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CHAPTER 1. INTRODUCTION

General Introduction

The inductively coupled plasma (ICP) is an atmospheric pressure ionization source.
Traditionally, the plasma is sampled via a sampler cone. A supersonic jet develops behind
the sampler, and this region is pumped down to a pressure of approximately one Torr. A
skimmer cone is located inside this zone of silence to transmit ions into the mass
spectrometer. The position of the sampler and skimmer cones relative to the initial radiation
and normal analytical zones of the plasma is key to optimizing the useful analytical signal
[1].

The ICP both atomizes and ionizes the sample. Polyatomic ions form through ion-
molecule interactions either in the ICP or during ion extraction [1]. Common polyatomic
ions that inhibit analysis include metal oxides (MO™), adducts with argon, the gas most
commonly used to make up the plasma, and hydride species. While high resolution devices
can separate many analytes from common interferences, this is done at great cost in ion
transmission efficiency — a loss of 99% when using high versus low resolution on the same
instrument [2]. Simple quadrupole devices, which make up the bulk of ICP-MS instruments
in existence, do not present this option. Therefore, if the source of polyatomic interferences
can be determined and then manipulated, this could potentially improve the figures of merit
on all ICP-MS devices, not just the high resolution devices often utilized to study polyatomic

interferences.



Method Review

Collision Cells

Many techniques have been considered to control the development of polyatomic
interferences. Chemical reactions can be used to the scientist’s advantage through the use of
collision or dynamic reaction cells. Hydrogen, methane, nitrogen, and xenon are gases that
are commonly used to reduce the appearance of argon adducts and metal oxides. For
example, using nitrogen as the collision gas reduces the YAr'to* signal, but increases the
abundance of “’Ar'*N* and other nitrogen based interferences [2, 3]. This becomes very
limiting as users employ the multi-element capabilities for which ICP-MS is well known.
Therefore, the use of collision cells is not a complete treatment for the polyatomic problem.

Collision cells are a useful tool, but only under certain circumstances.

Cool Plasma

Another alternative is using a “cool” plasma, i.e. a lower RF power, higher nebulizer
gas flow rate, and sampling position farther upstream. This technique is particularly helpful
when Ar*, ArH", or ArO" are an interference, as in the analyses of potassium, calcium, and
iron. However, cool plasmas inefficiently ionize elements with a high ionization potential,
such as selenium. This technique also tends to increase the abundance of refractory oxides
and analyte hydrides [2, 3]. Cool plasmas are suitable as a sample specific tool for

controlling polyatomic interferences.

Solvent Removal

Reducing the solvent load introduced to the plasma can reduce the abundance of

many polyatomic ions. Minnich and Houk compared conventional, cryogenic, and



membrane desolvation, including combinations of the techniques [4]. MO*, MOH", and
MH" signals were monitored, as well as polyatomic ions containing chlorine. It was found
that cryogenic desolvation removes more MO" than membrane desolvation. However, this
effect is not additive when the two techniques are combined. The combination of cryogenic
and membrane desolvation does reduce MH" to near background levels, but this comes at a
price of reduced sensitivity, roughly to one-half that of the other methods employed
singularly. Cryogenic desolvation also reduced the prevalence of chlorine polyatomic ions
[4]. It is important to note that this technique is less convenient than other methods. In

general, desolvation techniques often suffer from greater memory effects as well.

Alternate Stability Regions

Alternate stability regions provide improved mass resolution for quadrupole devices,
which in turn allows for separation of some interferences from analytes of interest. However,
the resolutions reached are still inferior to those provided by a sector field device. In
addition, operation in alternate stability regions results in reduced sensitivity and increased
background levels [2]. The higher RF power required for the use of alternate stability
regions also limits the feasibility of the technique. The use of alternate stability regions is

not a panacea for the polyatomic ion issue.

Cone Composition and Geometry

Another way that researchers have tried to reduce polyatomic ion formation is
through modification of the sampler and/or skimmer cones. Helal and coworkers have
studied the influence of skimmer materials on the formation of polyatomic ions [5]. While

using a copper skimmer cone plated with gold, they monitored polyatomics that would be



expected to form, such as ArX", XO", and XN”, where X indicates Cu or Au. The signal
from each polyatomic ion was compared for Cu and Au. It was found that the gold was more
likely to create the expected interferences than copper, and as the gold was stripped off the
outer surface of the cone, the gold interferences were reduced. Over the course of forty
minutes, the ratios of the copper and gold interferences neared one [5]. This result shows the
impact of cone material in polyatomic ion formation.

Other variables that can impact the formation of polyatomic interferences are aperture
size, cone spacing, and angle design. The aperture size should be maximized to allow for the
greatest analytical signal and to avoid clogging, however the size is limited by the pumping
capability, as the interface region should maintain a pressure of about 1-4 Torr [6].
Typically, this maximum size is reached in the 0.7 to 1.0 mm range. Oxide formation
increases with a decrease in sampler orifice diameter, indicating a boundary layer around the
orifice [7]. The spacing between the sampler and skimmer also impacts oxide formation.
With an increased distance between the two cones, oxide signal decreases relative to analyte
signal. However, the reduction in analyte sensitivity can be problematic [8].

A group headed by Jarvis studied three popular nickel skimmer cone angle designs
using two different ICP-MS instruments [3]. In all cases, the instrument optics and gas flow
rates were optimized to result in the maximum atomic ion signal. Common polyatomics that
were monitored included "*N,*, 'C'®0,*, and *“’Ar*®Ar*. The “PolySkim” design, with an
internal angle smaller than 45°, external angle greater than 60°, and an orifice diameter of 0.7
mm demonstrated the greatest reduction in *Ar'®0* and the other polyatomics monitored.
This design had a smaller internal angle and intermediate external angle when compared with

the other two configurations tested. The “Polyskim™ model provided a more stable signal,



with better signal to noise characteristics than the other designs. However, there was a

decrease in absolute sensitivity noted [3].

Sampling Position and Concomitant Elements

The position at which the ICP is sampled heavily influences the makeup of the mass
spectrum. Shifts in ionization equilibria can be seen as one scans radially and axially across
the plasma. It has been demonstrated that oxide fractions [MO" / (M™+ MO")] can be used
as an indicator of these shifts in ionization equilibrium because this ratio is not changed by
variations in lens potentials, space-charge effects, or plasma conditions [9]. Beauchemin has
studied this and the effect of concomitant elements in relation to the polyatomic interferences
problem [10].

Beauchemin observed analytes (La" and Ce") and their oxides while moving the
plasma either across or away from the sampling interface, both with and without the presence
of concomitant elements. LaO" and CeO" are strongly bound, and can cause substantial
interferences in the analysis of heavier rare earth elements. She found that the oxides were
present at a sampling position farther upstream than their atomic ions. This is because the
plasma temperature in this region is cooler [10]. Cooler plasma conditions increase the metal
oxides present [2]. As one samples at greater distances, the oxides are dissociated, and the
atomic ion signal initially increases. The La* or Ce” signal then declined as all the oxides
were broken up. The same behavior was noted when the test was repeated in a 0.02 molar
sodium matrix [10].

While this same oxide dissociation activity was seen in the presence of concomitant
elements, the sampling positions at which this dissociation took place were shifted to

positions closer to the load coil (smaller sampling distances). This shift was ascribed to a



shift in the ionization equilibrium as discussed previously. This shift in equilibrium is most
evident at shorter sampling distances where the electron prevalence is changed. This shows
that while similar trends were noted in the presence of additional elements, the actual
distances for best atomic sampling differed [10]. This again leads us to the specificity
required for each sample analysis in ICP-MS. This work shows the importance of treating
polyatomic interferences in a case by case manner. The more one knows about a sample, the
faster the optimal experimental parameters for a specific analysis can be reached.

Polyatomic interferences perform differently depending on additional species in solution,

instrument, and experimental parameters.

Mathematical Corrections

Computational methods of correcting for interferences are beneficial for the lab
technician, often requiring no adjustment of current analytical protocol or of the instrument
itself. In simple cases on a quadrupole device, one could correct for the presence of *’Ar'>C*
interference on >*Cr* by monitoring the signal at m/z 13 and 52. m/z 13 is monitored to
detect carbon rather than m/z 12 because the *C* signal would overload the detector,
especially if the carbon is mainly coming from carbonate in solution. Through repeated
trials, the signal ratio *’Ar'?C*/"*C* can be estimated. By repeatedly analyzing a blank that
does not contain chromium, but has similar carbon content to the sample, one can establish a
simple correction factor for m/z 52, where YAr'2Ct would ordinarily prevent analysis [11].
This simple computational method requires repeated tests and knowledge of the sample and
its matrix. The correction factor is specific for each analytical run and would need to be
repeated from day to day for superior accuracy. These corrections break down when the

signal from the interferent is close to or greater than the analyte signal. Of course, it is



always preferable to remove the source of error, the interference, rather than correct for its
estimated abundance.

Much more advanced computational methods exist, often employing principal
components analysis. Software has been developed that automates much of this process.
Existing multicomponents analysis (MCA) software allows a model to be initialized from a
full mass scan (m/z = 6-238.) This program takes into account shot noise and plasma flicker
characteristics. It then excludes interferents from the model when their signal is below the
detection limits projected for the sample matrix. The model is then used to give a picture of
what the “true” spectrum should look like [11]. Computational methods for removing
polyatomic interferences are only as good as the models they develop. Eliminating the

interferences themselves is generally preferred over regulating their presence with statistical

models.

Summary

Researchers currently have numerous ways to address the interferences caused by
polyatomic ions. All of these methods are limited by their poorer sensitivvity, creation of
other interferences, or the uncertainty of mathematical corrections. While there are volumes
of ICP-MS research dedicated to methods of réducing polyatomic interferences, few have
studied how they may develop in the first place. Since the ICP is thought of as a complete
atomization and ionization source at a temperature of approximately 7000 K, the presence of
these unusual ions is remarkable. Fundamental research aimed at understanding the
formation or dissociation of these ions, as well as determining the location of these processes,

may be the basis for truly being able to successfully influence the prevalence of polyatomic

ions in spectra.



Dissertation Organization

This dissertation is organized into chapters. Chapters 2, 3, and 4 are each complete
scientific journal articles prepared for submission to Spectrochimica Acta Part B. Chapter 2
is part one in a three part series concerning the study of polyatomic ions in ICP-MS using a
high resolution device. This chapter discusses ion identification techniques as well as the
effect of instrumental parameters on the appearance of common polyatomic ions such as
H,0", ArO", and NO". Chapter 3 is the second paper in the series. It discusses polyatomic
ions not often studied, such as NoH" and H,CO", where x=1-3. Novel calculations of the
energy states of these ions have been done by members of the Gordon group, and this
collaboration brings to light some interesting questions about polyatomic ions. Chapter 4
completes the current series, and provides insight into unusual spectral interferences seen in
the analysis of palladium. These curious polyatomic ions contain chromium and challenge
the traditional position held by most about the relative abundance of polyatomic ions.

General conclusions and the directions of future research are summarized in chapter 5.
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CHAPTER 2. HIGH RESOLUTION STUDIES OF THE ORIGINS OF
POLYATOMIC IONS IN INDUCTIVELY COUPLED PLASMA - MASS
SPECTROMETRY
PART I. IDENTIFICATION METHODS AND EFFECTS OF NEUTRAL GAS
DENSITY ASSUMPTIONS, EXTRACTION VOLTAGE, AND CONE MATERIAL

A paper accepted for publication in Spectrochimica Acta Part B pending revisions

Jill Wisnewski Ferguson and R. S. Houk

Abstract

Common polyatomic ions (ArO*, NO*, H,O", H;0", Ar,", AIN", OH*, ArH", O, in
inductively coupled plasma — mass spectrometry (ICP-MS) are identified using high mass
resolution and studied using gas kinetic temperatures (T,,) determined from a dissociation
reaction approach. Methods for making accurate mass measurements, confirming ion
identifications, and correcting for mass bias are discussed. The effects of sampler and
skimmer cone composition and extraction voltage on polyatomic ion formation are also
explored. Neutral species densities at several locations in the extraction interface are
estimated and the corresponding effects of the T, value are calculated. The results provide

information about the origins of background ions and indicate possible locations for their

formation or removal.

Introduction

Inductively coupled plasma — mass spectrometry (ICP-MS) is a highly sensitive and
selective technique for the identification and quantification of elements in diverse samples.

Ideally, the ICP would produce only atomic tons. Unfortunately, some polyatomic ions
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persist in the spectrum, despite the high temperature of the ICP, as noted in the early
experiments [1]. The location(s) where these ions are made is a common, simple question
with a complex answer. This set of papers continues previous work on this key issue [2, 3].
In particular, high mass resolution and accurate mass measurements are used to identify the
polyatomic ions definitively, and ways to critically evaluate the conclusions about ion origins
are discussed. The present method evaluates several experimental issues concerning use of
magnetic sector instruments for such fundamental studies.

Conceivably, methods to discern the origins of undesirable polyatomic ions could
lead to new methodology to suppress them, in addition to existing options such as high
resolution [4, 5, 6, 7], cool plasma [8, 9, 10, 11], solvent removal [12, 13], and collision cells
[14, 15, 16, 17]. The value of all these polyatomic ion attenuation methods for practical

scientific applications would be enhanced if levels of polyatomic ions were lower initially.

Previous investigations

The origins of polyatomic ions in ICP-MS have been studied for some time by
workers such as Nonose [9, 18, 19], Taﬁmer [11, 17, 20], Becker [21], Evans [22],
Beauchemin [23, 24], and Longerich [7, 25]. Most of this work has been done using
quadrupole mass analyzers. In terms of high-resolution studies of polyatomic ions, Reed et
al. [26] catalogued common interferences using accurate mass measurements, and Taylor et
al. [7] identified and proposed structures for a number of unexpectedly abundant ions from

fragments of carbohydrate molecules.
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Theory
Overview
Our general method for investigating the origin of a particular polyatomic ion has

been described [3]. Basically, a dissociation reaction is written involving two measurable

ions A" and AB”
AB*"AA"+B AH=Dj(A™-B) (1)
n,.
Kd: IlB:f(’rgas ’DO) (2)
AB™

where Dy = dissociation energy of AB" and T, = gas kinetic temperature of region where
AB" is made. A" may have two or more atoms; AB" has one more atom than A",

The dissociation constant K is measured by determining the signal ratio for the pair
of ions A*/AB”, including corrections for mass bias. The density of the neutral product B is
estimated from general knowledge of ICP conditions, e.g., solvent load. The value of ng is
itself a weak function of Ty, s0 np is calculated iteratively for all temperatures. New
refinements to this procedure that account for variable values of ng, depending on the
proposed location where the ion AB™ is made, are discussed below.

The value of T that yields the experimentally measured Ky value is evaluated by
calculating the partition functions for the theoretical dissociation reaction

-Do A" A" B B I:-D% }
[ % TgﬂJ Ztrans Ze]cc Z trans Zelec e KTga

A" B
7" 7
=~ =
ZAB+ ZAB* ZAB+ AB* _ AB”

trans “elec Z vib Z rot

K,

(3)
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Here Z = total partition function and z = partition function for translational, vibrational,
rotational, and electronic degrees of freedom. Each partition function is also a function of
temperature, so the theoretical Ky 1s calculated iteratively at each possible T, value and then
compared with the measured K4. Various reduced versions of Eq. 3 are available to simplify

this task {3, 27].

Diagnosis of the origin of the polyatomic ion AB*

The comparison of the theoretical and experimental dissociation equilibrium
expressions yields a value of Ty, that is believed to be characteristic of the region where the
ion is produced. Various ions are measured at abundances corresponding to different Tqs
values, which is yet another indication that the spectra measured from the ICP do not reflect
a source fully at equilibrium. Three general situations are common. First, some polyatomic
ions are observed at relative abundances close to those expected from the ICP itself just
outside the sampler cone. Here Tg,; is typically 5500 K to 6000 K for an ICP operated under
conditions that maximize atomic ion signals from injected analyte element M*. In our
experience, strongly bound metal oxide ions like CeO" typify this situation. Our diagnosis is
that this ion is present in the ICP, and its abundance is not altered greatly relative to that for
Ce" by additional processes that might occur during extraction.

The second scenario is when the Tg,s value that corresponds to the measured Ky value
is lower than this cited range, 5500 — 6000 K. This means there is more polyatomic ion AB*
in the spectrum than expected from the ICP itself. One explanation is that the dissociation
reactions did not reach equilibrium in the ICP, as is apparently the case for the CH,0," ions
observed by Taylor and others [7, 28]. Alternatively, additional AB" ions could be made

during the ion extraction process. ArQ" is an example of an ion in this category.
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The final situation is when the T, value that corresponds to the measured Ky value is
higher than the range 5500 — 6000 K. This means there is less polyatomic ion AB™ in the
spectrum than expected from the ICP alone. Some process may occur that removes the
polyatomic ion as it is extracted. NO" is one ion that displays gas kinetic temperatures in this
regime. This correlates well with previous observations by Houk, who found less NO™ than

expected in the mass spectrum [3].

Experimental

Instrumental conditions

The instrument parameters were optimized to provide maximum signal for elemental
standards. Typically, these resulted in "hot" plasma conditions (Table 1). The
ThermoFinnigan ELEMENT 1 used for the experiments is a high resolution, double focusing
magnetic sector device. Most experiments were conducted in medium resolution (m/Am =
4000), which allowed for visualization of less intense ions. The experiments were often
repeated in high resolution (m/Am =~ 12 000) to unequivocally identify unknown ions.

Low flow nebulizers were used in this experiment, as they are especially
advantageous when introducing isotopically enriched or organic solvents. Solvent load to the
plasma was measured to compare different nebulizers and for use in the equilibrium reactions
to follow. Nebulizer uptake and drain output were measured repeatedly after solvent vapor
in the spray chamber was allowed to equilibrate for about an hour. With a 100 pL/min
nebulizer, solvent loads for solutions of 1% nitric acid or deionized water were typically

about 41 uL/min. A 20 nL/min nebulizer produced a solvent load of about 23 uL/min.
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Mass bias corrections

The experimentally-measured dissociation equilibrium expression comes from the
measured signal ratio A"/AB™. This signal ratio is vulnerable to mass bias, as are other ratio
measurements in ICP-MS. The method for mass bias correction used here is based on the
work of Sharp et al. {29]. The mass bias can be substantial because of the large differences
in mass of A" and AB", as much as 40 Da for Ar"/Ar,” and O"/ArO". Fortunately, the need
for accurate corrections is much less extreme than is the case in isotope ratio measurements.

A typical mass bias plot is shown in Fig. 1. A single standard solution is prepared
containing various elements at known concentrations, typically 10 ppb. Cerium was not used
for mass bias measurement, since it is measured in subsequent experiments. The measured
signals are adjusted for molar concentration, isotope abundance, and ionization efficiency at
7500 K and are plotted as shown in Fig. 1. Second order polynomial equations are fit to the
plots for use in correcting measured signal ratios.

The full plot is used for high mass ions. For ions lighter than Ar,", a plot only up to
m/z = 103 is utilized. This practice results in more stable and accurate mass bias corrections.
For example, the mass bias between masses 28 and 29 is known to be 5.989% during a
particular run, due to the direct measurement of silicon isotopes. Using the full mass bias
plot generates a bias of 10.122%. However, using the plot only for lighter mass ions, a value
of 5.066% is derived.

Repetition of mass bias measurements on different days always yields plots that look
like those shown in Fig. 1. The exact values of the polynomial coefficients vary from day to

day, so mass bias is measured at the beginning of each day’s experiments.
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Results and Discussion

Identification of ions by accurate mass measurements

The ThermoFinnigan ELEMENT is made to separate atomic analyte ions from
interferences, not necessarily to measure their m/z values accurately. The ability of the
instrument to do so is the subject of this section.

A typical spectrum at m/z = 28 is shown in Fig. 2. At low m/z values, the lightest ion
observed is often an atomic ion, 28Gi* in this case. These atomic ions serve as convenient
mass calibration markers. Four peaks are easily resolved at medium resolution at m/z = 28.
Low resolution measurements which assumed all of the signal at m/z = 28 was 8Si* would
be incorrect. The peak assignment for the atomic ion can be easily verified by analyzing
isotope ratios or an additional sample with a higher concentration of the element of interest.

The measured m/z value of the peak centroid (called mass hereafter for brevity) for
the atomic ion is not exactly equal to the expected mass, due to imperfect mass calibrations,
the mass of the electron(s) lost, and instrumental imprecision. The difference in these values
is called mass offset and is very important in identification of the elemental formula of the
polyatomic ion by accurate mass measurements. The mass offset varies with the magnetic
field value, commonly called the magnet mass setting, as indicated in Table 2. The first four
entries were obtained with the magnet mass set to m/z = 59.930. Note that the mass offset
increases with distance from the magnet mass setting. When the magnet mass is changed to
68.925, a different progression of mass offset values develops. These mass offset gradients
can guide the researcher in approximating the actual m/z of a peak. Therefore, it is important
to observe an atomic ion (for determination of mass offset) and the polyatomic ions of

interest in a single test at the same magnet mass setting.
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Identification of polyatomic ions by isotope ratios

Isotope peaks and isotopically enriched solvents were used by Van Heuzen and
Nibbering to verify identities of background ions in low-resolution measurements some time
ago [30]. It is desirable to validate the initial ion identification from accurate mass
measurements by examining isotope peaks.

Fig. 3 shows the isotopic verification of peaks identified as YArC'0" and
WArPCo*, “Ar*C®0" (Fig. 3b) is observed at an intensity 1.09% of that for “°Ar**C'°0*
(Fig. 3a), compared to 1.12% predicted by the natural isotopic abundances. This small
difference can be attributed to error in the measurement of the low signal intensity for the *C
isotope. Therefore, the peak identities assigned from accurate m/z measurements are further
validated.

In Fig. 4 the identification of '’N'°O" is confirmed via isotope ratio comparison with
MN'0". The peak ascribed to ’N'°O* is present at 0.356% of '*N'°0" (data not shown),
close to the value of 0.367% expected for the "°N isotope. The tentative identification of
“NTot (the minor peak) is substantiated as well, because the intensity of this peak is too
great to be B3¢0, as confirmed by comparing to *C'°O, which displays an integrated
intensity of 1244 in another segment of this scan. This high resolution spectrum allows for
separation of "*N'’O" from "N'"®OH", a much more intense peak. '*N'’O" is effectively
hidden in a medium resolution mass spectrum.

D,0 (heavy water) can be used to shift peaks containing H atoms to confirm
identifications [30, 31, 32]. Isopropanol (IPA) is a convenient additive to enhance the
abundance of ions containing carbon for purposes of identification. On our particular
instrument, the low-flow nebulizers used in this work allow introduction of up to 20% IPA

without additional solvent removal procedures. Fig. 5 illustrates these capabilities. The
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integrated intensities of 12C," and *CPC* seen in Fig. 5a and b are isotopically accurate to
within 1.2%, sufficient to confirm the identity of both species initially suggested by accurate
mass measurements. The identity of 2C,H" (Fig. 5b) is confirmed by the observation of
12C2D+ from an IPA in D,O solution (Fig. 5c¢). The intensities of these two peaks are similar,
and neither exists in measurable amounts in nitric acid blanks using high resolution. In Fig.
5d, the major peak is "*C,'H,* from 10% IPA in H,O. This peak becomes “C,D* when the
solvent is 10% IPA in D,O, as seen in Figure 5c. Note that the 12C2D+ spectrum from the
IPA/D-O solution is different from the 12C2H2+ spectrum generated from IPA in deionized
water. These two species are not resolvable by this instrument, but it is logical that the
deuterated species is being formed. This is because it is assumed that D,O would behave
much the same way as H,O, meaning it dissociates extensively and the resulting atoms are

available for ionization and polyatomic ion formation (although they are not depleted

substantially by these processes) [2, 3].

Comparison of T, values, magnetic sector vs. quadrupole instrument

Table 3 compares Tg,s values measured in the present work to previous temperatures
measured using a home-made quadrupole instrument in our lab. Both sets of measurements
were made with a shielded load coil and hot plasma conditions. Both experiments used a
nickel sampler cone, but the quadrupole device was run with a stainless steel skimmer, while
the high resolution device used a nickel skimmer. The Ty, values measured for several sets
of ions (ArN*/N", OH'/O", CeO*/Ce") using the two different instruments are remarkably
similar. There is only one ion for which the Ty, values are strikingly different; Ar," is
apparently much less abundant relative to Ar" for the magnetic sector instrument. However,

it is important to note that this Ty, value is very sensitive to the ion ratio measured. A very
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small change in the measured ratio (= 0.0001) is significant (because of the high abundance
of Ar" to Ar,"), and changes the calculated Teas by about 1000 K.

One obvious difference between the two devices is the fact that in the sector
instrument, the ions are quickly accelerated to about -2 kV right behind the skimmer cone. In
contrast, the extraction lens was set to -70 volts in the quadrupole instrument. It makes sense
that the commercial instrument with the greater accelerating voltage provides a calculated
T indicative of the polyatomic ion Ar," being removed, possibly through collisionally
induced dissociation. Meanwhile, the homebuilt instrument with the lower accelerating
voltage does not fragment the Ar," species, and a T, indicating formation of the polyatomic
ion is observed. Nevertheless, the similarity of Ty, values for a given pair of ions between
the two instruments argues that most ions have similar origins in the two devices, with the
possible exception of Ar,*. The Ty, values for the background ions are all much higher than
the terminal T, of the supersonic expansion (~ 150 K), indicating the composition of the ion
beam has “frozen” earlier in the extraction process. A similar effect occurs with ionization

temperatures, which are typically ~7000 K, as expected in the ICP itself [33].

Effect of cone material

One curiosity evinced by Table 3 is the high value of Ty, for NO/N*. This effect is
seen on both the quadrupole and magnetic sector instruments; the value is particularly high
for the sector instrument. Perhaps there is a chemical reaction that occurs inside the sampler
and/or skimmer cone tips that removes much of the NO¥, resulting in a high Ty, value. NO™
is isoelectronic with CO, which is known to be reactive on transition metal surfaces such as

Ni and Pt, which are common cone materials [34]. By comparing the spectra generated by
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cones of different materials, one may be able to investigate whether species are formed or
removed chemically from the hot metal surface of sampler or skimmer cones.

To test this hypothesis, we used two types of metal cones on the sector instrument.
Nickel cones were tested as well as cones made of aluminum, which is not a transition metal.
Several sets of each type of cone were tested. This was done to ensure that the results seen
were due to the differences in cone material, and not a random defect on one set of cones.
The cones are supposed to have the same dimensions and sampler-skimmer tip spacing,
although two different sets seldom yield exactly the same performance. The cones tend to
have slightly different optimum operating conditions, requiring slightly different values of
acrosol gas flow rate and RF power to attain maximum signal. This might indicate slight
differences in thermal transfer from the plasma to the cones [35].

Aluminum cones generally have lower sensitivity for atomic ions in a multielement
standard. This can be seen in Fig. 6a, which shows results taken on the same day with
optimal conditions for four sets of cones, two nickel and two aluminum. The lower
sensitivity for aluminum cones is not constant, as the sensitivity difference between the two
types of cones changes across the mass range. This can be seen in Fig. 6b, which shows data
collected from nickel cones for a 10 ppb standard, normalized to that gathered by aluminum
cones. Interestingly, low mass ions are suppressed almost seven times more by aluminum
cones than high mass ions. Note that this is separate from traditional mass bias, as elements
at the same m/z are being compared for the two cone types. The data from plots such as Fig.
6b can be used to create a correction factor for this extra suppression related to mass to
charge ratio. These differences must be accounted for if any comparisons are to be valid.

Fig. 7 shows the suppression factor estimated from Fig. 6b applied to background ion

intensities. Ions seem to fall in three groups. The first is where the ion signals from
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aluminum cones matches what is predicted from the sensitivity curve (Fig. 6b), giving a'y
axis value of approximately one. Ce" is the only such ion in this study. Ce" is still less
abundant in spectra obtained by aluminum cones compared to nickel ones, but its intensity is
proportional to the additional suppression normally seen. This further validates the bias
correction method used here, as the adjustment based on other atomic standards accurately
accounts for the suppression of this additional atomic ion.

The second group of ions (NO, O,", Arf, Ar,", ArH*, ArO", H;0", and H,O") are
much more abundant from aluminum cones than is expected from the sensitivity curve (Fig.
6b). Finally, N*, O", ArN*, OH", and CeO" are more abundant in aluminum cone spectra
than predicted, but are not nearly as abundant at those ions in the second group. Note that
these ions are more abundant from aluminum cones than predicted by the suppression factor,
but their raw intensity is still below that seen with nickel cones.

The NO'/N™ ratio is much larger with aluminum cones, as can be seen in Table 4. In
comparing ion intensities adjusted for the increased mass bias from aluminum cones, it is
found that the NO" intensity is suppressed much less than predicted, while the N™ amount
more closely resembles the behavior of atomic standards. Therefore, the ratio is larger
because there is more NO™. It is possible that NO*, like CO, is reactive on hot transition
metal surfaces, such as nickel cones. NO* may react at or cling to nickel cones, removing it
from the spectra. NO™ does not show this reactivity when aluminum sampler and skimmer
cones are used. Therefore the overproduction/lower suppression seen with aluminum cones
may be due to the "free” NO™ being extracted into the mass spectrometer, whereas some NO*
is trapped, neutralized or dissociated on the reactive nickel cones.

Only two ions, H;O" and H,O", are more intense in spectra obtained with aluminum

cones. We suggest the following tentative explanation. Perhaps the radical ion H,O" is more



reactive on hot nickel than H;O", with its stable octet electronic configuration. It would then
follow that more H,O" would be seen in aluminum cone spectra. More H;O" would then also
be observed, because its precursor H,O" is more abundant.

All of the ion ratios (polyatomic to dissociated ion) are larger with aluminum
sampler and skimmer cones than with nickel (Table 4). This makes the calculated kinetic gas
temperatures smaller. However, these changes are not so significant as to change the
equilibrium assignment proposed. Tg,s is mainly determined by the energies and partition
functions of the ions. For many sets of ions, T, is not strongly dependent on the observed

ion ratio, which can change with cone material.

Effect of assumed neutral gas densities on diagnosis of ion origin

For each dissociation reaction (Eq. 1), the measured value of K4 depends on an
assumed value for ng, the number density of the neutral product species, usually Ar, H, or O
atoms. So far, these ng values have been calculated based on their expected abundances in
the ICP. This was considered valid as an initial approximation. Suppose a polyatomic ion
yields a value of T, greatly different from that of the ICP region sampled. The value of ng
corresponding to conditions in different regions of the ion extraction process would be
expected to differ from that outside in the ICP. Does use of an adjusted value of ng, one
deemed characteristic of the region where this ion is thought to be made, change the
diagnosis of the ion’s origin?

We examined three such scenarios. First, consider the density of B for the collision-
rich region just behind the sampler (Fig. 8). This zone is clearly seen by the scattered light
just behind the sampler in photographic studies of the region between the sampler and the

skimmer [36, 37, 38]. The density here is described by
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n(z)=0.161(D, / 7)* n, @)
where n(z) is the density at axial position z, Dy is the orifice diameter (1.0 mm), and ny is the
original calculated density of the species in the ICP region sampled [33]. The density falls
off rapidly enough that most collisions occur within the first 1 mm or so behind the sampler.
We took the position z = 0.5 mm. Here the T, should drop to 4300 K if the ICP is 6000 K
[33].

The second zone modeled is just before the skimmer tip, z = 8.0 mm. If the
expansion is clean and there is no shock wave outside the skimmer tip, this expression should
be valid. Here the gas density is reduced by a factor of 256 from that in the z=0.5 mm region
described above. The temperature at the skimmer tip in a clean expansion should be much
lower than that of the ICP, only about 150 K [33].

In the third scenario, a shock wave is assumed to occur near the skimmer tip. The
shock wave could be just before the tip or possibly inside the throat of the skimmer [2, 33].
We multiply the gas density from a clean expansion by a factor of 8/5, in accord with that
found by electron density measurements by Niu and Houk [2]. It is hard to say what Ty
should be in such a shock wave. Measurements of Tg,s in a Mach disk (not quite the same
thing, as no skimmer was present) gave values of ~ 3000 K [39]. We therefore estimate Ty
in a shock wave to be 2000 to 3000 K. If the shock wave is hotter than this estimate, the
resulting Tg,, will be closer to that of the ICP.

Table 5 lists comparative values of Tgs, all resulting from the same experimentally-
measured ion signal ratio. The neutral density ng is varied, corresponding to equilibrium
formation of ions at three different positions during the ion extraction process. Some general
observations are possible from this table. A position farther back in the extraction has a

lower neutral density, and the kinetic gas temperature calculated for that position is lower.



Since use of an adjusted ng value can only decrease Tg,,, observation of Ty, values above
that of the ICP clearly indicates net loss of the corresponding polyatomic ion during
extraction. Such is the case for NO™ in our experiments.

Except for possibly ArO"/O", the T, values resulting from the measured ion ratios
are not consistent with equilibration of ions in a clean supersonic expansion, i.e., Ty, is Way
too high, AB" is not abundant enough. Even for ArO”, the measured Teas 18 about 500 K,
consistent with formation of some additional ArO" in the expansion, but not enough to reflect
equilibrium conditions there. It is interesting to compare this result with that of Becker [21],
who measured the abundance of ArM" ions, where the M" ions were from injected solutions,
not the cone material. These ions are also weakly bound (Dg values of 0.15 to 0.5 eV) and
have neutral Ar atoms as the second atom. She reports a Boltzmann plot with a slope
corresponding to Tgas = 540 K, similar to that found for ArO*/Ar” in the present work. The
fact that the signals for these ArM" ions all fall on one line indicates they have a common
origin.

In both the present and previous work [3], a number of ions are observed at
abundances consistent with Tg,s = 4300 K, close to that expected at the M=1 position 0.5 mm
behind the sampler. Ions in this temperature range in both studies include ArN*/N",
H,O"/OH", and OH"/O". The Ty, values from these ions are fairly close together, suggesting
that they arise from a region where Tg,s approaches equilibrium. Most of the collisions
experienced by the ions have already occurred by the time they have traveled to the M=1
position. Since collisions are necessary to make more polyatomic ions, it is reasonable that
additional amounts of some ions would be made there. It would be interesting to vary
parameters in some way to further test the possibility that additional polyatomic ions can be

made between the ICP and the M=1 position.
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These experimental measurements were done on different days than those reported in
Table 3. Assuming the ions to be present as such in the ICP, the resulting Ty, values in these
two tables are very reproducible. The signal ratios CeO*/Ce*, 0-"/O", and ArH"/Ar" are the
ones that are most sensitive in these experiments, as they change the most with Tgys.
Comparative Tg,s values for these species between Tables 3 and 5 are 5720 vs. 5680 for
CeO"/Ce*, 4960 vs. 4950 for O,"/0", and 5050 vs. 5040 for ArH*/Ar". Our method for
reproducing plasma conditions based on maximizing the M signal is very consistent day to
day and is preferable to reproducing external parameters like aerosol gas flow rate, power

and sampling position.

Effect of extraction voltage on ion ratios and T, values

The high extraction voltage in a sector instrument could affect the diagnosis of ion
origin, especially if ions are made in a shock wave inside the skimmer tip [33] or dissociated
by collisions with the gas in the beam through the skimmer. All studies reported above were
done with -2000 volts on the extraction lenses (Fig. 8), the value typically used for analysis
with this device. In this section, the extraction voltage was varied in 100 volt increments
from -2000 to -1000 volts. Two general protocols were used. First, only the extraction
voltage was changed; all other ICP and ion optical parameters were kept constant. Second,
these other parameters were re-adjusted to maximize atomic ion signal from standards at
each new extraction lens voltage. This latter procedure mimics actual analytical practice.
Mass bias curves were measured at each new extraction lens setting, although the mass bias
did not change greatly across the voltage range investigated.

Naturally, the basic transmission of the instrument changes with extraction voltage.

The extent of the change depends on whether other conditions are re-optimized at each



extraction lens voltage. Fig. 9 compares sensitivity at -2000 volts to that at -1000 volts for
atomic analyte ions. Behavior between these extremes was consistent and is not shown for
brevity. If the operating parameters are re-optimized, this sensitivity ratio is fairly uniform
and less than a factor of two for all analyte ions. If the other parameters are not re-optimized,
the sensitivity ratio is larger and varies more. This variation from element to element is due
in part to the poor signal to noise ratio for low m/z and low abundance ions at -1000 volt
extraction voltage. However, a greater variation is still seen for the constant parameters
scenario when comparing data from -1500 volt and -2000 volt extractions, a situation where
signal intensities are improved.

These variations of atomic ion signals are thought to reflect the basic transmission of
the instrument and are used to normalize the polyatomic ion signals as extraction voltage is
changed (Fig. 10). Basically, if the ordinate in Fig. 10 is close to unity, the polyatomic ion
signal is affected by extraction voltage to about the same extent as the atomic analyte ion.
This is the situation for all ions if other parameters are kept constant at the two extraction
voltages.

If the other parameters are re-optimized (Fig. 10), there are substantial variations in
behavior for different background and polyatomic ions. In most cases the ratios for these
ions remain within a window of 0.75 to 1.75, with three exceptions. Signals for Ar" and Ar,"
are reduced over two-fold more than the corresponding atomic analyte ion going from -2000
to -1000 volts. Thus, a higher extraction voltage generates much more Ar” and Ar," in the
spectrum relative to M" ions. It is interesting to note that this ICP-MS device yields small
but measurable levels of multiply charged Ar ions, including Ar’* and Ar** [40]. These
highly energetic species cannot be in the ICP and are probably made between the skimmer

tip and the extraction lens. An electrical discharge between the skimmer and extraction lens,
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or the presence of high energy electrons that have passed through the skimmer and then been
accelerated back toward the skimmer tip by the high negative voltage on the extraction lens,
could cause such energetic ionization processes. Few or no such ions are seen from
quadrupole instruments. This effect would also enhance the abundance of Ar*, apparently
slightly more than Ar,".

CeO" exhibits a value of well under 1.0 in Fig. 10. This indicates that the spectral
intensity of CeO" is more stable with changes in extraction voltage than that of atomic ions.
This ion is not as affected by a 1000 Volt drop as the ions produced from atomic standards.
This ion is thought to be formed in the plasma, and the Ty, calculated is indicative of this
process. Fig. 10 supports this, as it indicates that CeO" is not produced or removed by

changes in extraction voltage.

Conclusions

Polyatomic ions can be correctly identified by accurate mass measurements using a
high resolution instrument. The diagnosis of ion origins are similar for quadrupole and
magnetic sector instruments, except that Ar," is dissociated by the high extraction voltage of
the magnetic sector device. Identities can be confirmed using minor isotopes and/or
isotopically enriched solvents. Mass bias is accounted for using curves developed from
atomic standards. A second mass bias effect is seen in the comparison of aluminum and
nickel cones. The signal difference between aluminum and nickel cones is greater at low
m/z. Therefore, any assessment of the effects of cone material on polyatomic ion origin must
take into account this graduated difference.

The dissociation equilibrium method used here to calculate gas kinetic temperatures

can be used to study polyatomic ions in ICP-MS. Ratios of background ions can change
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based on the cones used (aluminum or nickel) and instrument conditions, such as extraction
voltage. This information can be used to maximize sensitivity for analytes at the same
nominal mass as background ions for quadrupole devices. The calculated gas kinetic
temperature does not change enough with manipulation of experimental parameters to alter
the proposed formation or reduction regions or processes for the polyatomic ions studied.
The ability to estimate neutral density at specific points in the interface region is displayed
and then applied to the proposed dissociation reactions. This paper sets the experimental

stage for further work into the origins and behavior of polyatomic ions in ICP-MS.
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Tables

Table 1: Experimental Parameters

Instrument: ThermoFinnigan ELEMENT 1

Resolution: Medium (m/Am = 4000), except where otherwise stated
Nebulizer: Elemental Scientific Inc. PFA 100 uL/min or 20 uL/min as needed
Spray Chamber: Teflon Scott type double pass

Cones: Nickel sampler and skimmer used most commonly, others as indicated
Power: 1200 W, changed marginally to improve performance

Gas flow rates: Optimized to produce greatest signal for standards

Solutions: Standards in 1% nitric acid. Other solutions used as indicated

Torch was shielded with the shield grounded

Table 2: Importance of magnet mass. Mass offset 1s difference between actual mass and

measured mass. Note a) variation of mass offset with mass at constant magnet mass, and b)

change of mass offset with magnet mass.

Magnet Mass lon Measured Mass Mass Offset
59.930 %zn* 63.9203 -0.00885
59.930 SCy* 64.9184 -0.00939
59.930 %07n* 65.9166 -0.00944
59.930 7zn* 66.9177 -0.00943
59.930 Szn* 67.9152 -0.00965
68.925 ®Ga* 68.9247 -0.00088

68.925 O7Zn* 69.9244 -0.00092
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Table 3: Comparison of measured T, values from background ions and CeO" between
quadrupole and magnetic sector instrument. Nickel cones and shielded torch were used
with the sector instrument. A nickel sampler, stainless steel skimmer, and shielded torch

were used with the quadrupole instrument.

Dy Teas Values (K) Tgas Values (K)
Ions (eV) Quadrupole [Ref. 3] Magnetic Sector
ArO"/0" 0.312 1810 2930
Ary'/Ar* 1.2 4050 7030
ArN*/N* 1.866 4220 4340
OH'/O" 5.09 4690 4700
H,O"/OH" 5.43 3170 3870
H;0"/H,0" 6.508 4410 4950
ArH/Ar" 6.16 4190 5040
0,0 6.663 4780 4960
NO*/N* 11.76 6440 7330

CeO*/Ce” 8.81 5800 5720
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Table 4: Comparison of measured T, values and signal ratios from background ions and

CeO*/Ce*. Ion ratios are corrected for basic mass bias. Magnetic sector instrument, nickel

or aluminum cones.

Dy Teas Values (K) Signal Ratios
Tons (eV) Ni Cones Al Cones Ni Cones Al Cones
ArO"/0" 0.312 2880 1410 0.000387 0.00596
A /AT 1.2 7180 6080 0.000211 0.000317
ArN*/N* 1.866 4370 3830 0.00729 0.0123
OH'/O" 5.09 4710 4470 0.107 0.243
H,O"/OH" 543 3960 3560 0.723 9.12
H;0"/H,0"  6.508 4960 4750 0.119 0.247
ArH'/Ar" 6.16 5050 4880 0.213 0.366
0,"/10" 6.663 5070 4590 0.0399 0.201
NO*/N* 11.76 7390 6850 0.224 1.13

CeO"/Ce" 8.81 5790 5540 0.0467 0.115
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Table 5: Comparison of measured Ty, values from background ions and CeO*/Ce* for a
magnetic sector instrument with nickel cones and using various values of gas number
density corresponding to different locations in the ion extraction process. If the dissociation
reactions all reached equilibrium at the various positions, the measured Tg,, values would be
4300 K 0.5 mm behind the sampler, about 150 K at the skimmer tip, and 2000 to 3000 K if

there were a shock wave at the skimmer tip.

Calculated T, (K) for ng calculated at following positions

Ions In Plasma 0.5 mm behind Clean Expansion Shock Wave at
Sampler Skimmer Tip Skimmer Tip

ArO*/0" 2830 2270 580 620

An'/AT" 6840 5800 1900 2020
ArN'/N* 4510 4160 2100 2200
OH"/O0" 4710 4580 3260 3340
H,O"/OH® 3960 3870 2920 2980
H;0"/H,O" 4990 4730 3510 | 3590
ArH"/Ar? 5040 4910 3610 3690

0,"/0" 4950 4830 3630 3710
NO*/N* 7400 7250 5650 5760

CeO"/Ce" 5680 5580 4380 4460



Figures

Figure 1: Mass bias plot for 10 ppb standards in medium resolution. This plot is used for

ions above 80 Da.
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Figure 2: Medium resolution mass spectrum showing *%Si* and polyatomic peaks from a
solution of 10 ppb silicon in 20% isopropyl alcohol. There are 4 peaks of interest. The

vertical axis has been limited to show the less intense peaks.
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Figure 3a: Medium resolution spectrum of “’Ar'*C'°0O" from a nebulized solution of 20%

isopropyl alcohol in deionized water. Peak centroid = 67.9538. Integrated intensity

=3.73x 10",
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Figure 3b: Medium resolution spectrum of **Ar>C'®0" from a nebulized solution of 20%

isopropyl! alcohol in deionized water. Peak centroid = 68.9570. Integrated intensity = 409.
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Figure 4: High resolution spectrum of ’N'°0*, N"70", and "*N'°OH" from a nebulized

solution of 1% nitric acid in deionized water. *'P* would be to the left of the window

shown.
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Figure 5a: High resolution spectrum of 2C,* from 10% IPA in deionized water. Peak
centroid = 23.9871. Integrated intensity = 3.63 x 10°.
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Figure 5b: High resolution spectrum of 2chct (low mass) and Pc,Ht (high mass) from
g P g

10% TPA in deionized water
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Figure 5c: High resolution spectrum of *C,D* from 10% IPA in D,O. The unresolved signal
to the low mass side may be *C"*CH*. Peak centroid = 26.0010. Integrated intensity

=3.53x 10",
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Figure 5d: High resolution spectrum of 12Csz+ from 10% IPA in deionized water. Peak

centroid = 26.0021. Integrated intensity = 1.77 x 10°.
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Figure 6a: Mass bias plot comparing sensitivity from aluminum and nickel cones. Data taken

from a 10 ppb multielement standard in medium resolution.
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Figure 6b: Comparison of signal intensity from nickel cones versus aluminum cones.

Vertical axis is nickel data normalized to aluminum experiments. Data taken from a 10 ppb

multielement standard in medium resolution.
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Figure 7: Ion intensity comparison between nickel and aluminum cones normalized to the

bias factor between nickel and aluminum cones.
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Figure 8: Depiction of gas dynamics in the interface region.
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Figure 9: Medium resolution data taken from 10 ppb muitielement standard. Vertical axis

shows response (mass bias) data at an extraction voltage of -2000 V normalized to that

at-1000 V.
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CHAPTER 3. HIGH RESOLUTION STUDIES OF THE ORIGINS OF
POLYATOMIC IONS IN INDUCTIVELY COUPLED PLASMA - MASS
SPECTROMETRY
PART II. NOVEL CALCULATIONS OF UNUSUAL IONS

A paper submitted to Spectrochimica Acta Part B
Jill Wisnewski Ferguson, Timothy J. Dudley, Kyle C. Sears, Mark S. Gordon,

and R. S. Houk

Abstract

Several polyatomic ions in ICP-MS are studied experimentally and by computational
chemistry. Novel calculations based on spin-restricted open shell second order perturbation
theory (ZAPT2) and coupled cluster (CCSD(T)) theory are performed to determine the
energies and partition functions of the ions. These values are combined with experimental
data to evaluate a dissociation constant for the proposed reaction. The outcome of this
equation is a gas kinetic temperature (T,.s) value that describes the location where the
polyatomic ion of interest is generated. The examination of N,H" leads to a calculated Teas
of 4550 to 4900 K, depending on the theoretical modeling system used. The study of HCO*
produces a similar temperature, which is not surprising considering the similar energies of
HCO" and NoH'. The evaluation of HyCO" leads to a much lower Ty, (<1000 to 2000 K).
Finally, the dissociation of H3CO™ generates a Tgas value between those from the other
H,CO" ions studied here. All of these calculated T,as values correspond to formation of extra
polyatomic ion in the interface or extraction region. The calculations reveal the existence of
isomers such as HCO™ and COH", and H,CO* and HCOH", which complicate the

interpretation of results.
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Introduction

Inductively coupled plasma-mass spectrometry (ICP-MS) is a highly sensitive
technique for the identification and quantification of elements in diverse samples. One
strength of this technique is the ability of the ICP to atomize and ionize the sample.
However, because of both the ICP’s unique characteristics (high temperature, high
concentration of electrons and argon) and the interface to the mass spectrometer, polyatomic
ions may be created. Many of these ions do not readily exist in a normal environment, and
little is known about them.

In this paper, unusual polyatomic ions are identified and quantified to some degree
using a high resolution magnetic sector mass spectrometer (ThermoFinnigan ELEMENT).
Calculations are done to determine the electronic, vibrational, and rotational energy states of
the ions. With this information, both a theoretical and experimental dissociation expression
can be written and compared. This comparison leads to the calculation of a Ty, value that
describes the temperature of the region where the particular polyatomic ion is formed [1, 2].
Therefore, the origins of these previously unknown ions may be determined. Steps could
then be taken to reduce the abundance of the polyatomic ions, thus improving the figures of

merit of all ICP-MS devices.

Theory

In this work, the process of studying a polyatomic ion starts with writing a
dissociation reaction for the ion of interest, as described elsewhere [1, 2, 3]. This
dissociation reaction can be written as convenient for analytical measurement, as it does not

need to take into account ionization or competing reactions. For a generic dissociation

reaction such as
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AB'AA"+B ()
the experimental and theoretical dissociation equilibrium expressions are written and set

equal (Eq. 2), and the gas kinetic temperature is evaluated

M My, 2.7
- (151070~ 0D0 41 5 10g—A" " 1og " 4722 150 274
AT B — 10 Tgas At ZAB+
nAB+ (2)

where n is the number density of the indicated species (particles/cm'3), Dy is the dissociation
energy of the ion AB” (eV), M is the atomic or molecular weight of the indicated species
(g/mol), Z' is the product of the electronic, vibrational, and rotational partition function
terms, and T, is the gas kinetic temperature (K). Note that the both the neutral species
density and partition functions are themselves dependent on Tg,,, and are calculated
discretely for each Ty, For a single atom species such as H or O, the Z' term only includes
the electronic partition function [1].

The calculated Ty, identifies which way the system equilibrium lies and what process
may influence the abundance of AB™. There are three major scenarios. See Table 1. The
first is when the calculated T, is approximately 5500-6000 K. This indicates that the
theoretical dissociation is roughly equal to the experimental dissociation (Kg, theo = Kq, exp)-
This finding suggests that the ions are formed in the ICP itself and is common for MO™ ions
such CeO".

The second arrangement is when the determined T is less than 5500 K. The
theoretical dissociation constant is larger than the experimental value (Ky, theo > Kq, exp). This
suggests that extra AB is being generated after the ICP, as the denominator of the

experimental term is too large, making the experimental term smaller overall. The
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polyatomic ion could be generated via collisions in the supersonic jet or in the extraction
process. An example of this situation is the dissociation of H,O™ to OH™ [2].

The third scenario is when the estimated T,y is greater than 6000 K; the theoretical
dissociation constant is smaller than the experimental value (Kg, theo < Ky, exp). Therefore
AB" is being eliminated in the system, possibly through collision induced dissociation in the

interface or extraction regions. NO™ dissociating to N* models this behavior [1, 2].

Experimental

Table 2

In this work, some ions well known to the ICP-MS community are studied [1, 2] as
well as others that have been scarcely discussed in this context (NoH*, COH"). Groups of
ions of similar mass to charge ratio (m/z) are measured using a high resolution ICP-MS
device, capable of resolution of approximately 300, 4000, or 11000. A single magnet mass
setting is used for a particular group of ions to aid in their identification, as standard offsets
develop between actual mass and measured mass at one magnetic field setting [2].

Once spectra are collected in a m/z range of interest, the offsets determined between
the m/z values measured for M" ions from elemental standards and the accurate m/z values
can be used to determine an approximate actual mass of the unknown ions. A line correction
equation can be derived from standards to assist in actual mass estimation. The approximate
actual m/z of unknown ions from the spectra are then compared to that of various
combinations of atoms to help assign an identity. Suggested identities are confirmed by the
examination of isotope peaks, addition of organic solvent, and/or nebulization of D,O [2].

The vibrational, rotational, and electronic partition functions are then determined for

the ions in question. Through our collaborative efforts, we attain energies calculated via the
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CCSD(T) and ZAPT2 methods with a high degree of certainty. Articles by Gordon and
coworkers explain the methods used and detail the work done on these specific ions [4, 5]. It
should be noted that some of these ions have been studied previously. In those cases, the
calculated values are consistent with previously published values [6-10]. Other ions have not
been studied or modeled in this manner, so these computational results are of interest in their
own right. Finally, a Microsoft Excel spreadsheet is set up to compare the experimental and

theoretical dissociation constant expressions and ultimately calculate the gas kinetic

temperature.

Results

N,H" and N;*

N," is a common polyatomic ion seen in ICP-MS. The presence of N," in the mass
spectrum is expected since the plasma flows into the air. However, the authors were
surprised to note that N;H* was more abundant than N,* (Figs.1 and 2). Polyatomic ions
with more atoms are generally expected to be less abundant at the high temperatures present
in the ICP.

Once the true identity of the 1ons was clear via accurate m/z measurements, isotope
ratio measurements, and solvent manipulation, we measured and modeled the following

reaction.

NoH AN, +H Kq, 3)
The calculated energies for NoH™ are reported in Table 3.

A Ty of about 4550 K is obtained using energies provided by the ZAPT2
calculation. Using the CCSD(T) data produces a kinetic gas temperature around 4900 K.

The difference in temperature is primarily attributed to the variation in calculated



53

dissociation energy between the two models. The CCSD(T) method is the higher level
calculation and thus is thought to be more accurate.

Teas values of 4550 or 4900 K are lower than those seen from ions which originate in
the plasma, such as CeO". This indicates that additional NoH" is being produced in the
interface or extraction. It is reasonable that since there is more NoH™ than N, it is being
produced somewhere. In addition, NoH" is more stable thermodynamically than N,*. Once
N,H" is formed, it is more likely to remain than other reactive species, such as N, or N, .
Therefore, it is not surprising to the computational chemist that NoH is more abundant than
N,", and through this work, spectroscopists can begin to understand this initially surprising
result.

Interestingly, when modeling the N,H™ system, it was found that Eq. 3 does not
indicate the actual reaction mechanism. Instead, the following series of reactions is more
likely to occur.

NoH* AN, + HY K, @)
No+HAN,"+ H K4 (5)
However, whether the calculations are done in one overall step (Eq. 3) or two steps (Eq. 4-5)

using the principle,

Ko, = Ko,Kq, (6)
the same result for Ty, and probable ion origin is obtained. This speaks to the accuracy of

the calculations and the application of the equilibrium principle to these polyatomic ions in

ICP-MS.
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HCO*, COH", and CO"

The dissociation of HCO* to CO* + H is energetically similar to that of N-H" and N»".
The reaction proceeds as

HCO"ACOH" A CO" +H (7)
This system is similar to the one previously discussed in that HCO" is the most
thermodynamically stable ion in Eq. 7. However, this situation is somewhat complicated by
the fact that HCO™ rearranges to COH", and the two have different energies. The mass
spectrometer cannot discriminate between these two species; the signal observed is that for
the sum of HCO™ and COH". Since the overall energies of the ions and dissociation reactions
are nearly the same for N,H" and HCO™ (Tables 3-5), a similar ion ratio and measured Tas
are expected. However, this is not precisely the case, as the HCO*/COH" signal is less
intense than that for CO* (Figs. 1-2). The N,H'/N," signal ratio is typically around 1.7,
depending on conditions, while the signal ratio (HCO"/COH")/CO" is about 0.4.

Eq. 2 is modified to account for the differing energies of COH" and HCO" which

appear in the spectrum as aggregate COH" (not separate COH" and HCO™).

MM, VAW A
(15logT, 03000 ) 100 cO"TH 0 TcotTH 5007
1, “T M Z 7
A — 10 gas HCO' Heot 7 cont
n
AB*

(8)

Zelec . = 8¢ (9)
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Dy in Equation 8 is the overall dissociation energy of the whole system, while Dop in
Equation 9 is the dissociation energy of COH" going to HCO". g denotes the degeneracy of
the electronic ground state of COH".

Using Equation 8, the calculated kinetic gas temperature is about 4750 K using
ZAPT?2 theory or 4830 K using CCSD(T) theory. This means that HCO™ (and probably
COH") is being formed after the plasma. These temperature values are very similar to those
calculated for the NoH'/N," system. This is the expected result based on the similar energies
and partition functions for these groups of ions. However, this does not explain the very
different intensities noted in the experimental spectra. One possible explanation is that there
is more N in the plasma than CO because of air infiltration in the argon gas lines, and this
allows for a greater NoH" production in the interface/extraction region in relation to that of
HCO". This would result in much larger N," and NoH" peaks compared to those of HCO*
and CO", mirroring what is actually seen. Yet this still does not address the fact that the
N,H"/N;" ratio is much larger than that of HCO"/CO". Since the two reactions have similar
energies and produce the same T, the 10n ratios are expected to be more similar than the
results actually show. Why N>H" is being formed seemingly preferentially to HCO™ is
unknown, and it may be related to the HCO*/COH" rearrangement process. This relationship

warrants further study.

H,CO" and HCOH"

In hoping to learn more about the peculiar behavior of HCO™ and CO", we studied
H,CO" as well. The H,CO™ system presented an additional challenge. Most of the ions
studied here have their energies calculated by two methods, ZAPT2 and CCSD(T). The

CCSD(T) method is the more sophisticated method, generally considered to be state-of-the-
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art. In general, the ZAPT2 and CCSD(T) produce results similar enough that their
differences make no significant difference in our final calculations. However, for the H,CO*
system, the two calculation methods point to different dissociation pathways. ZAPT?2 theory
(Eq. 10) indicates HCOH" is the lowest energy species, while CCSD(T) calculations (Eq. 11)
point to HCOH™ as the intermediate. Parallel calculations were done on each series, and the
results were then compared.

HCOH" A H,CO" A HCO' + H (10)

H,CO" A HCOH" A HCO" + H (1D
Tables 6 and 7

When the standard matrix of 1% nitric acid is analyzed and calculations are done with
ZAPT? theory, a gas kinetic temperature of 850 K is calculated. The CCSD(T) method gives
a Tgas of 1270 K. The introduction of 10-20% isopropyl alcohol, which increases the
abundance of carbon containing species, results in a ZAPT2 determined temperature of 1360
K, and a CCSD(T) value of 2020 K. These low temperatures indicate formation of the larger
polyatomic ions in the interface or extraction regions. The very low temperature assessed by
the ZAPT2 method with 1% nitric acid is reasonable, as even lower temperatures (= 150 K)
are estimated at the skimmer orifice [11]. The difference in calculated temperatures is not
surprising, as the modeled reactions are different. Again, it makes sense that such a large ion
would not survive the plasma, but instead be formed mainly in the interface or extraction.

The lower temperature calculated for HoCO", versus that for HCO®, seems to indicate
that H,CO" is formed farther back in the interface region, nearer to the skimmer cone. At
this location in the zone of silence, the number density is 256 times lower than at a position
closer to the sampler cone [3, 11]. Perhaps ion formation at this location is less probable

because of the lower number density, in spite of the increased thermodynamic stability of the
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larger polyatomic ion. This hypothesis on the balance between thermodynamics, gas

dynamics, and ICP fundamentals, will be examined again later in this article.

HCOH"

The dissociation reactions proposed for the final system studied in this series also
differed slightly depending on the calculation level used. Eq. 12 is developed from ZAPT?2
results, while Eq. 13 utilizes CCSD(T) theory.

H,COH* L HCOH" + H (12)

H,COH" A H,CO" + H (13)
H,COH" is the most thermodynamically stable ion studied here, but it is the least abundant
ion in the mass spectrum. To observe H;COH", a 20% isopropyl alcohol solution was
nebulized. Using the values in Tables 6 and 7, an average kinetic gas temperature of 3610
and 3650 K is calculated for the CCSD(T) and ZAPT?2 systems respectively. This result is

between the T,y values determined for the HCO™ and HCOH' systems.

Discussion

All of the gas kinetic temperatures calculated for the ions discussed in this article are
below that of the ICP (= 5500-6000 K). This means that additional amounts of these ions are
created in the interface or possibly the extraction region through collisions with other species.

N,H" and HCO™ have similar structures and energies, and produce similar Tgy Values,
particularly when comparing the temperatures calculated from the more advanced CCSD(T)
theory. The noted difference in ion ratios for the dissociation of NoH™ and HCO" may stem
from the abundance of N, in the atmospheric pressure plasma, and could be influenced by the

required rearrangement of HCO™ to COH" for dissociation to occur.
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The two hydrogen ions HCOH" and H,CO" are more stable than HCO™/COH", yet
less abundant. The much lower Tg, points to formation farther back into the interface, where
the density of species in the zone of silence is much lower. As the HCO" ion would have
fewer opportunities to pick up one hydrogen atom at this cooler position, this would explain
the lower intensity of HCOH"/H,CO" in the mass spectrum. The divergence in energies and
dissociation mechanisms between the two computational theories also complicates this
scenario.

H,COH~ is the most stable ion discussed here, but the least abundant in the mass
spectrum. This is expected to some extent, since at the high temperatures of the ICP,
polyatomic ions with more atoms would be less abundant. The calculations produce a Ty, in
between the previous two values. This may mean that the ion is formed at a position in the
zone of silence in between the other ions discussed here. It makes sense that H,COH*, with
three hydrogen atoms would have to be formed at a position of higher number density than
HCOH'/H,CO", the two hydrogen counterparts.

However, the comparison between the two and one hydrogen species does not follow
this logic, as HCO" is formed at a position closer to the sampler. Yet this reasoning may still
hold true, as it is difficult to characterize where the required rearrangement of HCO" to
COH" takes place, and if this location influences the temperature calculated for the
dissociation to CO". In addition, it is possible that the most thermodynamically stable form
(HCO") is not what exists and is being detected at that precise mass to charge ratio. Perhaps
COH" is the favored species in the interface, and the energy required to go from HCO™ to
COH" is provided by energetic collisions or carryover from the plasma itself.

Since our current instrumental technique offers no way to experimentally discriminate

between rearranged species at the same m/z, we attempted to evaluate the abundance of each
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isomer at specific T, values. For the isomers AB* and BA™ a rearrangement reaction (Eq.
14) and corresponding equilibrium constant expression (Eq. 15) were written. This was then
incorporated into equations (Eq. 16-17) which determined the amount of each isomer
existing at a specific gas kinetic temperature, 5800 K, which describes the T, value of the
plasma itself. Therefore, it is thought that these expressions estimate the proportion of signal

to be attributed to each isomer originating in the plasma, if local equilibrium is reached.

AB" A BAY (14)
! —4

K — nBA+ —_ Z BA™ %Tgas
AB* B ' € 15
n. . A . (15)

AB AB
N T
AB™ (16)
1+KAB+ n,p +nBA+

g = aAB+ Nf a7

All variables have been previously identified except N;, which is the experimentally
measured total amount of (AB*+BA™). These ion amounts (n) can then be incorporated into
the previously described equations (Eq. 2), without requiring the summation of energies seen
in Eq. 8.

In the comparison of isomers HCO* and COH", it is found that at 5800 K, 53.1% of
the signal at m/z= 29.0027 is attributed to the lower energy ion, HCO®. When comparing
H,CO" and HCOH" at 5800 K, 54.8% of the signal at m/z= 30.0105 is attributed to the lower
energy species HyCO™, according to the CCSD(T) theory. When the dissociation reactions
were calculated with this adjustment, T,as values were decreased by 150 — 200 K. This

decrease does not substantially change the proposed location of ion formation in the interface
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region. It is noteworthy that as a is calculated at higher temperatures, the proportion of the
measured signal attributed to the higher energy ion increases. This result is logical, as the
isomerization reactions are endothermic; as Ty, increases, the higher energy species becomes
more prevalent. In addition, isomerizations that require more energy have a higher

proportion of low energy species at a given temperature.

Conclusions

The dissociation of NoH” to N> and that of HCO" to CO™ are thermodynamically
similar. This is evidenced by the similar kinetic gas temperatures calculated for each
dissociation. Both NoH" and HCO™ appear to be formed in excess after the plasma, possibly
in the interface region or during ion extraction. A similar process is happening in the
creation of H,CO*/HCOH" and H,COH", which are more thermodynamically stable than
HCO" or COH". However, different Ty, values are calculated for these polyhydrogenated
species, indicating that they may be formed in a different region or farther away from the
plasma (closer to the terminal Tg, of the expansion). We need to discover what the
balancing force is between thermodynamic stability, gas dynamics, and traditional ICP
methodology. That may be the key in understanding the difference in ion ratios seen with the

N>H" to N," and HCO™ to CO" systems.
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Tables

Table 1: Examples of the three possible scenarios correlating Tg,, with dissociation

equilibrium
Equilibrium Dissociation Reaction Tas Diagnosis
Ky, theo = K, exp CeO"ACe"+0 5800 K CeO"in ICP
Ky, theo > K, exp H,O* A OH'+H 3900 K Extra H,O" made in extraction
Ky, theo < Kd, exp NO"AN"+0 7400 K NO" lost during extraction

Table 2: Experimental conditions

Instrument: ThermoFinnigan ELEMENT 1

Resolution: Medium (m/Am = 4000), except where otherwise stated
Nebulizer: Elemental Scientific Inc. PFA 100 pL/min or 20 pL/min as needed
Spray Chamber: Teflon Scott type double pass

Cones: Nickel sampler and skimmer

Power: 1200 W, changed marginally to improve performance

Gas flow rates: Optimized to produce greatest signal for standards

Solutions: Standards in 1% nitric acid. Other solutions used as indicated

Torch was shielded with the shield grounded
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Table 3: Calculated properties of NoH" by ZAPT2 and CCSD(T) theory.

Dissociation Energy (eV)
Vibrational Modes

Vibrational Energies (cm™)

Rotational Constant (cm")

Table 4: Calculated properties of HCO", COH", and CO* by ZAPT?2 theory.

Dissociation Energy to CO" (eV)
Vibrational Modes

Vibrational Energies (cm™)

Rotational Constant (cm'l)

ZAPT2
6.891
4
731.87
731.87
2151.1
3418.2

1.536

HCO*
6.929
4
859.76
859.76
2150.4
3251.4

1.536

CCSD(T)

7.449

732.58
2283.9
34349

1.557

COH"
2.03

4
321.80
321.80
1761.9
33494

1.487

CO*

2115.1

1.960
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Table 5: Calculated properties of HCO', COH", and CO* by CCSD(T) theory.

HCO" COH" Cco”
Dissociation Energy to CO" (eV) 6.925 1.75
Vibrational Modes 4 4 1
Vibrational Energies (cm™) 861.84 149.43 2203.1

861.84 149.43

2212.3 1942.6

3327.1 3482.8

Rotational Constant (cm™) 1.487 1.487 1.939
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Table 6: Calculated properties of H,COH*, HCOH", and H,CO* by ZAPT2 theory.

Dissociation Energy to HCOH" (eV)
Vibrational Modes

Vibrational Energies (cm™)

Rotational Constant x (cm™)
Rotational Constant y (cm™)

Rotational Constant z (cm™)

H,COH"
5.341
9
1054.3
1123.8
1266.3
1396.3
1510.3
1688.9
3150.5
3301.4
3610.0
6.658
1.153

0.9869

HCOH"

(0.845 to HCO™)
6

971.65

1001.5

1248.9

1727.8

3122.0

3497.4

13.74
1.271

1.167

H,CO*
0.13

6
856.28
1114.1
1321.9
1633.3
2898.2

3045.6

8.861
1.348

1.174
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Table 7: Calculated properties of H,COH", HCOH", and H,CO" by CCSD(T) theory.

Dissociation Energy to H,CO" (eV)
Vibrational Modes

Vibrational Energies (cm'l)

Rotational Constant x (’cm’l)
Rotational Constant y (cm'l)

Rotational Constant z (cm'l)

H,COH"

5.17

9
1038.3
1121.0
1246.8
1400.4
1488.7
1663.2
3109.5
3255.5
3620.4
6.637
1.146

0.9800

HCOH"

0.23

6
969.57
1000.8
1254.5
1691.7
3076.9

35154

13.68
1.264

1.160

H,CO"

(1.378 to HCO")
6

855.58

1071.0

1272.6

1663.2

2811.4

2920.5

8.917
1.327

1.160
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Table 8: Gas kinetic temperature results

Ton

Method
ZAPT2
CCSD(T)
ZAPT2
CCSD(T)
ZAPT2
ZAPT2
CCSD(T)
CCSD(T)
ZAPT2

CCSD(T)

Solution

1% HNO;
1% HNO;
1% HNO;
1% HNO;
1% HNO;
10-20% IPA
1% HNO;
10-20% IPA
10-20% IPA

10-20% IPA

Ty (K)
4550
4900
4750
4830
850
1360
1270
2020
3650

3610
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Figures

Figure 1: Medium resolution spectrum of CO" (left or low mass peak) and N>" (right or high

mass peak) in 1% nitric acid

1% Nitric Acid in Medium Resolution
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Figure 2: Medium resolution spectrum of HCO™ (left or low mass peak) and N,H" (right or

high mass peak) in 1% nitric acid

1% Nitric Acid in Medium Resolution

5.00E+06
4 50E+06
400406 f — — — —
3.50E+06 +— ——— R
3.00E+06 - e — ] ] S —
250E+06 ———— - —1 I
2.00E+06 + — ! S .
1.50E+06 1 S

1.00E+06 S .
5.00E+05 - — ——

0.00E+00 - G = = T : ;
28.983 28985 28.988 28.990 28.992 28.995 28.997 29.000 29.002 29.005 29.007

m/z (Da)

Integrated Intensity (cps)




70

CHAPTER 4. HIGH RESOLUTION STUDIES OF THE ORIGINS OF
POLYATOMIC IONS IN INDUCTIVELY COUPLED PLASMA - MASS
SPECTROMETRY
PART III. CrO,H," IONS

A paper to be submitted to Spectrochimica Acta Part B

Jill Wisnewski Ferguson, Timothy J. Dudley, Mark S. Gordon, and R. S. Houk

Abstract

Chromium polyatomic ions in ICP-MS are studied using a high resolution ICP-MS
device. These ions include CrO", CrOH", CrO,", CrO,H", CrO,H,"*, CrO;*, CrO3;H", and
CrOs;H,". Accurate m/z measurements are made of these previously unidentified ions. Ion
identities are confirmed using isotope ratios. The prevalence of these rather abundant
CrO4H," species is found to be independent of the oxidation state of chromium introduced
into the ICP. Elements surrounding chromium on the periodic table, such as W, Mo, V, Ti,
Mn, and Fe, are also studied. Results indicate that chromium is unique in its polyatomic ion
formation. Finally, dissociation constants are evaluated to determine gas kinetic
temperatures (Tgs) for the dissociations of CrO," and CrOH" to CrO” that are thought to

describe the location of ion formation in the ICP-MS device.

Introduction

Platinum group elements (PGEs), such as Pt, Pd, and Rh, are often used as catalysts
for the control of automobile and industrial emissions. While this use limits the harmful

byproducts of automobile exhausts, it also leads to PGE pollution, especially near roadways
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[1, 2, 3]. The levels of these elements are often measured by ICP-MS. Chromium is also
monitored often in environmental and clinical samples and has catalytic properties.

High resolution ICP-MS devices offer a distinct advantage in chromium
measurements, as common polyatomic ions are present at m/z = 52, 53, and 54. However, it
is often thought that quadrupole devices are sufficient for the detection of palladium,
rhodium, and ruthenium, as common polyatomic ions are not prevalent at those m/z levels.
Matrix separation, primarily employing ion exchange columns, has been used to diminish the
appearance of ions such as **Ar®Cu*, ¥Y'°0", and '""Hf'°O" during the determination of
platinum and palladium in environmental samples such as dust [4, 5, 6, 7]. However, results
for Pd even after separation indicate recovery of over 200% in some instances, indicating the
presence of unidentified interferences [7].

Researchers have not fully identified and compared polyatomic interferences
stemming from chromium at these masses. Krushevska and co-workers documented
interferences on rhodium seen in their laboratory with a high chromium matrix [8].
However, only the chromium interferences at m/z 102 and 103 were discussed. Polyatomic
ion identities for these masses were proposed but not confirmed.

This paper describes remarkable chromium polyatomic ions such as CrO,", CrO,H,",
and CrOs;H™ which obscure the measurement of Sr, Rb, Ru, Rh, and Pd. These ions are
unequivocally identified by the use of chromium isotope ratios and accurate m/z
measurements. While polyatomic ions with more atoms are generally expected to be less
abundant from the ICP, this is not the case with these notable chromium species. The effect
of the oxidation state of the chromium introduced into the ICP is also explored. Metals
surrounding chromium on the periodic table, such as Ti, V, Mn, Fe, Mo, and W, are also

studied to determine if chromium is unique in its polyatomic ion formation. Experimental
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measurements and theoretical data are combined to evaluate a dissociation constant for

polyatomic ions. This generates a T, value which points to the location of polyatomic ion

formation.

Experimental

All experiments were done on a ThermoFinnigan ELEMENT 1 in medium or high
resolution, m/Am = 4000 and 11000 respectively. Solutions of 50 ppm Cr in 1% nitric acid
were nebulized with a 100 uL/min PFA nebulizer from Elemental Scientific Inc. This
concentration was chosen to mimic industrial measurement of palladium, where some
unknown and unusual polyatomics were first noticed with a quadrupole device [8]. Solutions
of 50 ppm Ti, V, Mn, Fe, Mo, and W in 1% nitric acid were also analyzed as a basis for
comparison. Nickel cones were used and conditions such as power and gas flows were
optimized to maximize signal for atomic standards. Mass bias measurements were
conducted as outlined by Ingle, Sharp, and coworkers [9], so that signals at different m/z
could be accurately compared.

Polyatomic ion identification techniques have been previously discussed in more
detail by the authors [10, 11, 12]. Accurate mass measurements are made using wide m/z
acquisition windows, so known atomic ions can be captured as well. These atomic ions
provide a reference m/z measurement that determines the difference between the actual and
measured masses of ions at a particular magnet mass setting. Measurements are made in
medium and high resolutions. Identifications proposed for the polyatomic ions are verified

by isotope ratios.
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Results and Discussion

Discovery and Identification of Ions

Unusually intense signals were repeatedly seen in the ranges m/z = 83.92 — 87.95 and
97.92 - 103.95 when nebulizing solutions of 50 ppm Cr. These ions were not observed from
blank solutions of 1% nitric acid, nor from solutions of Ru, Rh, or Rb. The signals from
these unidentified ions were equal to or more intense than the M" count rate obtained from 10
ppb solutions of Rb, Ru, and Rh. The natural chromium isotope ratios were observed in
these unknown peaks, and were eventually used in confirming the polyatomic ion identities.
Spectra are shown in Figures 1 and 2.

The discovery of additional ion peaks in high resolution is an important progression
in the unequivocal identifications put forth here. For example, medium resolution spectra of
50 ppm Cr at m/z=86 show two peaks which are not fully resolved at m/z 85.9315 and
85.9474 (Figure 1a). These peaks could be identified as >*Cr'°0O,* and **Cr'°O,H,".
However, an examination of this same mass range in high resolution (Figure 1b) uncovers
three distinct ions in this range. Signals at 85.9385 (**Cr'°0,"), 85.9476 (**Cr'®0,H"), and
85.9555 (52Cr1602Hz+) are observed, and isotope ratio matches can be made for 54CI'1602+ and
3 2Cr“’OgH2Jr with other chromium polyatomic ions. > 3CI'1602H+ cannot be confirmed via
isotope ratios, because it is not fully resolved from 32Cr'°0,H,", a more intense peak, in high
resolution. However, mass offsets, as well as the isotope ratio confirmed identifications of
cr'%0,H*, **Cr'°0,H", and **Cr'®O,H" all support the peak at 85.9476 being identified as
S3Cr0,H.

The ions listed in Table 1 all contain one chromium atom with oxygen and often
hydrogen. Spectra were also obtained in the m/z range ascribed to polyatomic ions with more

than one chromium atom. However, these ions were much less abundant than their single
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- chromium counterparts. In addition, the resolution required to resolve any probable ions is
higher than that achievable from the high resolution device employed. In any case, it is
known that for neutral Cr.O, molecules, it takes about 1 eV to break off a Cr atom, the
lowest energy required of any possible dissociation. Removing one oxygen requires about 5
eV. Splitting the molecule into two, each containing a chromium atom, is the intermediate
energy pathway. So it is likely that a Cr,O4 molecule would lose a chromium atom, as it is
the lowest energy dissociation pathway. Additionally, the Cr-O bonds are stronger in CrOy
than in Cr,O, molecules, as determined from the bond lengths calculated for these molecules
[13]. This information seems to further support the high abundance of the CrOH," species
relative to Cr,O<H,".

Generally, the abundance of polyatomic ions in ICP-MS should decrease as the
number of atoms in the polyatomic species increases. For instance, ArH™ is more abundant
than ArH,". Chromium polyatomic ions blatantly breach this commonly held principle.
Figure 3 outlines some of the unusual ion signals seen. This figure accounts for mass bias,
which traditionally makes ions of greater m/z more intense than ions of lower m/z at the same
concentration. Species up to CrOs3H," are abundant. CrO," is more abundant than CrO",
CrOs;H" is more profuse than CrOs;", and CrOsH" is nearly as intense as CrO". These results

are surprising and lead to further investigation of chromium polyatomic ions in ICP-MS.

Chromium Oxidation State and Polyatomic Ions

While Cr(1II) is not generally considered hazardous, Cr(VI) is a known carcinogen.
Solutions of 50 ppm Cr(V1), 50 ppm Cr(II), and 50 ppm Cr of an unknown oxidation state
were all tested separately to see if differences existed in the formation of these unusual

polyatomic ions. Figure 4 compares the results from chromium solutions of different
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oxidation states. Slight differences in individual solution concentrations are accounted for in
this figure. The solution with the unknown oxidation state consistently produced less
polyatomic ions than either the Cr(IIl) or Cr(VI) solutions. This could be due to a variety of
factors, including the age or origin of the standard. However, it does not appear between the
Cr(IIl) and Cr(VI) solutions that one steadily produces more polyatomic ions than the other.
This result is important to note, since it confirms that all chromium solutions produce
polyatomic interferences on Rb, Ru, Rh, and Pd, not just solutions that contain chromium in
a specific oxidation state. This also indicates that the effect of the plasma, interface, and/or

ion extraction is more influential in creating these polyatomic interferences than the original

solution composition.

Comparison of Polyatomic Ions from Chromium and Other Metals

The polyatomic ions generated from chromium are unusually intense and include a
large number of atoms. Next, the elements surrounding chromium on the periodic table were
studied to determine if chromium is unique in this trait. Ti, V, Mn, Fe, Mo, and W were
chosen for study because of their proximity to Cr on the periodic table. Solutions of 50 ppm
of the metal of interest were individually introduced and m/z values corresponding to
MOXHy+ species, where x=1-3 and y=0-3, were monitored.

Figure 5 outlines the comparison between all the metals tested. Adjustments for mass
bias, isotopic abundance, and concentration have been made. This includes a molar term, so
elements of varying atomic weights can be accurately compared on a mole to mole basis. In
addition, these data are normalized to the abundance of the analogous CrO,(Hy+ ion from

chromium of an unknown oxidation state, i.e. chromium has a consistent value of 1.0 on the

y-axis for each ion shown.
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W, Mo, Ti, and V all generate more of the MO™ species than Cr does. This result is
not surprising, as these metal cations all have higher oxygen atom affinities than the
chromium cation. In an ICP/SIFT (selected ion flow tube) device the M™ ions from these
four elements all undergo a bimolecular oxygen atom transfer, whereas chromium exhibits a
slow O, addition pathway, resulting in CrO," [14]. Similar results were seen in surface

ionization ion beam experiments [15].

M+ 0, —>M 0" +0 bimolecular O atom transfer (1)

M"+0, - MO, 0, addition ()

The only other ion that is more abundant than its chromium counterpart is MoO3".
Kretzschmar et al. calculated the energies of MoO, ", where x=0-3 [16]. The three oxygen
species was found to have the lowest energy, making it the most stable ion. This may be why
the abundance of MoO;" is higher than expected, particularly in comparison with chromium.

However, the balancing of thermodynamic stability and ICP methodology still needs to be

explored.

Gas Kkinetic temperature

Experimental data were combined with calculated energies and partition functions of
the ions to evaluate dissociation constants. The resulting Tg,s value indicates the polyatomic
ion formation or removal process [10, 11, 12]. The reaction studied was

CrOH" A CrO" + H (3)
The energies of states were specifically calculated for our purposes here and are reported in
Table 2. These values are similar to those calculated for neutrals by Espelid [17]. The

methodology of the calculations will be described separately [18].
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A Ty value of 850 K is calculated for the ratio CrOH"/CrO" using only the ground
state of each ion. If the lowest excited electronic state of CrOH" is included in the partition
function, the temperature is decreased by 10 K. An alternative calculation was also
employed, which estimates the amount of CrOH" in the excited state at 5800 K, which is the
gas kinetic temperature of the region of the plasma sampled (determined by the measurement
of CeO"). The portion of the CrOH" signal attributed to the excited state then dissociates into
CrO". The Teas value for this scenario is 600 K. These numbers are not remarkably different,
and they all indicate that CrOH" is being formed near the terminus of the interface region.
This result is encouraging, as it suggests that the abundance of these polyatomic ions may be
reduced with changes in the design of the interface region.

Chromium dioxide cation was also studied. This ion is more abundant than either
CrO" or CrOH". The reaction studied was

CrO," ACrO"+ O 4
Again, the energies of states were expressly calculated for our purposes here and are shown
in Table 3 [18]. CrO," has two degenerate ground states. The energies calculated agree with
the work published by Fiedler [19].

The ion ratio CrO,"/CrO” corresponds to a Ty, value of 2100 K, indicating excess
formation of CrO," after the plasma. Including the low lying electronic states of CrO," and
CrO" only lowers the temperature by 50 K. It appears that CrO," formation occurs at a
region of higher gas density in the interface than that of CrOH*. CrO," is more abundant
than CrOH". There are an increased number of collisions possible at the 2100 K region of
the interface compared to a position closer to the skimmer corresponding to 850 K. This may

explain the relative abundances seen of these two ions.
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Conclusions

Polyatomic ions in the form CrOH," are abundant and can obscure the measurement
of Rb, Sr, Ru, Rh, and Pd, among other elements. Other metals near chromium on the
periodic table were investigated, and chromium was the only metal tested that formed such
abundant polyatomic ions. As the intensity of these polyatomic ions is not related to the
oxidation state of chromium, it is important to determine the chromium levels in samples
before determining the PGE concentration by quadrupole ICP-MS. By calculating the gas
kinetic temperature of CrOH" and CrO,", it is determined that both of these ions are
produced in excess after the plasma, most likely in the interface region. Further work is
being done to calculate the T, values of more of these complicated ions, to gain insight into

their formation or removal processes.
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Tables

Table 1: Chromium polyatomic ion identities. All species except for ~Cr'°0,H" have been

isotopically matched to another chromium polyatomic ion to within 5%.

Ion Mass Ion Identity
81.9363 Ner'®o,t
82.9441 Nerl®o,H*
83.9303 2cr'%0,*
83.9519 Scr'®o,H,"
84.9305 Berto,”
84.9382 2Cr'®0,H"
85.9287 *ert®o,*
85.9383 Scr'%o,H*
85.9460 2Cr%0,H,*
86.9365 *crto,H*
86.9461 Bcert®o,H,*
87.9444 Mcert®o,H,*
97.9312 cr%o,t
98.9390 Ocr%0,H*
99.9252 32Cr%0,*
99.9469 Ocr'®05H,"

100.9331 S2Cr'0H*
101.9332 S3Cri%0sH"
101.9409 S2Cri%03H,"
102.9314 MCri%0,H"
102.9410 S3Crl%03H,*
103.9393 MCrl%ozH,*
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Table 2: Energies of states of CrOH" and CrO*

Dissociation Energy to CrO” (eV)
Ground State Degeneracy
Vibrational Modes

Vibrational Energies (cm'l)

Rotational Constant x (cm’])
Rotational Constant y (cm™)

Rotational Constant z (cm'l)

CrOH" (ground)
1.105

3

3

402.42

748.55

3854.6

49.1

0.386

0.383

CrOH" (excited)
0.410

3

3

425.36

745.77

3856.0

50.1

0.385

0.382

CrO*

585.21

0.507



Table 3: Energies of states of CrO,*

Dissociation Energy to CrO* (eV)
Electronic State

Ground State Degeneracy
Vibrational Modes

Vibrational Energies (cm‘l)

Rotational Constant x (cm"])
Rotational Constant y (cm™)

Rotational Constant z (cm'l)
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Figure 1a: Medium resolution spectrum of 50 ppm Cr(Ill) in 1% nitric acid. Asterisk

denotes ions for which high resolution resolves two separate ions.

Peak Centroid Integrated Intensity Assigned Identity
83.9328 2258839 2crt®0,*
83.9520 9892 Scr'®0,H,*
84.9383 744414 * S3Cr100,
85.9315 83626 Acr'o,”
85.9474 168948 * 2Cr'%0,H,"
86.9324 35317 Mer'o,Ht
86.9487 21353 Bcr'®o,H,*
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Figure 1b: High resolution spectrum of 50 ppm Cr(III) in 1% nitric acid.

Peak Centroid Integrated Intensity Assigned Identity
83.9392 634716 2cr'o,t
83.9605 12636 Ncr'o,H,*
84.9399 82677 Berto,*
84.9473 172182 2cr'®0,H*
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85.9476 30339 Ser'o,HY
85.9555 237313 2cr'0,H,"
86.9464 5956 SMer'o,HY
86.9557 28468 3cr'®o,H,*
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Figure 2a: Medium resolution spectrum of 50 ppm Cr(III) in 1% nitric acid. Asterisk

denotes ions for which high resolution resolves two separate ions.

Peak Centroid Integrated Intensity Assigned Identity
99.9302 49565 Cr'®05*
99.9510 12796 Cr'®0;H,*
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102.9406 96063 * MCr'®o,HY
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Figure 2b: High resolution spectrum of 50 ppm Cr(Il) in 1% nitric acid. Y axis has been

limited to allow for visualization of less intense peaks.

Peak Centroid Integrated Intensity Assigned Identity
99.9334 28931 Cr'°0,5*
99.9546 6619 Ocr'o;H,*
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102.9492 19241 3Cr'o;H,*
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Figure 3: CrOH," ion intensities. All ions shown are adjusted for mass bias and intensities

have been normalized to CrO™.
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Figure 4: Comparison of ion abundances from different oxidation states of chromium. All

ions have been adjusted for mass bias and concentration.
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Figure 5: Comparison of different metals. Adjustments have been made for mass bias,
concentration, and isotopic abundance. Cr has a value of 1.0 for each ion shown, and all

other elements are normalized to Cr.
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CHAPTER 5. GENERAL CONCLUSIONS

Polyatomic ions have been a known source of analyte interference in inductively
coupled plasma — mass spectrometry since the early days of the technique. Explicit
identification is the first aspect in studying any ion in ICP-MS, but one that is often glossed
over, particularly in the discussion of polyatomic ions. In the work presented here, many
polyatomic ions have been definitively identified. The use of high resolution, accurate m/z
measurements, measured mass defects at each magnet mass setting, isotope ratios, and the
addition of specialized solvents allows for proposed ion identities to be confirmed.

Calculating the gas kinetic temperature to evaluate a dissociation constant for a
proposed ion pair lends insight into the formation or removal process for the polyatomic ion.
Common polyatomic ions such as NO" and H,O" have been investigated, as well as less
studied ions such as NoH*, COH,", and CrOxH,". Some of these ions have not been
previously identified in the literature. Changes in cone material and extraction voltage have
been studied to determine their impact on polyatomic ion formation. Additionally, different
models of neutral gas density have been employed to represent different poéitions and
conditions in the interface region.

In the future, an instrument interface region could be redesigned to reduce the
formation of some of the polyatomic ions studied here. Cone angle, spacing, and material
should be explored further, as these studies would only require minor adjustments to existing
instruments. Polyatomic ions containing carbon, nitrogen, and hydrogen are prevalent in the
mass spectrum, and further knowledge about these ions would improve the determination of

aluminum, phosphorous, and sulfur, three elements for which ICP-MS faces some

challenges.



The research yet to be done on polyatomic ions in ICP-MS is boundiess, as they exist
in every region of the mass spectrum and seem to play a role in every analysis. My research
has not only brought insight to the polyatomic ion issue, but has prepared me well for a wide
variety of ICP-MS work that I hope to execute in the future. Ilook forward to the challenges

this issue presents, and I feel confident that strides will continue to be made in the study of

polyatomic ions by high resolution ICP-MS.
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