2003; Anantharaml.e?004; Yang et al., 2004). Blockade of
proteolytic activation of PK&by overexpression of the kinase-dominant negativeant,
cleavage-resistant mutant, or sSiRNA directed ag&K<s almost completely prevented
dopaminergic cell death (Kaul et al., 2003; Kitaaast al., 2003, 2005; Anantharam et al.,
2004; Yang et al., 2004), demonstrating that BKCa key proapoptotic and oxidative stress
sensitive kinase in dopaminergic neurons. In tlesgmt study, we examined the effect of

V,0s5 on oxidative signaling in a dopaminergic cell mioofePD.

Methods

Chemicals

Vanadium pentoxide (30s) and MTT were purchased from Sigma (St. Louis, MO)
Sytox green nucleic dye and COX IV antibody werechased from Molecular Probes
(Eugene, OR). Ac-DEVDAFC (Acetyl-Asp-Glu-Val-Aspafnido-4-
trifluoromethylcoumarin), Ac-LEHD-AFC (Acetyl- LeGlu-His-Asp-7-amido-4-
trifluoromethylcoumarin), and Z-VAD-FMK (Z-Val-Alasp-fluoromethyl ketone) were
purchased from MP Biomedicals (Aurora, OH). CelabeDetection ELISA plus Assay Kit
was purchased from Roche Molecular Biochemicaldigimapolis, IN). Bradford protein
assay kit was purchased from Bio-Rad Laboratokesdqules, CA). RPMI 1640, B27
supplement, fetal bovine serum, L-glutamine, pdimciand streptomycin were purchased

from Invitrogen (Gaithersburg, MD). Nitric acid wparchased from Fisher Scientific
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(Pittsburgh, PA). Anti-mouse DMT-1 (i&y/ml) and anti-mouse transferrin (Tf)u@d/ml)

were purchased from Alpha Diagnostic Internatio8aly Antonio, TX. Protease cocktail,
phosphatase inhibitors, ATP, Protein A-Sepharosgem-G-Sepharose and afitactin
antibody were obtained from Sigma-Aldrich (St. LuO); rabbit PKG antibody was
purchased from Santa Cruz Biotechnology, Inc. @&amtuz, CA); cytochrome c antibody
was purchased from BD Biosciences, anti-mouse atidabbit secondary antibodies (Alexa
Flour 680 conjugated anti-mouse IgG and RabbitIR&00 Conjugate) were purchased
from Invitrogen and Rockland Inc., respectively-*{P]JATP and®H-DA were purchased

from Perkin Elmer Life Science (Boston, MA).
Cell culture

We used the rat mesencephalic dopaminergic cellréferred to as N2%lls, which
was a gift from Dr. Kedar N. Prasad (UniversityGgloradaHealth Sciences Center,
Denver, CO). N27 cells have been used extensteedyudy the neurotoxic mechanisms
pertaining to Parkinson's disease (Clarkson e1889; Kaul et al., 2003; Kaul et al., 2005a;
Kaul et al., 2005b; Miranda et al., 2004; Pend.e2805). N27 cells were grown and
treated irRPMI 1640 medium supplemented with 10% fetal bog@eim, 2 mM L-
glutamine 50 units of penicillin, and 50 pg/ml of streptomyana humidified atmosphere of
5% CQ at 37°C as described previou@aul et al., 2003; Yang et al., 2004). For
antioxidant studies, N27 cells were treateRiMI 1640 medium supplemented with 2%

B27 supplement with or without antioxidants instedd 0% fetal bovine serum.
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We also used mouse fetal primary mesencephaliareslto determine the effect of
vanadium on dopaminergic neurons. We prepare@lpgimary mesencephaleuronal
cultures from the ventral mesencephalbgestational 14-d-old mice embryos as described
previously(Yang et al., 2004, Zhang et al., 2007). The mesgmalic tissues from mice were
dissectednaintained in ice-cold G&free HBSS and then dissociatedHBSS solution
containing trypsin-EDTA (0.25%) for 20 min&Z°C. The dissociated cells were then plated
at equal densit§0.5 x 10 cells) in 30-mm-diameter tissue culture wells whiad been
precoatedvith poly-D-lysine (1 mg/ml). The primary culturesgere maintained in a
chemically defined medium consisting of neurobasadlium fortifiedwith B-27
supplements, L-glutamine (500 uM), penici[#®0 1U/ml), and streptomycin (100 pg/ml)
(Invitrogen).The cells were maintained in a humidified Q@cubator (5% 0,, 37°C) and
half of the culture medium was replaced every Adproximately5- to 7-d-old cultures

were used for experiments.

Treatment paradigm

For the purpose of this study, vanadium interchahberefers to vanadium pentoxide
(V20s) dissolved in water (moles of,@s/L). N27 cells were treated with different
concentrations of vanadium for the duration ofdkeeriments using diluted stock solution in
culture media. After treatment, cells were collected by trypsatian or scrapingspun down
at 20@ for 5 min, and washed with ice-cold phosphatedreffisaline (PBS). The lysates
from the cell pellets were used f@rious assays including caspasacvity, Western

blotting, and measurement of DNA fragmentation.
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Assessment of cell death by Sytox Green assay

The assessment of cytotoxicity was conductedguSytox Green, a membrane-
impermeable DNA dye that entetsad cells as a result of altered membrane periitgabi
andintercalates into the nucleic acid, as describedipusly (Kaul et al., 2005;
Latchoumycandane et al., 2005). DNA-bo@ydox Green can be detected at an excitation
wavelength of 48Gm and an emission wavelength of 538 nm usingadkcence
microplate reader (Bio-Tek microplate reader). Tritensity of fluorescence is directly
proportional to the number of dead cells; this rodtls known to be more efficient and
sensitive than other cytotoxicity measurementsaéatva et al., 2004kqual numbers of
subconfluent N27 cells grown in 24-well plates wesencubated with 1 pMytox Green
and with appropriate concentrations of vanadau®RPMI medium as a control. To quantify
cell death, fluorescenaetensity was monitored after the experiments veareductecnd
fluorescence pictures were taken using a Nikonriedefluorescence microscope equipped

with a SPOT digital camera (Diagnostic InstrumeStgrling Heights, Ml).

3-(4,5-dimethylthiazol-3-yl)-2,5-diphenyl tetrazolum bromide (MTT) assay

This assay has been widely used to assess celityidy measuring the activity of
mitochondrial dehydrogenase enzymes that cleaveetrezolium ring to produce formazan
(Brown et al, 1994, Kitazawa et al., 2001; Choi et al., 2007 YeAlvanadium treatment, cells
were washed once and further incubated in seruenBMEM containing 0.25 mg/ml MTT
for 1 h at 37°C. Supernatant was removed, and My3tals were solubilized in 2Q0

dimethyl sulfoxide. The mitochondrial activity waseasured with the SpectraMax
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spectrophotometer (Molecular Devices Corporati@n Biego, CA) at 570 nm, with the

reference wavelength at 630 nm.

Determination of intracellular vanadium concentration

N27 cells were treated with 40 vanadium for 0, 4.5 and 9 h and washed three
times with PBS. Inductively coupled plasma massspmetry (ICP-MS) was used to
determine the concentrations of V at m/z 51 in essahple. The ICP-MS device
(ELEMENT 1, Thermo Finnigan) was a high-resolutdwuble focusing instrument operated
in medium resolution (mM¥m = 4,000) in order to resolve the isotopes ofrggefrom any
interferences (Shum et al., 1992). Each sampteplaed in an acid-washed 5 ml Teflon
vial and digested in 150 high purity nitric acid (Ultrex II, J.T. Baker)Following
digestion, the samples were diluted to 5 ml wittR1Q deionized water to give a final acid
concentration of approximately 3% nitric acid. Tupernatant was analyzed with the ICP-

MS.

An internal standard method was used for quantiboa Gallium was chosen as the
internal standard because its m/z ratio is sintdahat of the elements of interest, and it has
no major spectroscopic interferences. A smallespikGa standard solution was added to
each sample for a final Ga concentration of 10 ppli.0 ppb multi-element standard (V,
Mn, Fe, Cu, Zn, Ga) was prepared. The nitric &tachk, the multi-element standard, and
each of the samples were introduced into the ICPvM% 100ul/min self-aspirating PFA
nebulizer (Elemental Scientific, Inc.). The nitacid blank was used to rinse the nebulizer

between each sample.
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The results for each sample were calculated usiagitegrated average background-
subtracted peak intensities from 20 consecutivesscado correct for differences in
elemental ionization efficiency in the ICP, the tirelement standard was used to derive
normalization factors for V, Mn and Cu. Concentnas for V, Mn and Cu were then

calculated for each sample.

Determination of vanadium-induced HO, production by polarography

N27 cells (~ 10,000 per well) were grown in 96 wilites 12-18 h prior to
treatments and then exposed to vanadium under dezeraonditions for 4 h. ¥D,
productionn N27 cells was measured using an Apollo 4000 Rexical Analyzer (WPI,
Sarasota, FL) equipped with a 100-pp®, sensor following a 4 h vanadium exposure.
Before the experiment, the electradas calibrated using serial dilutions of®4, and the
currentrecorded from the serum free RPMI media over tlhis e&s then calculated as
concentration of bD,. The APOLLO 4000 Free-Radical Analyzer (World Psem
Instruments, Inc., Sarasota, FL, USA), which iséasingly being used (Mastore et al.,
2005; Castello et al., 2007), was used to monitgeal-time the production ofJ, during
vanadium treatment. A pulse voltage (+400 mV) nzan#d on a sensitive and selective
H,0, sensor (ISO-HOP2) ensured that the electrochemgsabnses (redox current)
generated at the working electrode were derived fvoim the oxidation of any D,
formed, and that these responses were proportiortaé concentration of the reactive
molecule. Quantitative determinations were madeiohg the establishment of calibration
curves for the kD, electrode prior to all tests. The latter was ai®diby plotting changes in

current (pA) against changes in® concentration. Test conditions, such as temperatnd
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pH, were identical to those under which the inseatrwas calibrated (Mastore et al., 2005).
To assess ¥, production, the electrode was allowed to equitdfar 1-3 min in treatment

media on cells in the wells of the 96 well plate.

Measurement of caspase-8nd caspase-9

Caspase-3 and caspase-9 activities were measupeevésusly described in our lab
publications (Anantharam et al., 2002; Kaul et2003; Kitazawa et al., 2003; Kitazawa et
al., 2002). After exposure to vanadium, the cebbsemvashed with PBS, resuspended in lysis
buffer containing 50 mM Tris/HCI (pH 7.4), 1 mM EBT10 mM EGTA, and 1@M
digitonin, and incubated at 37°C for 20 min. Lysatere centrifuged at 132,000 g, and the
cell-free supernatants were incubated withuBDAc-DEVD-AFC (fluorometric caspase-3
substrate) or 54M Ac-LEHD-AFC (fluorometric caspase-9 substrate3@tC for 1 h.
Formation of 7-amido-4-trifluoromethylcoumarin (AFsulting from caspase cleavage
was measured using a fluorescence plate readetaf@xe 400 nm, emission 505 nm). All
the fluorescence signals from the samples were alared to protein concentration, as

determined with the Bradford protein assay.

DNA fragmentation assay

DNA fragmentation assays were performed using &lsdth Detection ELISA plus
Assay Kit, which is fast, highly sensitive and ablie for the detection of early changes in
cells undergoing apoptotic cell death. The assajyaad DNA fragmentation by
guantification of histone-associated low molecwarght DNA in the cytoplasm of cells

(Anantharam et al., 2002; Kaul et al., 2003; Kitaaat al. 2002). DNA fragmentation was
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measured in N27 cells exposed to vanadium at tiorgpcorrelating with maximum
caspase-3 activation. In inhibitor studies, parpaas inhibitor Z-VAD-FMK (10QuM) was
co-treated (after a 30 min pretreatment with thehiiors alone) with 4@M vanadium for 9
h. After treatment, 2Ql of cell lysate was prepared according to the rfegturer’s protocol,
as previously described (Choi et, &007). Briefly, vanadium-treated cells warashed with
PBS, and the cell pellets were then resuspewitadhe lysis buffer provided in the assay
kit. The lysatevas spun down at 2@Pand 20 pl of supernatant was incubdte® h with
the mixture of HRP-conjugated antibody that recegshistones and single- and double-
stranded DNA. After washingway the unbound components, the final reactiodymbwas
measured colorimetrically with 2,2'-azino-di-[3-@ttenz-thiazolinesulfonate] as an HRP
substrate using a spectrophotometdO&tnm and 490 nm. The difference in absorbance
between 40and 490 nm was used to determine the amount of Babnmentationn each
sample. All sample concentrations were normalipgordtein concentration using the

Bradford protein assay.

PKCé knockdown by siRNA in N27 cells

PKC5-siRNA was prepared by an vitrotranscription method, as described
previously (Yang et al., 2004jitially, sSiRNA target sites specific to rat PREnRNA (gene
identifier: 18959249), as determined by blast asialywerechosen. One nonspecific SIRNA
(NS-siRNA) was also chosen basedrandom sequence. For each siRNA, sense and
antisense templategere designed based on each target sequence diadl papromoter
sequence (Donze and Picard, 2002): for BAS(RNA, sense, 5'-

AACTGTTTGTGAATTTGCCTTCCTGTCTC-3'; antisense, 5'-
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AAAAGGCAAATTCACAAACAGCCTGTCTC-3' with the target & located at nucleotide
2142 to2162 in rat PK@ mRNA with a GC content of 47.6%; fbS-siRNA, sense, 5'-
AATTCTCACACTTCGGAGAACCTGTCTC-3'; antisens®-AAGTTCTCCG
AAGTGTGAGAACCTGTCTC-3'. All template oligonucleogdwere chemically
synthesized and PAGE purifielh vitro transcriptionannealing, and purification of sSiRNA
duplexes were performerting the protocol supplied with the silencer siRBbAstructiorkit
(Ambion, Austin, TX). Briefly,~2 ug of each single-strask) transcription template was
first annealed with the T7 promotand filled in by Klenow DNA polymerase to form
double-strantranscription templates. For preparation of eaBiN#i duplextranscription
reactions were first performed with separaptisense and sense templates using the T7
RNA polymerase providadith the kit and then annealed to form siRNA duplexThe
SiRNA duplex was then treated with DNase and RNasemovehe extra nucleotides of
transcribed siRNA to meet the structlB&JU overhang and 5' phosphate requirement
(Elbashir et al.2001). Previously, we showed that PEIRNA effectively suppresses
>80% of PK® protein expression levels within 24 h post-traoste (Yang et al., 2004).
N27 cells (50-70% confluence) were transfected gil®NA duplexes by using an AMAXA

Nucleofector kit (AMAXA), as described in our lalpsevious studf{Yang et al., 2004).

Protein kinase G activity

PKCS enzymatic activity wadetermined using immunoprecipitation, as described
previously(Kitazawa et al., 2003; Kaul et al., 2005). Thdscelere exposed to 40 uM
vanadium for 9 h, with or without a pan-caspaseitdr (Z-VAD-FMK), and cell lysates

were collected. After immunoprecipitation wahti-PKG antibody, 25 pl samples
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containing PK® boundio Sepharose-A beads were incubated with 25 pdadtiorbuffer
containing 0.4 mg of histone H1 and 5 pCi »ffP]JATP (4500 Ci/mM) for 10 min at 30°C.
The reaction was terminatbg the addition of 2x SDS gel loading buffer anddubfor5
min. The samples were separated on 12% SDS-PAGHistwhephosphorylated bands
were detected using a Phospholmager (Perstolakcular Imager FX, Bio-Rad) and

guantified using Quantit®ne 4.2.0 Software (Bio-Rad).

Western blotting

N27 neuronatells were exposed to 40 uM®; with or without the pan-caspase
inhibitor (Z-VAD-FMK) at 37°C for appropriate time points. N27 cells evistsed,
homogenized, sonicated, and centrifuged as descpiteviously (Kaul et al., 2003;
Kitazawa et al 2002). The supernatants were collected as celldgsand protein
concentrations were determined and used for SD$&tgefrophoresis according to standard
procedure. Whole cell lysates and cytoplasmic aitdaimondrial fractions, as appropriate,
containing equal amounts of protein were loadeghich lane and separated on a 10-15%
SDS-PAGE gel, as described previously (Kaul e28l03; Kitazawa et al., 2002). Proteins
were then transferred to nitrocellulose membrand,reon-specific binding sites were
blocked by incubation for 1 h in Licor buffer. Theembranes were then treated with the
appropriate primary antibodies, PB@olyclonal antibody (1:2000), cytochrome ¢ (1:500)
COX IV(1:500), Tf (1:500), and DMT1 (1:500) followeby treatment with secondary anti-
mouse or anti-rabbit antibodies, as appropriatecdrdirm equal protein in each lane,
membranewere probed witlff-actin antibody (1:5000 dilution). Western blot weesformed

using IR dye-800 conjugated anti-rabbit dye andkalElour 680 conjugated anti-mouse 1gG
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as secondary antibodies. Western blot images vegrteiieed and analyzed with an Odyssey

IR Imaging system (LICOR).
Dopaminergic Neuronal Viability by *H-Dopamine ¢H-DA) Uptake Assay

The neurotoxic effect of 305 on dopaminergic neurons in fetal mouse
mesencephalic cultures were quantified uhdDA uptake assay described in detail
elsewhere (Michel et al., 1990; Vaglini et al., 8D0In our experience, we noted tAdiDA
uptake assay was more robust and quantitativetyinasine hydroxylase (TH) positive cell
counts by immunohistochemical method. Briefly, s@primary mesencephalic neuronal
cultures were treated with 10, 20, 40 or 60 ppDyfor 12 h and then cells were washed
once with assay incubation (Kreb’s Ringer) bufie6MmM glucose, 1.3mM EDTA, 1.2mM
magnesium sulfate, 1.8mM calcium chloride, 4.7mNapsium chloride, 120mM sodium
chloride, 16mM sodium phosphate). Cells were intetavith 1M *H-DA (30Ci/mol) for
30 min at 37°C. The dopamine reuptake blocker M#di(1nM) was used as a positive
control to assess the efficiency®f-DA uptake. The uptake was stopped by removing the
reaction mixture and followed by a three-time wasth fresh Kreb’s Ringer buffer. Cells
were then collected with 1N sodium hydroxide aralrddioactivity was measured by liquid

scintillation counter after the addition of a 4nmdirgillation cocktail to each vial.
Statistical analysis

Data were analyzed with Prism 3.0 software (GragiRaftware, San Diego, CA).
Tukey’s multiple comparison testing was used to para differences between treatment

groups of N27 cells. For the cell viability assayjonlinear regression curve was fit onto the
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data, and E§ concentrations were extrapolated (Choi et28107). For comparison between
two samples, Student’s T-test was performed to é@the differences. Differences with *
p<0.05, **p<0.01, and **p<0.001 were considered significant and are indicate

asterisks. Presented data typically representtsefsam at least two separate experiments

with triplicate samples where appropriate, andex@essed as mean + S.E.M.

Results

Vanadium exposure induces dose-dependent increasedytotoxicity

In order to determine the optimal dose for a detathechanistic investigation of
vanadium neurotoxicityye first performed a dose-response cytotoxicityymis N27 cells
were exposed to 3-3QM vanadium (MOs) for 12 h, and a dose-dependent effect of
vanadium on cytotoxic cell death was determineddyl assay. As shown in Fig. 1A, a
dose-dependedecrease in cell viability was observed. B, of 37+ 3.47 uM for
vanadium was deduced by three-parameter nonliagegssion from the dose-response
curve. The dose-dependent effect of vanadium-indiaedt death was further confirmed by
Sytox Green fluorescence assay, which labels grabndead/dying cells both qualitatively
and quantitatively. N27 cells were exposed to @048V vanadium for 12 h. Fig. 1B is
representative of untreated and vanadium-treatétiddls at the end of a 12 h treatment in
phase-contrast (left panels) and Sytox FITC fluoeese imaging (right panels). An increase
in the number of Sytox-positive green cells indésaén increase in cell death because the

Sytox Green dye permeates compromised cell membtarstain nuclear chromatin. The
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number of Sytox-positive cells increased dose-dégetty in vanadium-treated cells
compared to untreated controls. Quantitative amalyf Sytox fluorescence using a
fluorescence plate reader also revealed that vamaieatment induced cytotoxic cell death
in N27 cells. As shown in Fig. 1C, vanadium irased cell death in a dose-dependent
manner. Exposure to 10, 30, 100 and @®0Ovanadium over 12 h resulted in a one to

sixfold increase in the number of Sytox-positivsceompared to untreated control cells.

Time-dependent uptake of vanadium in N27 dopamineig cells

Since vanadium induced cytotoxic cell death in seddependent manner, we
measured the amount of vanadium entering the gelltime. Previously, we and others
have shown that metal ions, Mn, Fe, Zn, Cu, Co,ATdand V, can be transported by Tf and
divalent metal ion transporter (DMT1) (Aschner &wthner, 1991; Choi et al., 2007,
Erikson et al 2004). Using ICP-MS, we observed a time-dependetatke of vanadium
(Fig. 2A). Exposure to 4AM vanadium to N27 cells resulted in a 7- and 1tHakrease in
intracellular levels of vanadium following expostioe 4.5 and 9 h, respectively. In
addition, we also observed a significant upregafatf transport proteins Tf (Fig. 2B) and
DMT1 (Fig. 2C) over time, suggesting that thesegport proteins may play a role in the
time-dependent uptake of vanadium by the dopamimerpurons. We also found vanadium
treatment altered concentrations of other essemggdls including Mn and Cu in the cells.
As shown in Fig 2D, intracellular Mn increased b4-fold at 4.5 h of 4QuM V05
treatment whereas the level decreased by 2.7-fdlthger time Os exposure (Fig 2D).

The intracellular copper increased by 3- and 3ld-& 4.5 h and 9 h, respectively, following

V.05 exposure (Fig 2E).
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Vanadium inducesoxidative stress in N27 mesencephalic neuronal czll

Based on the cytotoxicity data and uptake stushes;hose an optimal dose of 40
MM vanadium (¥Os) for all subsequent experiments. Several stucheBiding ours, have
shown that dopaminergic neurotoxicants includingAMPMn, dieldrin, and MMT induce
oxidative stress, alter mitochondrial function aneldiate the release of a number of
proapoptotic factors includingytochrome c into the cytosol (Kitazawaaét 2001,
Anantharam et al., 2002; Kaul et al., 2003; Karginag et al., 2005) to initiatbe apoptotic
cascade. Therefore, we examined whether vanadiposare induces ROS production in
dopaminergic cells. In this experiment, we useery sensitive APOLLO 4000 Free-
Radical Analyzer for measurement of®4 generation. Fig. 3A shows the standard curve
for H,0, with R? 0.999. N2Zells were exposed to 40 uM vanadium for 4 h aed tHO,
levels were measured. As shown in Fig. 3B, vanadiyposure induced a threefold
significant increasi H,O, production compared with the control, indicatingttianadium

can promote oxidative stress in dopaminergic cells.

Next we examined whether vanadium-induced oxidagtwess plays a role in the
neurotoxicity of vanadium. An antioxidant cocktgO) consisting of vitamin E,
glutathione, superoxide dismutase (SOD), and cs#alas used in the study. N27 cells were
exposed to 40 uM vanadium with or without an AOXarh and then cytotoxicity was
measured by Sytox green fluorescence assay. eatu¥tent with AO almost completely
protected vanadium-induced neurotoxicity, as segyhase-contrast (Fig. 3C right panels)
and Sytox green fluorescence imaging (Fig. 3Cfaftels). Quantitative analysis of Sytox

fluorescence revealed that AO treatment blockshtefold increase in neurotoxicity
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induced by vanadium. These results demonstratevéimadium-induced oxidative stress

plays a key role in mediating the neurotoxicitydwpaminergic cells.

Vanadium exposure promotes mitochondrial cytochrome release

Previously we showed that exposure to dopamin@egicotoxins alters
mitochondrial function, which can resiitthe release of a number of proapoptotic factors,
includingcytochrome c, into the cytosol to initidtee apoptotic cascade in neuronal cells
(Kitazawa etl., 2001; Anantharam et al., 2002; Kaul et alQ30 In the present study, N27
cells were exposed to 40 uM vanadium for 3 anchichthe release of cytochrome c into the
cytosol was measured by Western blot analysis wsitiQodies directed against cytochrome
c. As shown in Fig. 4, treatment of N@lls with 40 M vanadium for 3 and 6 h resulted in
a significant increase in cytosolic cytochrome mpared to untreated controls. The
mitochondrial marke€OX-I1V (15-17 kDa) was used for testing the puofythe cytosolic
fractions, and no mitochondrial contamination weged. Nitrocellulose membranes were

reprobed wittB-actin antibody to confirm equal protein loading.

Vanadium induces a time-dependent activation of caase-9 and caspase-3

Cytosolic cytochrome c release has been showntitcage multiple caspases,
including caspase-9 and caspase-3 (Dawson and Da2@03Kanthasamy et al., 2003).
Caspase-9 and caspase-3 play an importaninrtde execution of mitochondrial-dependent
apoptotic cell death. Since vanadium increasegctybme c release, we examined the
effectof vanadium on the activities of caspase-9 andasesf in N2¢ells. Exposure to 40

KM vanadium induced time-dependent increaseaspase-9 (Fig. 5A) and caspase-3 (Fig.
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5B) activities compared to untreated controls. Redao untreated control cells we observed
greater than fourfold and ninefold increases irpaas activities for caspase-9 and caspase-3,
respectively. Furthermore, co-treatment with 100 £+VAD-FMK, a pan-caspase inhibitor,
significantly blocked 40 uM vanadium-induced cagp@g-ig. 5C) and caspase-3 (Fig. 5D)
enzymatic activities at a level nearly equal taeated control levels, demonstrating the

specificity of caspase activation during vanadiwpasure.

Caspase-3 mediates proteolytic cleavage of P&@ vanadium exposedN27 cells

Recently, we demonstrated that PKi€ a prominent endogenous substrate for
caspase-3 in dopaminergic cells undergoing apaptetl death (Kikkawa et al., 2002;
Brodieand Blumberg, 2003; Kanthasamy et al., 2003). p&ses-3 cleaves PKQo yield a
41 kDa catalytically active subunit and a 38 kDgutatory subunit. Proteolytic cleavage of
PKG3 results in the permanent dissociation of the r@guy domain from the catalytic
fragment, resulting in persistently active kind3eeviously, we showed that Mn and other
dopaminergic toxicants induced proteolytic cleavafjeKG, but not of PK@, B, ory in an
isoform specific and caspase-3 dependent mgiiaécthoumycandane et al., 2005). Since
vanadium exposure resulted in caspase-3 activatibi27 cells (Fig. 5), we examined the
proteolytic cleavage of PK&n vanadium-treated N27 cells. A 9 h vanadiumttresnt
induced PKG cleavage (Fig. 6A), while no cleavage of RKWas observed in untreated
control cells. In subsequent experiments, we used¢ll-permeable caspase inhibitor Z-
VAD-FMK to confirm that PK® cleavage is mediated by caspase-3. Co-treatm#nil@0

uM Z-VAD-FMK almost completely blocked vanadium-inckd PKG cleavage (Fig. 6A),
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suggesting that the cleavage is indeed mediatedfyase-3. Nitrocellulose membranes

were reprobed witR-actin antibody to confirm equal protein loading.

Vanadium induces increases in PK@ kinase activity in a caspase-dependent manner

To determine if the vanadium-induced PK€eavage also leads to an increase in
PKCS enzyme activity, we performed immunoprecipitatiimase assays by examining the
ability of immunoprecipitated PK&to phosphorylate histone H1 usifg{JATP. We
performed the kinase assay in the absence of lipidseasure the increased kinase activity
resulting from the persistently active P&K€atalytic fragment due to proteolytic cleavage,
but not by the activation of full-length PKG@ue to membrane translocation. A 9 h
treatment with 40 pManadium in N27 dopaminergic cells induced a veggiScant
increase in PK&kinase activity compared tbe control (Fig. 6B). The vanadium-induced
PKGCS kinase activity was significantly attenuated ifisceo-treated with 10QM of the pan-
caspase inhibitor Z-VAD-FMK. Exposure to g® vanadium for 9 h resulted in increases
of 50% and 10% in PK&kinase activity in vanadium- and.0s+ Z-VAD-FMK-treated
samples, respectively, when compared to untreaietia cells, as revealed by densitometric
analysis of phosphorylated histone H1 bands (FJ. @hese results suggest that proteolytic

cleavagef PKCS mediated by caspase-9 and -3 increases the lactisgy.

Caspases mediate vanadium-induced apoptotic and oyoxic cell death in N27 cells

Chromatin condensati@nd DNA fragmentation are hallmarks of apoptosisndu

metal neurotoxicity (Kanthasaney al., 2003; 2005). To understand the functional
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consequence of activation of ROS production, cytmtie c release, and caspase-9, caspase-
3 and PK@ activation, we tested whether vanadium induceptasss by using a
guantitative DNA fragmentation ELISA assay. Fig. Shows that the vanadium-induced
DNA fragmentation in N27 cells is significantly etiuated in cells co-treated with the pan-
caspase inhibitor Z-VAD-FMK. Exposure to 4 vanadium for 9 h caused a fourfold
increase in DNA fragmentation compared to untreatedrol cells, while co-treatment with
100uM Z-VAD-FMK blocked vanadium-induced DNA fragmernitat by more than 60%.
Further, we also show that Z-VAD-FMK suppressedagimm-induced cytotoxic cell death,
as measured by Sytox assay (Fig. 7B). Co-treatmigntZ-VAD-FMK very significantly
attenuated vanadium-induced increases in the nuail&ytox-positive cells at the end of a
9 h treatment, as seen in phase-contrast (riglelgaand Sytox FITC fluorescence imaging
(left panels). Together, these data suggest thhtdaspases-9 and -3 contribute to

vanadium-induced DNA fragmentation.

Suppression of PKG by PKCa siRNA rescues N27 cells from vanadium-induced

apoptotic cell death

To further substantiate the functionalle of PKG in vanadium-induced apoptotic
cell death, we examinede effect of PK@ siRNA on vanadium-induced DNA
fragmentation. Our lab has developed BKSIRNASs that specifically suppress P&C
expression without producing any cytotoxic effectibppaminergioeurons (Yang et al.,
2004). Western blot analysis revealed that thesmdévels of PKG were significantly
suppressed in PK3E=siRNA-transfected cells, whereas P&K€xpression levels were

unaltered in non-specific-siRNA (siRNA-N8) untreated control cells (Fig. 8A). We have
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shown in our lab that suppression of RKi@ay regulate upstream caspases via a positive
feedback amplification loop resulting in the petesis activation of the protein (Kaul, 2003;
Kitazawa, 2003). Vanadium-induced caspase-3 agtivés significantly blocked in PK3&=
siRNA transfected N27 cells (Fig. 8B). ImportantBKC35-siRNA knockdown almost
completely blocked vanadium-induced DNA fragmeotatilemonstrating a key

proapoptoti¢unction of PKG in vanadium-induced dopaminergic cell death.
Vanadium induces neurotoxic responses to primary dqeminergic neurons

To determine if vanadium was toxic to nigral dopaengic neurons, we exposed
mouse primary mesencephalic neuronal culturesrionsdoses of ¥Os for 12 h and then
assessed the viability of dopaminergic neuronsgi$iRDA assay. Mazindol, a dopamine
reuptake inhibitor, was used as positive controtiie assay. A 12-h treatment with 10, 20,
40, and 60 pManadium in nigral primary neuronal cells inducetbae-dependent decrease
in dopamine uptake (Fig. 9), indicative of loss@fral dopaminergic neurons. Forty and 60
MM V205 produced a significant dopaminergic neuronal degsion as compared to
untreated control cells following at 12 h exposur&@hese results indicate that vanadium can

induce a neurotoxic effect to dopaminergic neumrisw micromolar concentrations.

Discussion

In this study, for the first time to the best of Gmowledge, we demonstrate that

vanadium can induce oxidative stress and apoptosiesencephalic dopamine-producing
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neuronal (N27) cells through the activation of aeseof oxidative stress mediated specific
celldeath signaling events, including release of cytmcie ¢ fronthe mitochondria into the
cytosol, activation of caspase-9 and caspapes®olytic cleavage of PK& and nuclear

DNA breakdown. Using the pharmacological pan-caspasibitor Z-VAD-FMK andsiRNA
against PK@, weestablished that PK&s a key downstream mediator of an oxidative stres
caspase-mediated signaling cascade during vanaduuedapoptosis in dopaminergic
neuronal cellsOur results also show that metal transporter prsté€f and DMT1 may play

a key role in the time-dependent uptake and trahgfh@anadium in dopaminergic neuronal
cells. The results from the primary mesenceplalitures suggest that vanadium can induce

degeneration of nigral dopaminergic neurons atrf@aromolar concentrations.

Acute exposure to vanadium pentoxide has been stmWwave major patho-
physiological manifestations on the nervous systehumans (WHO, 2000). Severe
chronic exposure in humans produces CNS symptoomtahcluding nervous disturbances
and neurasthenic or vegetative symptoms (WHO, 200t)ther report showed that
individuals exposed to vanadium manifest some regical disorders such as tremor and
CNS depression (Done, 1979). Despite these datiaeopotential neurotoxic effect of
vanadium in humans, only very limited neurotoxigial studies are available to date.
Inhalation of vanadium pentoxide in rodent modetsdpces a time-dependent loss of
dendritic spines, necrotic-like cell death and cdersble alterations of the hippocampus
CA1 neurophile, all of which are associated withtsd memory impairment (Avila-Costa et
al., 2006). Within the ependymal epithelium, clbas, cell sloughing and cell layer

detachment occur after vanadium pentoxide inhalaticodents (Avila-Costa et al., 2005).
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This damage disrupts the permeability of the epitheand promotes access of
inflammatory mediators to the underlying neuromsgue, causing injury and neuronal death
(Avila-Costa et al., 2005). Results from a rat gtptbvide evidence that postnatal vanadium
exposure through lactation may have an adversedypen the physical and neural
development of the offspring and on CNS myelinafi®oazo and Graciela, 2007). A
decreased number of tyrosine hydroxylase immuntxeaceurons in the substantia nigra
pars compacta and loss of dendritic spine in tmpusostriatum following exposure to
vanadium were recently reported in a rat model IgA@osta et al., 2004). In the present
study, we show that vanadium is neurotoxic in aagipergic neuronal model, with an &C
of 37 £ 3.47 uM. In comparison, the &©f manganese in the same dopaminergic neuronal
model was 345 uM (Latchoumycandane et al., 20@8)¢cating that vanadium is more toxic
than manganese in dopaminergic neuronal cellstot@yicity induced by vanadium
compounds has been reported in non-neuronal €xigizoet al., 2000; Sabbiongt al .,

1991, 1981), and the toxicity of vanadium compoundseases as the valence increases

(Barceloux, 1999).

Tf and DMT-1 are major metal transport protein€MS. Tf binds severatetals
including Fe, Mn, Znand Cr as well as Cu, Co, Cd, V, and Al and medi#te transport of
these metals (Aschner and Aschner, 1991). Anothdyshowed that Mn and Fe are
transported by Tf-dependent and -independent paiwwath involving DMT-1 as the
transport protein (Erikson et &Q04). In this study, we saw increased proteielkewof Tf
and DMT-1, suggesting that they play a role intthe-dependent uptake of vanadium by

the dopaminergic neurons. Our results also suglasthe uptake of vanadium by
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dopaminergic neurons is accompanied by changé®indncentration of other essential
metals such as Mn and Cu. Future studies are deedgarify the mechanisms of vanadium

transport in the dopaminergic system.

We have previously shown that exposure to Mn anecbttaining MMT leads to
ROS generation as well as depolarization of thechibndriaimembrane potential in
dopaminergic neuronal cells (Anantharam et al. 22B8tazawa et al., 2002)/Ve also
reported that dopaminergic neuronal cells are naoheerable to Mn-induceBOS
generation and apoptotic cell death than non-dopamic cells (Kitazawa et al., 2002),
suggesting an increased sensitivity of dopaminergieons to metal neurotoxic insult. The
literature suggests that metals in an ROS-richrenment may augment the oxidatiueult
by forming dopamine-derived highly cytotoxic radec&Junn and MouradiaB001;
Kitazawa et al., 2001; Kanthasamy et al., 2002)ctvimay contribute to the enhanced
susceptibility of dopaminergic neurons to metaldogld neurotoxicityVanadium reportedly
produces ROS such as hydroxyl free radicals (Goeizl, 2000; Gandara et al., 2005) and
superoxide, which are further converted teOk(Ding et al., 1994). Excessive ROS
generation initiates the peroxidative decompositibthe phospholipids of cellular
membranes, leading to the propagation of cellulgry. In the present study, we observed
thatexposure to vanadium increased the generation©f l N27 dopaminergic cells and
that an antioxidant cocktail consisting of vitariincatalase, superoxide dismutase (SOD)
and glutathionean completely prevent vanadium-induced neurottxigiogether, our
results suggest that oxidative stress plays a nnajernn the neurotoxic effect of vanadium in

dopaminergic neuronal cells.
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ROS has beeshown to induce cytochrome c release from the rindodria to cytosol
through opening of the mitochondriednsition pore (Liu et al., 1996; Lee anei, 2000),
and the released cytochrome c serves as a triggacfivation of the caspase-dependent
apoptotic cell death cascade (Kaul et al., 2003itiKa@samy et al., 2005). We observed an
accumulation of cytochrontein the cytosol of vanadium treated N27 cells witB h of
metal exposure, suggestitigit ROS generation, together with the releasetoicbromec
from mitochondria may be early events in the vamadinduced apoptotic cascade. We and
others have shown that the initiator caspase-®#adtor caspase-3 play a critical role in the
regulationand execution of apoptosis in dopaminergic neuroelg (Anantharam et al.,
2001; Kaul et al., 2003; Kanthasamy et al., 200859arino et al., 1999; Dodel et al., 1999).
We observed that vanadium exposure dramaticallgased both caspase-9 and caspase-3 in
a time-dependent manner. Importantly, the caspdskiior Z-VAD-FMK significantly
protected against vanadium-induced cell death, @sipimg the critical role of caspase
activation in this cell death pathway. In term$@fpathogenesis, caspase-3 activation is a
key contributor to apoptosis dopaminergic neurons in human PD patients akasel

animal models of PD (Hartmann et al., 2000).

Our lab previously established that proteolytigvedion of PKG bycaspase-3 is an
important event in the apoptotic cell deatldopaminergic cells following neurotoxic insults
(Kanthasamy et al., 2003; Kanthasamy et al., 2B8@%5] et al., 2005). We showed that Mn
treatment induces caspase-3-dependent proteclgtieage of PK& but not of other
isoforms, including PK& or PKCB, suggesting that the cleavage is isoform-specific

(Latchoumycandane et al., 2005). In this studyshowed that vanadium treatment resulted
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in PKG proteolyticcleavage and kinase activation. Co-treatmetht the caspase inhibitor
Z-VAD-FMK significantly blocked vanadium-induced & proteolytic cleavage as well as
the kinase activity, demonstrating caspase-3 depaiRKG activation during vanadium
exposure in dopaminergic neuronal cells. The caspdibitor also blocked vanadium-
induced DNA fragmentation, indicating a role focaspase-dependent apoptotic cascade in
vanadium-induced apoptosis. Furthermore, the knmekdof PKG by siRNA completely
suppressed vanadium-induced DNA fragmentation, estgyy that PK& has a proapoptotic
function in vanadium-induced dopaminergic neuratityxi The events downstream of PKC
activation that lead to apoptotell death are still unclear. We recently showed BKG
translocates to the mitochondria and nucleus foligyproteolytic activation of the kinase
(Sun et al., 2007; 2009). Mn has been reportedhibit dopamine uptake in striatal
synaptosomes (Chen et al., 2006) suggesting thanMnaffect the presynaptic
dopaminergic neuronal terminal. We also furthengtbthat vanadium inhibits in a dose-
dependent manner the uptake of dopamine in nigiralgpy neurons indicating that
vanadium may also be neurotoxic to dopaminergicareuin primary nigral cultures. Future
studies will focus on identifying key downstreargraling molecules in vanadium-induced

dopaminergic degeneration using both cell culture @nimal models.

In conclusion, this study demonstrates for the fime that exposur® vanadium
induces dopaminergic degeneration by a napeptotic pathway mediated by caspase-3-
dependent proteolytactivation of PKG@ (Fig. 10). Our current study not only establishes
caspase-mediated PRCleavage as a key downstream event of vanadiuncetlapoptosis

butalso emphasizes that blocking ROS, blocking caspetsaty and selective targeting of

www.manaraa.com



168

the proapoptotikinase PKG by siRNA can rescue dopaminergic neurons from diama-
induceddopaminergic degeneration. These findings supperhypothesis that
environmental exposure to metals may play an ingporle in the etiopathogenesis of
Parkinsons disease. To further strengthen thedefis, asystematic analysis of the
vanadium neurotoxi@sponse in the nigrostriatal dopaminergic systeanimal models of

vanadium neurotoxicity is still warranted.
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Fig. 1 Vanadium induces a dose-dependent neurotoxicteffedl27 dopaminergic neuronal
cells.(A) Effect of vanadium on cell viability in N27 dopamergic neuronal cells. The cells
were exposed to 0-300 uM,Us and then cell viability was measured using the MiE§ay.
The value of vanadium neurotoxicity in N27 dopamgie cells was Eg = 37 + 3.47 uM.
Data represent results from at least eight ind@idmeasurementqB) Visualization of
vanadium-induced neurotoxicity by Sytox green fasmence assay. N27 dopaminergic
neuronal cells were exposed to 40 pMO¥ for 12 h and then cells were loaded with Sytox
green and observed under a Nikon inverted fluorescanicroscope and pictures were
captured with a SPOT digital camera (Diagnostidrimaents, Sterling Heights, MIJC)
Quantitative analysis of vanadium-induced neuratibxiwas measured by the Sytox green

cytotoxicity fluorescence assay.
fluorescencemicroplate reader.

The Sytox fluoezxe was measured by Bio-Tek
Data represent results fromleast eight individual

measurements and are expressed as mean *+ S.Ed\allies are expressed as a percentage
of untreated control cells. **p<0.001 indicatesrgigant difference with each of the other

groups.

www.manaraa.com



178

Fig. 2A
a 1204
-3
£ 1004
E 804
£ 604
£
3 404
-l
S 20
G
s e
Control 4.5h Sh
40pM V,0;5
Fig. 2B
Untreated -
control 40 pM V,04 Liver
tissue
9h 3h 6h 9h lysate
- — — —— == R ’ 5
p-actin
n
¢ -
A
£ E
g 8
a £
=
f - & &
40 UM V,0;
Fig. 2C
Untreated
control AN 50 Liver
tissue
9h 3h 6h ‘Qh | lysate
DMT 1

a— M.‘ ¢ peactin

DMT1 protein levels
(% control)

A aaa

OMNDOO=NWA

ocooocoocoo0o0 o

40 p M V,0

www.manaraa.com

Ol LAC U Zyl_i.lbl




179

Fig. 2 Intracellular vanadium uptake and upregulatiommeftal transport proteins following
vanadium exposure in N27 dopaminergic neuronalscé) Vanadium uptake in N27
dopaminergic neuronal cells. N27 dopaminergic nealracells were exposed to 40 uM
vanadium for 4.5 and 9 h and the vanadium contktiteocells was measured using the ICP-
MS technique. Data represent results from threwichebl measurements and are expressed
as mean + S.E.M. **p<0.01 and ***p<0.001. Upregidatof Tf (B) and DMT1(C). N27
cells were treated with 40 uM vanadium for 3, 6 8rh and then DMT and Tf immunoblot
was performed as described in the Methods. To wargiqual protein loading in each lane,
the membranes were reprobed witlactin antibody. Mouse liver lysates were used as a
positive control. Data represent results from asldwo separate experiments. Mouse liver
lysates were used as a positive control. Data septeresults from at least two separate
measurements. Data represent results from at teasindividual measurements and are
expressed as mean * S.E.M. *p<0.05, **p<0.01 andp<0.001 indicates significant
difference with control. Vanadium uptake alterganellular manganese (Mn) concentration
(D) and intracellular copper (Cu) concentrat{@&) in N27 dopaminergic neuronal cells. N27
dopaminergic neuronal cells were exposed to 40vakbdium for 4.5 and 9 h and the
intracellular Mn and Cu content of the cells wasamwged using the ICP-MS technique. Data
represent results from three individual measuremantl are expressed as mean + S.E.M.
*p<0.05, **p<0.01 and ***p<0.001
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Fig. 3A
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Fig. 3 Role of oxidative stress in vanadium-induced nexicity in N27 dopaminergic
neuronal cells(A) Calibration curve of kO, production by polarography:-@, production
was measured using an Apollo 4000 Free Radical yxeal(WPI, Sarasota, FL) equipped
with a 100-um HO, sensor. The 100-um,B, sensor probe was calibrated using various
doses of HO, according to the manufacturer’s instructions. Thkbration curve was used
to calculate the KD, in the control and treatment group8) (Vanadium induced }D,
generation in N27 cells. The measurements wereumted in a 96 well plate containing N27
cells exposed to 40M vanadium for 4 h. Each measurement was startdddgytion of the
100-um HO, sensor probe into wells containing cells. Thepausignal was recorded and
compared to the standard curve.C) (Effect of antioxidants on vanadium-induced
neurotoxicity. N27 dopaminergic neuronal cells eveo-treated with vanadium and an
antioxidant solution cocktail (AO) of vitamin E, ugathione, superoxide dismutase, and
catalase. The Sytox green was added to cellsrerdcells were observed under a Nikon
inverted fluorescence microscope. The pictures wapured with a SPOT digital camera
(Diagnostic Instruments, Sterling Heights, MIR)(Quantitative analysis of the protective
effect of AO on vanadium-induced neurotoxicity waseasured by the Sytox green
cytotoxicity fluorescence assay. Data represeslte from four individual measurements
and are expressed as mean + S.E.M. **p<0.001 aruk®.01.
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Fig. 4 Mitochondrial release of cytochrome c in vanadiweated N27 dopaminergic
neuronal cells. The cells were treated with 40 pavladium for 3 and 6 h, cytosolic fractions
were isolated, and cytochrome ¢ was measured byeieblot. To confirm equal protein
loading in each lane, the membranes were reproligoPvactin antibody. The membranes
were reprobed with COX-IV antibody to ensure puritlythe cytosolic fraction and the
mitochondrial fraction was used as a positive ainData represent results from at least two
separate measurements.
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Fig. 5 Activation of caspases-9 and -3 in vanadium-tice&@7 cells. N27 dopaminergic
cells were treated with 40 uM vanadium for 3, @r@l 12 h. Caspase{f) and caspase-3
(B) enzyme activities were assayed using caspase-Zasphse-3 substrates, respectively.
Effect of Z-VAD-FMK on caspase-4C) and caspase-8D) was tested following co-
treatment with vanadium and the caspase inhibito® fh. Data represent results from at least
six individual measurements and are expressed as m8.E.M. **p<0.01.
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Fig. 6A
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Fig. 6 Caspase-dependent proteolytic cleavage of PiKG&anadium-induced neurotoxicity.
(A) Vanadium-induced caspase-mediated BKl@avage. PKE€was immunoblotted after 40
MM vanadium treatment in N27 dopaminergic neuraedls with or without the addition of
100 uM Z-VAD-FMK for 9 h. Proteins were separateahf lysates by 12% SDS-PAGE and
the immunoblot was probed with PRG@ntibody to observe both native (72-74 kDa) and
cleaved (38-41 kDa) PKXCbands. To confirm equal protein loading in eachelathe
membranes were reprobed wikactin antibody. Data represent results from astléao
individual measurements.B) Vanadium-induced PK& cleavage increases the kinase
activity. N27 dopaminergic cells were harvested&tbr treatment with 40 uM vanadium in
the presence or absence of 100 uM Z-VAD-FMK. Cgdbtes were isolated and PK@as
immunoprecipitated from treated cell lysates arel éhzyme activity was measured B
phosphorylation. The values are expressed as @mage of untreated control cells. Data
represent results from at least three individuahsneements and are expressed as mean *
S.E.M. *p<0.05 and **p<0.01.

www.manaraa.com



184

Fig. 7A
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Fig. 7 (A) Effect of Z-VAD-FMK on vanadium-induced DNA fragmition in N27
dopaminergic neuronal cells. N27 cells were hdaete® h after treatment with 4@M
vanadium in the presence or absence of IR0Z-VAD-FMK. DNA fragmentation was
quantified using ELISA. The data are expressed exepntage of DNA fragmentation
compared to untreated control cells. Data represesults from three individual
measurements and are expressed as mean + S.E.D05pand **p<0.01(B) Visualization

of the protective effect of the pan-caspase inbibZ-VAD-FMK on vanadium-induced
cytotoxicity. Data represent results from threevitial measurements. Sytox green positive
cells were observed under a Nikon inverted fluease microscope and pictures were
captured with a SPOT digital camera (Diagnostitrimeents, Sterling Heights, Ml).
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Fig. 8A
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Fig. 8 Effect of PKG knockdown by PKG-siRNA on vanadium-induced neurotoXici(yp)
PKC3-siRNA suppresses PKQorotein expression. N27 cells were transfectedh WiK G-
siRNA (25 nM) or non-specific (NS)-siRNA for 24 mé PKG expression was determined
by Western blotting. Membranes were reprobed Witctin (43 kDa) antibody to confirm
equal protein loading. Effect of PKCknockdown on vanadium-induced caspase-3 activity
(B) and DNA fragmentatiofC). siRNA transfected N27 cells were exposed t@KOV ;05

for 9 h. Caspase-3 activity and DNA fragmentatisere measured as described in the
Methods. Data represent results from three indalidneasurements and are expressed as
mean + S.E.M. *p<0.05 and **p<0.01.
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Fig. 9
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Fig. 9 Neurotoxic effect of vanadium on primary nigralpaminergic neurons. Mouse
primary mesencephalic cultures were exposed t®2@040 and 60 pManadium for 12 h
and the viability of dopaminergic neurons was measby °H-DA uptake assay. Data
represent results from two to six individual measoents and are expressed as mean *

S.E.M. **p<0.01 and ***p<0.001.
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Fig. 10 A model describing the sequence of cell deathadigg events in vanadium-induced
apoptosis. Vanadium treatment impairs mitochonduiattion with an increase in ROS
generation, resulting in cytochrome c release timocytosol; cytosolic cytochrome ¢

activates the caspase cascade; caspase-3 medatsypic cleavage of PK&;

proteolytically activated PK&mediates DNA fragmentation and apoptosis. Efféct o
pharmacological inhibitors and genetic modulatervanadium-induced apoptosis: a, co-
treatment with antioxidants prevents cell deathnd c, co-treatment with the pan-caspase
inhibitor Z-VAD-FMK prevents proteolytic activatioof PKGS and vanadium-induced DNA
fragmentation; d and e, RNAi-mediated knockdowPKfC5 with sSiRNA- PKG rescues

N27 cells from vanadium-induced apoptotic cell Heat
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