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Abstract of Dissertation Presented to the Graduate School of the
University of Florida in Partial Fulfillment of the Requirements for

the Degree of Doctor of Philosophy

The Characterization of Atmospheric Pressure Ionization/Tandem
Mass Spectrometry for Direct Atmospheric Analysis

by

Kenneth Paul Matuszak

April, 1988

Chairman: Richard A. Yost

Major Department: Chemistry

Atmospheric pressure ionization (API) has been shown to be very

useful when combined with tandem mass spectrometry in performing direct

atmospheric monitoring of trace compounds. The design and development

of a new API source that has been developed to be compatible with a

commercial, turbomolecularly-pumped triple stage quadrupole (TSQ)

tande mass spectrometer (MS/MS) is presented. This API/MS/MS

instrument has been used to study (1) direct atmospheric sampling by

mass spectrometry, (2) the production of ions in the atmosphere, (3)

the effects of supersonic expansion on the clustering of these ions

with neutral species, (4) the effectiveness of declustering of these

ions by collisional and (5) the ability to qualitatively

identify atmospheric gases These studies will serve to lay the
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groundwork for the development of an instrument capable of performing

trace analysis while performing direct atmospheric monitoring.

This API source utilizes a corona discharge for the primary

ionization of the atmospheric molecules and an orifice system to

selectively leak the ions into the mass analysis region. It has been

constructed so that it is interchangeable with a standard electron

ionization (El)/chemical ionization (Cl) source on a Finnigan-MAT TSQ

70 triple quadrupole tandem mass spectrometer. In developing this

source, a program to model the ion optics (SIMION) has been used to aid

in the design of the post-orifice lens configuration.

The design of this source is such that memory effects have been

essentially eliminated and the clustering of ions with molecules in the

post-orifice region has been significantly reduced. Samples that have

been studied include a variety of laboratory solvents. These solvents

have been injected into streams of pure nitrogen carrier gas and have

been analyzed under direct atmospheric conditions by bringing the caps

of the solvent bottles near the sampling region of the API source.

Recommendations are made for overcoming the limitations of the

present API source design and lens system. These include the

consideration of supersonic jet expansion theory to redesign the post¬

orifice lens system and additional modifications to the discharge



CHAPTER 1

INTRODUCTION

The purpose of this work is twofold: first to design, construct,

and develop, a new atmospheric pressure ionization (API) source for a

turbomolecularly-pumped triple stage quadrupole (TSQ) tandem mass

spectrometer (MS/MS), and second, to characterize and apply this new

source to study (1) direct atmospheric sampling by mass spectrometry,

(2) the production of ions in the atmosphere, (3) the effects of

supersonic expansion on the clustering of these ions with neutral

species, (4) the effectiveness of declustering of these ions by

collisional and (5) the ability to qualitatively identify

atmospheric gases. These studies will serve to lay the groundwork for

the development of an instrument capable of performing trace analysis

while performing direct atmospheric monitoring. Such an instrument

could be used as an airport "sniffer" for drugs and explosives, or as

an on-line vapor detector in the microchip, incineration, or chemical

production industries. The major use of such an instrument, however,

is anticipated as an environmental monitor for chemical waste spills

and chemical dump sites or other forms of environmental contamination.

Analytical Scenario

Because this API source is interchangeable with the standard

electron ionization (EI)/chemical ionization (Cl) source for a

1
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commercial tandem mass spectrometer, one such use would be as a

preliminary pollution detection device, that is, trument

to perform direct atmospheric analysis, sampling at various locations,

and determining possible contamination of the air at each area of

analysis Thus, the instrument in that configuration would be able to

perform preliminary identification of the pollutants present, as well

as quantitation to determine the extent of the contamination. Once a

site of contamination was found, the API source could be interchanged

with the standard EI/CI source and the instrument in this configuration

could be used to analyze soil and water samples in the surrounding area

with ionization techniques which already established and

standardized for these two forms of sample matter In this way, the

extent of contamination could be mapped out in the full environmental

scheme of air, water, and soil.

Overview of API/MS

Background and History of API/MS

To perform the analysis of atmospheric gases by mass spectrometry

there are two basic approaches. Because a mass spectrometer operates

under high vacuum, in the case of a quadrupole instrument at 10 -5 to

10 -7
torr, the pressure of the atmospheric sample must be vastly

reduced. The first approach (Figure 1.1) is to bleed the atmospheric

sample through an orifice or membrane and use high-vacuum pumps to

reduce the pressure to that typically used in the ionization region for

normal mass spectrometry. Unfortunately, while doing this, most of the
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Vacuum To Atmospheric
Interface

Figure 1.1

An atmospheric sampling methodology in which gas
ionized.

reduced to
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analyte is pumped away with the excess gas. For trace analysis this is

obviously undesirable.

The second method (Figure 1.2) is to somehow ionize the analyte at

atmospheric pressure and focus the ions through a small orifice into

the mass analysis region by means of electrostatic fields, while

pumping away the excess gas.

API is a unique ionization technique for mass spectrometry.

Ionization occurs outside of the mass analysis (high vacuum) region of

the mass spectrometer and the ions are permitted to enter the high

vacuuj region, usually via a sub-millimeter orifice in a thin

diaphragm.

Molecules in an atmospheric pressure gas can be ionized by passing

high energy electrons through the gas allowing, the gas molecules to

collide with these electrons. This ionization process can produce both

positive and negative ions. Positive ions are formed when an electron

(e‘) collides with a gaseous molecule (G) and causes a second electron

to be ejected, as in Equation 1.1.

G + e G+ + 2e (1.1)

Negative ions are generated when a low energy (near thermal)

electron is absorbed by a molecule of the gas, as in Equation 1.2.

This is called electron capture ionization.

G + e (1.2)
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Figure 1.2

An atmospheric sampling methodology in which sample is ionized, sample
ions are focused by electrostatic fields into mass analyzer, and
gas is pumped away.
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The can further react with background molecular species to

form background reagent ions. In the case of direct atmospheric

analysis, positive ions are formed when N2 and H2O molecules in the air

react with the high energy electrons (Equations 1.3 and 1.4).

n2 + e" - n2+ + 2e ‘ (1.3)

h2o + e' - h2o+ + 2e' (1.4)

These ions can further react by charge exchange and proton transfer

reactions through collisions with other background molecules (Equations

1.5 and 1.6) form reagent ions .

n2+ + h2o CMt + h2o+ (1.5)

h2o+ 0CMX+ - h3o+ + HO (1.6)

Sample molecules (M) can react with these reagent ions by proton

transfer or charge exchange to form molecular (M4") or pseudo-molecular

(M+H+) ions (Equations 1.7 and 1.8) .

M + h2o+ - M+ + h2o (1.7)

M + h3o+ - M+H+ + h2o (1.8)

Ion clusters can also be formed when ions associate with neutral

species before the orifice or in the supersonic expansion in the post¬

orifice region Low molecular weight molecules readily form clusters

with ionized species Thus sample and hydronium ions may cluster with

either sample or water molecules (Equations 1.9-1.12).
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+ M - m2+ (1.9)

M+ + h2o - m+h2o+ (1.10)

M+H+ + h2o - M+H3 0+ (1.11)

h3o+ 4- h2o - H(H20)2+ (1.12)

In the preliminary studies with a commercially developed [1] but

never marketed API source in an attempt to perform direct atmospheric

monitoring, as many as 20 water molecules have been observed to cluster

with a hydronium ion (Equation 1.13) to form a distribution of water

cluster ions (Figure 1.3).

H30
+

nH20 H(H20)n+i
+ where n = 1-20 (1.13)

At atmospheric pressure, molecules will undergo multiple collisions

and those with the highest proton affinity (for positive ions) or

highest electron affinity (for negative ions) will quickly become

ionized by means of charge or proton transfer with the ions from the

bulk gas. Because this is a collisional energy transfer, API is a low

energy process and therefore little fragmentation of the molecular

analyte ion will occur. Also, due to the multiple collisions, chemical

and thermal equilibria will be established in the gas and thus there

should be nearly a 100% ionization efficiency for analyte molecules

that possess these characteristics. These factors should lead to a

very high sensitivity. High selectivity is also obtained for certain

classes of compounds because of this non-democratic process.

Sampling of Ions Formed at Atmospheric Pressure

Some of the earliest cases of performing mass spectrometric

analyses upon ions formed at atmospheric pressure were performed by
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Knewstubb and Sudgen [2-5]. They used a 50 /¿m sampling orifice in a

thin platinum foil attached to a water-cooled block, sampling ions

produced in an atmospheric flame, to study the combustion chemistry of

flames. Their system utilized three stages of differential pumping to

reduce the pressure from atmospheric down to less than 10 -6 torr in the

analyzer region of their magnetic deflection mass spectrometer

Kebarle and co-workers [6-8] used a-particle radiation to study the

chemistry of the ionization processes for "spectroscopically pure
ft

gases near atmospheric pressure. Their system utilized a 75 /¿m orifice

to sample ions from these pure gases into a differentially pumped

magnetic deflection mass spectrometer at pressures less than 10"^ torr,

a similar instrument to that used by Knewstubb and Sudgen. They found

that the spectra from the gases were dominated by ions from trace

impurities in the gases, especially from water. Kebarle [9] used these

findings to study the kinetics of the ionization process and the

production of water cluster ions, of the form (H20)nH+, formed in the

post-orifice adiabatic expansion from the atmospheric pressure source

to the high vacuum of the mass spectrometer.

At about the same time, Shahin [10] developed a system for the mass

spectrometric study of corona discharges in air at atmospheric

pressures. Ion products were sampled using a 15 \xm aperture into a

differentially pumped region. This analyzer region (a quadrupole mass

analyzer) was maintained at about 1 x 10 -5 torr. The major positive

ions that he rved were (H2Ü)nH“h and (H20)nN0+ clusters in wet

nitrogen. He also found that (H20)nH+ could be dissociated to HjO* by

collisional means in the post-orifice region by increasing the pressure

and accelerating the ions through that region.
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Analytical API/MS

Two excellent articles [11-12] review in detail the history of

API/MS and the currently available API/MS technology. Because API is a

"soft" ionization technique, the major positive ions formed and

detected with mass spectrometry are the molecular ((M)+), pseudo-

molecular ((M+H)+), and cluster (Mx+H)’r, or [M(H20)X+H]_r) ions.+ + +

In the API source chemical and thermal equilibria are established owing

to the large number of collisions occurring at atmospheric pressure.

This leads to a nearly 100% ionization efficiency for compounds with

either high proton or electron affinities [11]. The absolute

ionization efficiency for a normal El source is approximately 1 ion for

ry
4 olecules and a Cl source may be 10 or 100 times greater than

this [11]. Therefore an API source has a great potential as a very

sensitive ionization source.

Many researchers have taken advantage of this and used API sources

in conjunction with gas chromatography (GC), liquid chromatography

(LC) , and supercritical fluid chromatography (SFC). In a series of

articles [13-15], Horning, et al., reported the development of an

API/MS system for analysis of GC effluents. In 1973 they demonstrated

the detection of 20 ng of nicotine, 20 ng of cocaine, 30 ng of

methadone, and 500 ng of caffeine in 1 /¿L of chloroform by GC/API/MS

using negative ions. Also analyzed were barbiturates, extracted from

urine, in the 3-5 /¿g/mL concentration range Mitchum et al. [16-17]

used an Extranuclear API/MS instrument to detect 60 pg of 2,3,7,8-

tetrachlorodibenzo-p-dioxin (TCDD) and 2,4,5-trichlorophenoxyacetic

acid (20 ppm in 3 /xL of whole blood and 30 ppb in urine and feces

samples) with capillary column GC as the sample introduction method.
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Tsuchiya and Taira [18], Carroll et al. [19], Scott et al. [20], and

Arpiño et al. [21] have all developed LC/API/MS systems and applied

them to a variety of sample types.

Because of the design of the sources described above, cleanliness

of the source and instrument was extremely important. Source regions

for these instruments were characteristically very small (<1 cmJ) and

this lead to contamination and memory effects. These sources also

suffered from orifice clogging and clustering problems and these two

problems would have been even more evident if these sources had been

used as direct atmospheric monitors.

While performing direct atmospheric analyses, the low energy API

method is likely to produce ions of the same mass-to-charge (m/z)

values from components of the same molecular weight. In order to

distinguish two such compounds it is therefore necessary to look at

fragments of these compounds. However, if fragmentation is caused

without first isolating the ion of interest, it would be impossible to

tell which ions were fragments or merely ions formed from other

compounds. Thus, to perform direct atmospheric analysis with an API

source, a separation step is needed before mass analysis.

API/Tandem Mass Spectrometry

Much work has been performed showing that a mass spectrometer can

be used as a mass separation technique followed by a second mass

spectrometer for sample analysis [22]. Presently, only three examples

have been reported of API sources being installed on tandem mass

spectrometers, all triple stage quadrupole instruments. Caldecourt,

Zackett, and Tou [23] constructed their own mass spectrometer and API

source to analyze vapors from manufacturing processes. Extrel
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Corporation [24] órame

source on a tandem mass spectrometer but as of this writing that svstem
J

is not commercially available.

Sciex Inc. [25] has developed a API/MS/MS system with liquid helium

cryogenic pumping. This API system has seen the most analytical usage

of any syste to date, although conventional mass spectrometric

ionization techniques cannot be used with this mass spectrometer. This

instrument has been shown by Bruins et al. to be applicable to LC [26-

27] by means of an "ion spray" interface for the analysis of sulfonated

azo dyes and to SFC [28] for the analysis of anabolic steroids at the

20-30 ppb concentration level. Snyder et al. have used the Sciex

API/MS/MS instrument with a pyrolysis probe to analyze various

pharmaceuticals in commercial polymer matrices [29]. The mobile Sciex

TAGA 6000 has been applied to dioxin analysis [30] and for the

detection of explosives and drugs in airports [31].

While the Sciex instrument has seen a wide spectrum of use, most of

the analyses performed with it can be more easily performed with

conventional, standardized methods utilizing EI/CI ionization. Its

true advantage is its API source. However, because of the liquid

helium cryopumping vacuum system, this instrument cannot be operated

near any appreciable levels of hydrogen or helium gas, as the vacuum

system has essentially no pumping speed for those gases.

One other tandem mass spectrometer system for direct atmospheric

analysis that needs to be addressed is that built by Glish et al. at

Oak Ridge National Laboratories [32]. This instrument uses an

atmospheric sampling ionization (ASI) source in which glow discharge

ionization occurs at sub-atmospheric pressures (0.1 to 1 torr), and a
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tandera quadrupole/tirae-of-flight mass spectrometer for analysis. This

source has been used to analyze the head space vapor of drinking water

with 150 ppm trichloroethylene, and the head space vapor over

trinitrotoluene (saturated head space vapor concentration for

trinitrotoluene is approximately 6 ppb).

Overview of Thesis Organization

This thesis is divided into 5 chapters. This introductory chapter

provides background material on atmospheric pressure ionization (API)

and its arriage with mass spectrometry (MS) to help the reader

understand the research described in succeeding chapters.

Chapter 2 describes the design of the API source which has been

constructed for this work and its interfacing to two different mass

Problems and characteristics of other early API sources

are described to-emphasize some o'f the features of this source.

The third chapter describes experimental results obtained during

the development of the API/MS/MS instrument and the use of these

results to guide the development of the API source to its final form.

Included in this chapter are descriptions of computerized ion optic

modeling which was used to help in source development and as an aid in

gaining an understanding into some of the results that were obtained.

A description of the analytical performance of the API/MS/MS

instrument as a direct atmospheric monitor can be found in Chapter 4.

The final chapter includes conclusions drawn from this work as to

the potential for this API/MS/MS instrument to analytically perform
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direct atmospheric analyses and proposes future work that should help

attain that goal.



CHAPTER 2

DESIGN OF THE API SOURCE

In designing a new ion source of any type for a mass spectrometer,

the design of the mass spectrometer and its component parts must be

taken into consideration. The API source for this work was developed

and modified to work with two different mass spectrometers.

Overall System Design

Even though the API source for this work was eventually modified to

be compatible with a Finnigan-MAT TSQ 70 triple-stage quadrupole tandem

ass spectrometer, at the inception of this work that instrument was

itself, still in the design stages. Initial source design work was

therefore performed on a Finnigan-MAT 4500 single quadrupole mass

spectrometer with the goal of obtaining a functional API source that

could later be adapted to the specifications of the mass spectrometer

at hand.

Early attempts at developing API sources for performing direct

atmospheric analyses suffered fro tany problems, not the least of

which were severe memory effects from previously analyzed samples,

clogging of the orifice, and clustering of the sample ions with neutral

molecules of the bulk gas [11]. Stringent cleaning procedures were

15
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required to clean these sources, including electropolishing of

stainless steel surfaces, boiling in deionized water, washing with

acetone or methanol, and baking at temperatures greater than 350 C.

Indeed, an API source developed (but never marketed) by Finnigan [1]

that generated the water cluster spectrum in Chapter 1 (Figure 1.3),

demonstrated many of these problems. Figure 2.1 is a schematic drawing

of this source, which is similar in design to many of the early API

The characteristics of this source include a small ion source

region (approximately 0.25 c
3 ,in volume), a discharge needle as the

high energy electron supply, adjustable needle - to - orifice distance,

sample inlet and outlet made out of 1/16" stainless steel tubing, and a

single orifice interface between the atmospheric and vacuum regions

During operation the source was heated to ca. 200 C, in order to reduce

memory e As can be surmised from viewing Figure 1.3, this

source had little use as a direct atmospheric monitor because of the

severe clustering problems. To be fair, this source was developed as a

GC-detector and not an atmospheric monitor, but even as a GC-detector

it suffered from memory effects (because of the small source region).

The goals of the development aspect of this work were to develop an

API source that would be able to perform real-time atmospheric

monitoring, mimize emory and interference effects, minimize the

amount of clustering, and achieve a high sensitivity for compounds of

interest.

Both the MAT [1] 4500 quadrup and TSQ 70 triple

quadrupole mass spectrometers utilize differential pumping (two 330 L/s

turbomolecular pumps) to evacuate the separate ion source and analyzer
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regions. Because these instruments are pumped differentially, a much

lower vacuum pumping speed is required (to maintain the analyzer

regions at a sufficiently low pressure so that the performance of the

analyzer is not degraded) than for a mass spectrometer which is pumped

by normal means. These pumping speeds are significantly lower than

those used by previously developed API/MS/MS instruments. Sciex has

reported extremely high pumping speeds (as high as 60,000 L/s) [251 for

its cryogenically pumped instrument. These pumping speeds allow for a

much larger orifice diameter (>100 /¿m) than previously developed

instruments (<20 /im) [33]. Sciex also claims that the large pumping

speeds allow for a very quick, large drop in the pressure after the

rifice to avoid the gas dynamics problem of shock waves at the end of

the supersonic expansion of the gas in this region [34]. However, the

differential pumping of the Finnigan instruments also allows for larger

orifice diameters, on the order of 70 ¿¿m for this design. And since

each of the two Finnigan instruments has easily interchangeable ion

sources and lens assemblies, the potential for developing an

interchangeable API source for these instruments was good.

Initial Source Design

Initial source design efforts began by developing an API source

that was compatible with a Finnigan-MAT 4500 single quadrupole mass

spectrometer while waiting for the new TSQ 70 tandem mass spectrometer.

In order to make the API source compatible and interchangeable with the

Finnigan EI/CI ion source assembly, it was built into a standard 6"
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stainless steel conflat flange. The Finnigan EI/CI ion source assembly

was mounted onto a similar flange, with associated electrical and gas

feedthroughs also mounted in this flange.

In order to reduce the interference and sample ry e ts, it

was necessary to start with a much larger internal volume for the

igure than used by the Finnigan API source.

To minimize the iber of lenses needed for focussing the ions from the

orifice to the quadrupole entrance, it was desirable to have the

rifice as close as possible to the pre-quadrupole focussing lenses.

Because the distance between the face of the flange on the front of the

instrument and the entrance to the quadrupoles was greater than 6", the

API source canister was designed to be inserted through this flange,

held in place by an o-ring. This limited the outside diameter of the

to less than 3.7”, which defined the inside diameter to be

approximately 2.6", a significant increase over the 0.5" diameter

source region of the old Finnigan API source.

The next step in designing a source for direct atmospheric

monitoring was to develop a system to efficiently draw sample air into

the source, past the discharge region, and then out of the source

This was accomplished by drawing sample air through concentric

glass tubes (Figure 2.2(b)), past the discharge region, and out a side

port attached to the source canister, by means of a common laboratory

blower fan that was modified to draw in sample air (=100 mL/min)

instead of blowing it out. The inner of the two concentric glass tubes

can be removed for cleaning when necessary.



Figure2.2

DevelopmentofanAPIsourcefordirectatmosphericmonitoringwith(a)alarge sourceregion,(b)inletsystemofconcentricglasstubes,(c)coronadischarge ionizer,(d)orificesystemandassociatedelectrostaticlenses.
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For a source of high energy electrons, the two most common methods

in API have been a ^Ni foil /3~ emitter and a corona discharge. The

radioactive foil has the advantages of using no external power and of

continually emitting a steady flux of electrons. However, the

electrons it emits have a wide energy distribution (the most probable

energy being ca 20 keV), and this energy distribution has a

significant tail at high energies [11]. As a result, the spatial

distribution of reactant ions is not well defined and the path length

of the electrons and ions vary over a wide range [11].

The alternative source of high energy electrons in API is a corona

discharge from the tip of a metal needle (often a common sewing needle)

to a planar surface (usually the plate containing the diaphragm). This

discharge provides a ore well defined spatial distribution of

electrons as well as a much higher electron flux. One other advantage

is the ability to select the needle-to-orifice distance, which may be

used to alter the relative intensity and distribution of ions produced

in the source However, it should be pointed out that, in order to

obtain a true corona discharge, a current-regulated, high voltage (up

to 10 kV), current limited (<20 /iA) power supply is required. Later in

this chapter, the design of such a power supply is discussed (there are

presently no such supplies commercially available); however, all

preliminary work was performed using a Bertan 205A-05R voltage-

regulated power supply which provided 0 to ±5000 V [35]. Because this

was a voltage-regulated supply, the discharge was unstable, and this

contributed to not only clogging of the orifice and short needle
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lifetimes (because of sputtering of the needle tip), but an ion signal

which was extremely noisy.

To provide a supply of electrons for this source, a discharge

needle was mounted in a teflon ring which threaded into the outer glass

tube (Figure 2.2(c)). By attaching the needle to the tube in this way,

rough control of the needle position and needle-to-orifice distance

could be accomplished by rotating the glass tube or by sliding it in or

out of the back plate of the source canister.

Finally, Figure 2.2(d) shows a proposed two-orifice and lens system

to focus the ions to the quadrupoles. Because clustering was such a

problem in the early sources, and because it is not clear what portion

of the clustering was occurring in the thermodynamic cooling of the

post-orifice supersonic jet expansion, it is therefore desirable to

prevent water and sample molecules from entering into this region.

Sciex uses a similar system [33,34] and pressurizes the region between

the two apertures with a relatively inert gas such as carbon dioxide or

nitrogen to act as an
it 4ion window" which is transparent to ions

(because of potential fields which pull the ions through this gas), but

is restrictive to non-ionized species of the sample gas which might

clog the orifice or cluster with the ions in the post orifice region.

In ion mobility/mass spectrometry, it is common to have a backstream of

a neutral nonreactive such as nitrogen or helium to prevent

particulate matter from reaching the orifice [36], so this idea is not

entirely unique to the Sciex instrument. Thus, it was felt that such a

streai of dry nitrogen gas ight serve both purposes for this

instrument, that is, to keep particulate matter away from the orifice
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and to keep all neutrals, except nitrogen molecules and small amounts

of impurities from the nitrogen supply, from entering the post-orifice

region.

Therefore, to provide this backstream of nitrogen gas, a two-

orifice system was designed that could be pressurized with nitrogen

gas. The gas would flow out into the atmospheric region of the source

and also into the vacuum region of the mass spectrometer. The first

orifice was a 500 /im aperture drilled into a stainless steel plate.

rved ome

focussing for the ions by electrically "floating” it relative to the

ground. The major interface between the atmospheric pressure source

region and the vacuum region of the mass analyzer was a thin,

replaceable, stainless steel diaphragm with a laser-drilled orifice

(20-100 /im diameter) obtained from Precision Aperture [37].

Two skimmer cone lenses were designed to focus ions and to divert

away from the axis of the mass analysis system so that the

gas could be more easily pumped by the turbomolecular pump in the

normal ion source region. The region after the orifice and before the

first conical lens (hereafter referred to as the post-orifice region)

is at relatively high pressure. Shahin in 1965 [10] noted the ability

to perform some declustering of the background water clusters by

accelerating the ions through this region Fite in 1971 [38] and Levy

in 1984 [39] noted the effect of multiple collisions in a supersonic

jet on thermodynamic cooling of molecules. Sciex applied similar

knowledge to develop an ion lens and gas skimming system to focus ions

in a supersonic jet expansion with little increase in their kinetic



25

energy spread [34]. This can be done by creating a potential

difference between the diaphragm and the first conical lens. If this

potential difference is sufficiently large, it can add enough kinetic

energy to the ion clusters that have formed to cause collisional

declustering with neutral molecules in the supersonic expansion. This

ability should help reduce clustering in the mass spectra.

Potentials for additional lenses not in the Finnigan system were

provided by a power supply designed and constructed by Mark Hail, a

fellow research group ember. The voltages for these lenses are

adjustable by means of ten-turn potentiometers from 0 to ±225 V and are

monitored by a 3-1/2 digit LED display.

API Source Configuration for Finnigan 4500

Unfortunately, discharging to the first orifice was not possible

with that lens floated because the lens power supply described above

did not provide a low output impedance. When a discharge is created

between the needle and another surface, the current will seek to follow

the lowest path of resistance to ground. Thus the power supply for

this floated orifice would need a very low output impedance If the

power supply does not have a low output impedance, a destructive

situation can occur in which the current passes through the electronic

circuitry of the mass spectrometer seeking a path to ground, and this

may result in the damage of circuit components. Since such a power

supply was not immediately available, the source design was simplified

(Figure 2.3) to include just one electrically grounded orifice
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(circumventing the need for the additional power supply) . In early

studies, a cage electrode was inserted in place of the second conical

lens to mimic the lens system of the old Finnigan API source. To solve

the problem of orifice clogging and cluster formation a flow of

nitrogen gas was directed in a stream from a tube placed near the

orifice parallel to the plane of the diaphragm. This design

significantly reduced the frequency of orifice clogging when performing

direct atmospheric monitoring.

API Source Configuration for Finni

To this source to the TSQ 70 syste several

modifications were made Figure 2.4 shows a schematic of the current

API source design This configuration again incorporates the less

complicated one-orifice system. However, in this design, the seat for

the diaphragm has been machined directly into a standard iso-K flange

which is a standard vacuum flange for the instrument. This flange is

divided into two sections with the inner section (which contains the

diaphragm seat) having electrical and vacuum isolation from the outer

ring The outer ring clamps directly onto vacuum

and makes interchanging sources relatively easy The first conical

lens (CL1 in Figure 2.4) is mounted on the flange with the diaphragi

seat. The second conical lens (CL2) , a lens directly behind it (the

back lens), a cylindrical lens, and three pre-quadrupole focussing

lenses are all attached to a grounded mounting plate which replaces the
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normal EI/CI source mounting plate and associated lenses. These lens

assemblies can be switched by loosening two alien screws

The API source canister and the associated lens system have been

designed to be totally interchangeable with the related Finnigan

components. Indeed, the instrument can be changed over from its normal

EI/CI operating configuration to an API/MS/MS system, evacuated, and

running in about 30 minutes. This increases the potential for the

system to be later developed for possible field work.

The most recent addition to the source configuration was the

development of a current-regulated, high voltage, low current, corona

discharge power supply. This supply is capable of producing "true"

(stable and invisible) corona discharges up to ±5000 V and with

currents in the range of 0.5 to 5 /¿A. Figure 2.5 is a schematic for

this power supply with the appropriate components labeled. The system

is centered around an EMCO [40] 2 to 6 kV adjustable high voltage dc-dc

The current from the discharge is monitored and used in a

feedback loop to regulate the input voltage into the dc-dc converter.

Current and voltage are adjusted with two ten-turn potentiometers. The

required voltage to generate a particular current depends upon

different environmental factors such as the composition of the gas near

the discharge needle, the flow rate of gas past the needle, and the

needle-to-orifice distance. If the environment changes, the voltage

changes so as to keep the current constant However, if the dc-dc

converter reaches its voltage limit, the system will become

unregulated. In this case, the circuitry has been designed so that a
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large drop in current will occur to prevent an erratic and possibly

dangerous discharge from ensuing.

Figure 2.6 is a schematic of the power supply for electrically

floating the orifice from 0 to ±500 V based on an EMCO E05 dc-dc

converter. This is a low output impedance power supply that is

adjustable by means of a ten-turn potentiometer.

All parts of this source (except the normal Finnigan pre-quadrupole

focussing lenses) including the power supplies for the corona discharge

and the orifice potential were designed in this laboratory and

constructed in the University of Florida Chemistry Department machine,

electronics, and glass shops.
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CHAPTER 3

EXPERIMENTAL RESULTS AND SOURCE DEVELOPMENT

Configuration
Finnigan 4500 Mass Spectrometer

As was stated in Chapter 2, the API source canister was designed to

slide through a modified 6" conflat flange and into the vacuum region

of the Finnigan 4500 single quadrupole mass spectrometer While this

gn allowed the API source to be compatible with the Finnigan

instrument, it caused several problems. The API source was designed to

be modular in construction so that design changes could be made to

selected parts of the assembly without the need to re-machine the

entire API source for each modification made. Unfortunately, at each

junction between individual parts of the source canister, there existed

the potential for gas leaks from the atmospheric pressure source

region, through the junctions in the assembly, into the vacuum region

of the mass spectrometer. The source was designed so that the orifice

plate was electrically isolated from the source canister (in the

initial design, a second orifice flange was to be inserted between, and

electrically isolated from, these two flanges). This concept was to be

used later in electrically floating this flange. Electrical isolation

was accomplished by means of placing am anodized aluminum, ring-shaped

spacer between these two components. Vacuum integrity was maintained

by two o-rings, one on either side of the aluminum spacer. The

34
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assembly was to be held together with nylon screws Because of the

large force of atmospheric pressure pushing on the orifice flange, the

nylon screws could not induce a sufficient counter pressure to maintain

vacuum integrity. The nylon screws were replaced by metal screws to

obtain vacuum integrity to some degree (although the metal screws did

not allow for electrical isolation), and a pressure in the analyzer

region of 1.2 x 10 -5 torr was eventually obtained for a 20 /¿m diameter

orifice. To calculate the expected pump-down pressure for an aperture

of this size, fluid dynamics can be applied to treat each stage of

differential pumping separately.

The conductance (C ) of a 20 ¿¿m diameter orifice at atmospheric

pressure can be obtained from equation (1) below [41].

C 76.6 x 6°*712 x (1-50-258)0-5 x

A

in Ls -1 (1)
1-5

where 5 =■ (P2/P1) < 1 (where P]_ and P2 are the respective pressures on

either side of the orifice) and A is the surface area of the orifice

(in cm"1). If p2 « P]_, then Cv^sc approaches the limiting value for

air in equation 2.

Cvise 20 x A, in Ls -1

A 20 /¿m diameter orifice has a surface area of

S = Trr2 - 7T x (1.0 x 10’8 cm)2 - 3.1 x 10"^ cm2. (3)
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Thus, for this system,

Cvise
= 20 x (3.1 x 10'6 cm2) = 6.3 x 10'5 Ls'1 (4)

The gas throughput, qpV> can be defined as in Equation (5)

Tpv Cvise x (P]_ - P2) , in torr*Ls -1 (5)

Substituting for C - ?! 760 torr, and making the approximation

that P]_ P2 P]_, the gas throughput is found to be 4.8 x 10 -2

torr * Ls -1 With qpV as defined above and s as the pumping speed of the
-1first turbomolecular pump (330 Ls"-1-), P, the expected pump-down

pressure for the first region of differential pumping, can be found

from equation 6.

P qPv/ (4.8 x 10'2 torr-Ls‘1)/330 Ls'1 1.5 x 10 -4 torr. (6)

Applying this calculation again, now with P]_ 1.5 x 10 -4
torr, and

with an aperture radius (for the aperture between the first and second

vacuum chambers), r, of approximately 0.15 cm, the expected pressure in

the second region of differential pumping is 6.0 x 10 -7 torr.

Although, in the calculations above, the nominal pumping speeds for the

turbomolecular pumps were used and the effective pumping speeds are

somewhat less (because of restrictions), the failure to get the

analyzer pressure below 10 -5 torr seems to indicate that the o-ring

design was inefficient in its ability to maintain vacuum integrity.
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Nevertheless, even though the vacuum integrity of the source was

poor, these pressures were sufficient to perform mass spectrometry. The

first ions generated with this source, in a one-orifice (at ground

potential) system with no nitrogen jet, were cluster ions of the form

H(H20)n+ (n 5 (m/z 91) to n 21 (m/z 109)), (CH3)2C0H(H20)n+ [n = 3

(m/z 113) to n = 8 (m/z 203)], [(CH3)2COH]2(H20)n+ [n = 2 (m/z 153) to

n = 4 (m/z 189)], generated by inducing a flow of laboratory air past

the discharge region (Figure 3.1). The acetone ions are from residual

solvent left after source cleaning, which vaporizes off the source

walls and diffuses to the discharge region because of the lack of a

nitrogen jet. These ions were of very low intensity, and the lack of

cluster ions with higher m/z values probably results from a lens tuning

effect.

Without the nitrogen gas or an electrically floated orifice, this

source configuration had only limited abilities for declustering.

Figure 3.2 shows the resulting mass spectra (all normalized to the same

intensity) when the potential difference between the grounded orifice

and the first conical lens was changed from 2 to 8 V. While the effect

is not dramatic, the slight decrease in the cluster ions with higher

m/z values relative to those with lower m/z values is apparent.

However, even when analyzing vapor samples injected into a nitrogen

stream (no direct atmospheric monitoring), clustering was still a

problem. Figure 3.3 (a) - (c) shows mass spectra obtained for

representative compounds which undergo charge exchange ionization in

the API source, carbon disulfide (MW 76), benzene (MW 78), and toluene

(MW 92), respectively. Carbon disulfide forms almost exclusively the
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(a) 2 V Potential Difference

(b) 4 V Potential Difference

(c) 6 V Potential Difference

(d) 8 V Potential Difference

n/z

Figure 3.2

Declustering in post-orifice region with grounded orifice, no declust
ering gas, and with the potential of the first conical lens at (a) -2
V, (b) -4 V, (c) -6 V, and (d) -8 V.



Figure 3.3

API/MS of compounds that undergo charge exchange ionization in a pure
nitrogen stream (a) carbon disulfide, (b) benzene, and (c) toluene.
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M2+ cluster ion. Benzene and toluene form both the M4" molecular and

the M24 cluster ions. Figure 3.4 (a) - (c) shows mass spectra obtained

for representative compounds which undergo proton transfer ionization

in the API source, acetone (MW 58), ethyl acetate (MW 88), and methanol

(MW 32), respectively. Acetone and ethyl acetate form both the (M+H)
+

pseudo-molecular and the (M2+H)"1" cluster ions The ions formed from

methanol display severe clustering and are of the form [M+H(H20)n] (n

2 5), [M2+H(H20)np (n 0 2), [M3+H(H20)np (n = 0 and 1), and

(M4+H)+.

Adaptation of the API Source to the
Finnigan TSQ 70 Mass Spectrometer

TSO 70 Characteristics

This mass spectrometer has some unique characteristics, most of

which have proven beneficial to performing source development on it.

This instrument is almost totally under microprocessor control. All

valves, pumps, heaters, and most importantly lenses and quadrupoles can

be controlled by "firmware If ( code stored on erasable,

programable read-only memory (EPROM) chips) which accesses 5 single

board minicomputers located on the instrument This allows

sophisticated tuning and optimization to be performed with relative

ease. The instrument is differentially pumped by two 330 Ls -1

turboraolecular pumps, which can reach a vacuum suitable for mass

spectrometry in less than 15 minutes (with no additional gas loads on

the system). The vacuum manifold is shaped as a rectangular box, with

a thick, glass lid, which presses down on two o-rings (one each for the



Figure 3.4

API/MS of compounds that undergo proton transfer ionization in a pure
nitrogen stream (a) acetone, (b) ethyl acetate, and (c) methanol.
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differentially pumped ion source and analyzer sections) to maintain a

suitable vacuum. Vacuum flanges on the instrument are standard 6"

diameter iso-K flanges which clamp onto the manifold using an o-ring

between the flange and the manifold to maintain vacuum integrity. All

lenses and quadrupoles are mounted on an optical rail for easy

maintenance (and in this case easy modification) and are each held in

place by only one or two screws The normal EI/CI ion source and lens

assembly mounts to this optical rail in the first differentially pumped

chamber of the mass spectrometer, and is removable by loosening two

alien screws.

Source Modifications and Ion Optical Modeling

In order to interface the source canister to the TSQ 70 vacuum

manifold, a new adapter flange was needed to replace the conflat flange

compatible with the Finnigan 4500. Since all the vacuum ports on the

TSQ 70 vacuum manifold used iso-K type flanges, it was necessary to

base the adapter flange on this standard. With the freedom to design a

new flange, it was also decided to alter the design of the source to

reduce the problems with vacuum integrity. This modified source design

moves all the junctions between source parts outside of the vacuum

manifold of the mass spectrometer by machining the diaphragm seat

directly into the iso-K flange. Thus, the only possible locations for

a gas leak are the knife-edge seal on the orifice and the o-ring

between the iso-K flange and the vacuum manifold (which is in the

normal instrument configuration). The rest of the canister attaches to

the adapter flange by four bolts and can be easily removed without

breaking vacuum. When the orifice gets clo , a jet of high pressure
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gas (such as that from a can of common laboratory freon, or from

compressed nitrogen, or air) can be used to clear the blockage. Later,

the flange was re-designed so that in the final configuration it was

divided into two concentric sections, the inner section (containing the

diaphragm seat) being electrically isolated from the outer section.

To test the vacuum integrity of this source, a diaphragm containing

a 70 fim diameter orifice was installed. Using the equations found

earlier in this chapter, the theoretical pump-down pressures, for the

first and second differentially pumped-regions of the mass spectrometer

are calculated to be 1.8 x 10-^ torr and 7.2 x 10“^ torr, respectively.

The actual pump-down pressures were found to be 2.0 x 10 and 3.0 x

10 -5 Therefore it appears that this interface serves to maintain

vacuum integrity.

An ion optical modeling program, SIMION [42] , that has been

odified to run on a PC/AT microcomputer [43], was used to model the

lens system for the API/MS/MS instrument configuration. This approach

has proven advantageous in the design and development of the lens

system for interfacing the API source to the mass spectrometer. Two

examples of the use of this program are given below, although it should

be pointed out that this program does not take into consideration the

multiple inelastic collisions that the ions incur in the relatively

high pressure post-orifice region. Therefore, the actual lens voltages

used for maximuj very

that give the best transmission in the collision-force model used by

the SIMION program. Despite this, the model is very useful for the
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physical design of the lenses themselves, rather than predicting the

actual lens potentials.

To simplify the system and facilitate testing, the source has been

used in the one-orifice configuration One characteristic of the TSQ

70 mass spectrometer which turned out to be a disadvantage to the

adaptation of the API source to the spectrometer was the

electrically grounded source mounting plate. Since the API source has

been installed on the front of the mass spectrometer, this grounded

plate resides between the API source and the mass analyzer. This plate

holds the normal EI/CI ion source assembly, including the pre-

quadrupole lenses. Since the positioning of these pre-quadrupole

lenses is critical, it was desired to use this same mounting plate with

a modified lens block which held only the pre-quadrupole lenses and had

the excess metal removed. Unfortunately, there is only a 3/4” aperture

in this mounting plate through which the API generated ions are to be

focussed.

Figure 3.5 (a) shows the SIMION representation of the lens system

for the API source interfaced to the TSQ 70 mass spectrometer. Figure

3.5 (b) shows the equipotential lines on each of the lenses and the

lens mounting block. Because the TSQ 70 lens mounting plate is

electrically grounded, relatively low energy positive ions which enter

even slightly off-axis are repulsed by the associated field. Figure

3.5 (c) shows the ion trajectories for an ion with a m/z value of 181,

an initial energy of 0, 10, and 20

degrees off the center axis Figure 3.6 (a) shows the addition of a

cylindrical lens to penetrate the field produced by the grounded source



Figure 3.5

Ion optic modeling of lens configuration for API source on TSQ 70 mass
spectrometer showing (a)
the SIMION (b)program,
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Figure 3.6

Ion optic modeling of lens configuration for API source on TSQ 70 mass
spectrometer with the addition of a cylindrical lens showing (a) the
representation of this lens system with the SIMION program, (b) with
equipotential contours (for potentials of 10% more positive than the
lens potential), (c) with representative ion trajectories for -5 V, and
(d) with representative ion trajectories for -30V.
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mounting plate. Figure 3.6 (b) shows the equipotential contours for a

cylindrical lens potential of -5 V. This improves the transmission of

ions with m/z 181, initial ion energy of 0.2 eV, and initial angles of

0, 10, and 20 degrees off the center axis. With this potential, ions

10 degrees off the center axis are focussed through the lens system.

In Figure 3.6 (d) the potential on the cylindrical has been increased

to -30 V. By plotting the trajectories for ions with the same initial

conditions as above, it can be seen that ions with initial angles of

<20 degrees off the center axis are focussed through the lens system to

the quadrupoles.

To aid in the focussing of ions and the pumping of the excess gas

a second conical lens (CL2) was added to the design. In order to

implement this lens as a focussing lens element, a plate lens with a

cylindrical hole is required directly behind the 2nd conical lens. The

SIMION program was used to model the effect of the aperture size of a

lens (the back lens), immediately behind CL2, on the focussing of ions

(now with a higher energy («5-10 eV) after being accelerated through

the first conical lens) through CL2 and into the cylindrical lens.

Figure 3.7 (a) is the SIMION representation of a portion of the lens

assembly consisting of CL2, and the back, and cylindrical lenses with

potentials of -5 V, -50, and -150 V, respectively. Figure 3.7 (b)-

(d) shows the effect of small (0.25" diameter), mediui (0.50"

diameter), and large (0.75" diameter) apertures on ion trajectories for

ions with initial angles of 25, 20, 15, 10, and 5 degrees off the

For a small aperture (b), ions with initial angles <10

degrees off axis are focussed through the cylindrical lens. For mediui



Figure3.7

Ionopticmodelingoftheeffectoftheaperturesizeofthebacklensonions passingthroughaconicallensshowing(a)theSIMIONrepresentationofthose lensesandtheassociatedpotentialcontours(10%morepositivethanthe associatedlens),andiontrajectorieswith(b)asmallaperture,(c)amedium aperture,and(d)alargeaperture.
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(c) and large (d) apertures this value improves to 20 and 25 degrees,

respectively. However, if this back lens is removed completely (not

shown), the potential field of the cylindrical lens is not capable to

cause sufficient convergence of the ions to allow transmission through

the pre-quadrupole lenses.

The re-design of the source with a new adapter flange and the use

of the SIMION program to model the lens system proved advantageous in

developing an operable API source. By moving all junctions between

source canister parts outside of the vacuum system, it became practical

to use a 70 /¿m diameter orifice. Ion optical modeling saved much

effort and time developing two new lenses for the system, a cylindrical

lens to penetrate the potential field generated by the grounded source

mounting plate and the optimum aperture size for the lens immediately

following CL2

Gas Flows

Using the equations presented earlier in this chapter, the

conductance (Cvise ) of a 70 ¿¿m diameter orifice is calculated to be

7.7x10"^ Ls“^ or 46.2 mL-rain’^ To measure the rate of gas flow

through the orifice a common laboratory bubble meter was hooked up to

the exhaust port of the mechanical backing pump for the turbomolecular

pumps. Since one mechanical pump serves as the backing pump for both

turbomolecular pumps, any gas that enters the system must exit through

this port. With the orifice (70 ¿¿m diameter) plugged, the flow rate,

F0, was 1 mL*min‘^. When the orifice was unplugged, this flow rate

increased to 45.3 mL'min -1 This would indicate a flow rate through

the orific e of 45.3 mL-rain’-*-, which agrees within the experimental
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error (the actual size of the orifice is 70 ¿¿m ±10%) for the calculated

conductance.

For the measurement of the flow rate through the glass tube used

for direct atmospheric sampling, the bubble meter was modified such

that air was drawn through the bubble meter by attaching, with flexible

tubing, the top of the bubble meter to the glass sampling tube. Both

the orifice and the sampling fan served to draw air through the

sampling tube. Because the flow rates through the orifice and through

the sampling fan are fixed, any additional gas loads would reduce the

flow through the sampling tube. With no flow of gas for the nitrogen

jet, the sampling flow rate was found to be 77.4 mL-min"^ With the

nitrogen gas jet on, the flow was found to be 74.8 mL’min'^

Therefore, the flow rate of the nitrogen jet (flowing out of a 1/16"

tube) was 2.6 mL-min'1 This is the common configuration for the

instrument while performing direct atmospheric analysis

Discharge Power Supply

As was stated in the second chapter, the discharge power supply

which was used for most of this work was a Bertan 205A-05R voltage-

regulated power supply. The discharge from which ions were detected

(with this power supply), was visible (violet in color), unstable to

varying degrees, had a current >20 /¿A, and produced an ion signal which

was extremely noisy At times this discharge would become very

unstable and erratic and would change to a bright white color. Since

the power supply regulated the voltage, any change in resistance in the

path of the discharge (such as those caused by changes in the gas flow

rate or composition) would cause a change in the current and thus a
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change in the ion intensity. Tuning was performed by scanning at a

much slower rate (>1 s/scan) than is normally required for quadrupole

mass spectrometry and still was, at best, difficult.

A true corona discharge is invisible, stable, and of much lower

current than the discharge obtained above [34]. The second chapter

discusses the power supply that was designed and built to generate such

a discharge. The corona discharge obtained with this current-regulated

power supply meets the aforementioned requirements, with a stable,

selectable current of 0.5 to 4.5 /¿A. The voltage required to produce

the corona discharge is dependent on the current desired, the flow rate

and composition of gases in the discharge region, and the needle-to-

orifice distance, but usually was on the order of 3 to 4.8 kV. With

this stable discharge, the ion signal was significantly less noisy, and

therefore, tuning could be performed with automated tuning procedures

and at a much faster rate.

Orifice Potential

With the present design it is possible to have the orifice

electrically grounded or floated by a ±500 V, low-impedance power

supply (see Chapter 2). Initial experiments were performed with the

orifice placed at instrument ground by connecting its electrical lead

directly to the instrument manifold Later, to improve sensitivity,

the orifice was electrically floated at up to +150 V.
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Experimental Physical Parameters of API Source and Mass Spectrometer

Initial Ion Energy and Energy Spread

An experiment was set up such that the intensity of the ions

generated by the API source was monitored as the voltage on the second

conical lens (CL2) was varied, while keeping the orifice at ground

potential (0.0 V) and the first conical lens (CL1) at -4.4 V relative

to ground.

Figure 3.8, a "stopping-potential curve", is a plot of the ion

intensity (scale on left-hand y axis) vs. the potential of lens CL2

(with a potential of CL1 -4.4 V), together with the first derivative

of this curve (intensity scale on right-hand y axis). The first

derivative provides (a) the potential that will stop an ion with the

average kinetic energy (i.e. the peak of the first derivative curve)

and (b) the kinetic energy spread of the ions (i.e. the peak width at

half height). A simple numerical method was employed to find the first

derivative, in which the difference of consecutive y axis values

relative to the difference of consecutive x axis values (Ay/Ax) was

plotted vs. the average of their corresponding pair of x axis values.

The difference curve that was generated yielded values of -3.8 V and

0.8 eV for the potential required to stop an ion with the average ion

kinetic energy and the ion kinetic energy spread, respectively.

Since the orifice is at 0.0 V (ground potential), the first conical

lens is at -4.4 V, and positive ions were analyzed, the ions should be

between those two If this were true,

it should take a potential of 0.0 V on the second conical lens to



Figure3.8

Astoppingpotentialcurveforthe2ndconicallenswithaelectricallygrounded orificeandthesuperimposedassociateddifferentialcurveshowingthepotential requiredtostopanionwiththeaverageenergyandtheenergyspreadoftheions.
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"stop” the ions (i.e. decelerate the ions by 4.4 eV, to 0.0 eV of

energy). A simplistic model for this system is displayed in Figure 3.9

(a). The ion, transversing the potential field, can be thought of as a

ball rolling down a slope. If the ball is released down the slope from

resting position, it will be accelerated (i.e. gain in kinetic

energy) due to gravity by falling some height, h, and therefore it will

take a height equal to h to decelerate the ball (reduce its kinetic

energy) until it stops again The experimental results seem to

indicate a situation more like Figure 3.9 (b) , in which the ball is

stopped by a slope that is only a fraction of the initial height; that

is, it takes a smaller decelerating energy than expected to stop the

ball. Barring other factors, if the ball were released from the same

initial height as in Figure 3.9 (a) it should not be stopped on the

opposite slope but should continue on out of the system (Figure 3.9

(c)). Likewise, barring other factors, the ion would be expected to

pass through the decelerating field provided by CL2 instead of being

stopped. The experimentally determined voltage needed to stop the ions

was found to be -3.8 V (a deceleration of 0.6 eV from the CL1 to CL2

lenses); therefore, the ions must have been accelerated by only 0.6 eV

on their way to the first conical lens. This could occur if the ions

were generated at a potential field 0.6 V more positive than that of

the first conical lens (i.e., at -3.8 V with respect to ground). This

is analogous to the ball starting at a very low height. However, it is

known that the ion is formed on the atmospheric side of the orifice

(i.e. the ball is starting all the way up the slope). A second

possible reason is that the ion's ability to increase its kinetic



Figure3.9

Schematicofasimplisticmodeltoexplainresultsofinitialionenergystudy. Responseofhall(a)inafrictionlesssystem,(h)experimentallyobserved,and (c)theexpectedresponsewiththeconditionsin(b).
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energy was being retarded. If the ball was rolling down a surface

where the friction was large, the ball's acceleration would be slowed

by the friction; that is the friction would retard the ball from

increasing its kinetic energy In the post-orifice region, a

supersonic jet expansion occurs as the ions and molecules go from the

atmospheric side of the orifice to the vacuum side of the orifice.

Since near the orifice the ions and molecules are still at a relatively

high pressure (several mtorr), the bulk gas molecules undergo a

1thermodynamic cooling of their translational energy through multiple

collisions with each other in the supersonic jet expansion [39]. As

the ions exit the orifice, they are translationally cooled along with

the bulk gas molecules. The inelastic collisions the ions have with

the translationally cool molecules also allows the rotational and

vibrational motion of the ions to be transferred to the translationally

cool molecules. Thus, the ions do not experience the full accelerating

potential field because of collisional energy exchange with the more

abundant neutral molecules which remain unaffected by the potential

field. downstream in the jet, the iber of collisions between

the ions and the molecules decreases and this collisional cooling no

longer occurs.

Figure 3.10 is stopping-potential curve (plotted on the left-hand y

axis and its associated differential (plotted on the right-hand y axis)

determined for CL2 with an electrically floated orifice with a

potential of +120 V and with a potential for CL1 of +81.9 V. The

potential of CL2 required to decelerate the average ion to rest orifice

is approximately 89 V and the energy spread of the ions is

i
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approximately 10 eV. Because it required only 7.1V to decelerate the

average ion to rest, the ion therefore could only have been accelerated

by 7.1 eV from the orifice to CL1 despite the 38.1 V potential

difference between these components. At these higher voltages,

however, there is a much greater spread in the ion energies.

Needle-to-orifice Positioning

For a discharge provided by a voltage-regulated power supply, the

position of the needle was critical to the production of even a semi¬

stable discharge and to the number of ions which were detected by the

mass spectrometer. Figure 3.11 (a) (all dimensions in inches) is a

schematic representation of the needle position relative to the orifice

and the orifice plate for which the greatest intensity of ions were

obtained. Characteristically, the discharge was formed across the face

of the orifice to the opposing sharp edge of the orifice plate. When

the needle was moved across the face of the orifice towards the center

axis of the orifice (Figure 3.11 (b)), the ion intensity decreased

rapidly to zero A semi-stable discharge was also obtained by moving

the needle in towards the orifice (Figure 3.11 (c)); however, no ions

were detected by the mass spectrometer for this needle-to-orifice

position. Since the needle is at a large positive potential (=s 4000

V) , positive ions will be repelled from it and accelerated towards

whatever surface is serving as the counter electrode. When the needle

is in the position in Figure 3.11 (a), ions that are created in the

region between the needle tip and the center axis of the orifice can be

directed through the orifice by the potential field. However, when the

tip of the needle is towards the center of the orifice, ions will be



Figure 3.11

Schematic 1”) of needle positionrepresentation (not to scale, 1/8” =*
relative to orifice. Position which generates (a) a discharge across
face of orifice and from which ions are detected, (b) a discharge
similar to (a) but shorter in length and for which no ions are
detected, and (c) a discharge to the orifice.



67

0. 09

0.03

. 08



68

repelled into diaphragm the source mounting plate and will

not be directed through the orifice. Likewise, if the needle is moved

in towards the orifice and discharges to the orifice, the potential

field of the lens system will not be strong enough to direct ions

through the orifice because the field generated by the discharge needle

will be very strong in this region due to the close proximity of the

needle to the grounded surface. For an electrically floated orifice,

the position of the needle and the needle-to-orifice position are not

as critical as in the case above for the production of a stable

discharge and for the detection of ions. Factors that affect the

discharge voltage required to produce a selected current include the

gas flow rate and composition in the discharge region, the potential on

the orifice, and the needle-to-orifice positions. Because of the

limited output voltage (5 kV) of the dc-dc converter, the needle-to-

orifice distance required to maintain a discharge is limited to only a

few millimeters. However, within this range, this discharge was easily

obtainable and always stable (unless the needle was shorted to the

surface of the orifice plate).

Effect of Various Parameters on the Ethyl Acetate Ion Family

While the potential field from electrically floating the orifice to

a positive potential causes a greater transmission of ions through the

orifice, it also increases the energy spread of the ions. The ions

with a very small amount of kinetic energy (<2 eV) can cluster in the

post-orifice region Ions with a large amount of kinetic energy (>7-

10 eV) can undergo fragmentation through collision-induced dissociation

(CID) with the bulk gas. Ions with an energy between these values can



69

be declustered Co form molecular (M+) or pseudo-molecular (M+H-*") ions+

[34].

When ethyl acetate (M = CH3CO2CH2CH3) is ionized in the API source,

ions with m/z values of 177 (M2+H+), 125 [M+H(H20)2^] , 107 (M+t^O'*’) , 89
+ +

(M+H+) , 61 (M+H+ - C2H4) , and 29 (C2H5*f) are detected. Because of the

kinetic energy spread, both cluster ions (m/z 177, 125, and 107) and

fragment ions (m/z 61 and 29) are present with the pseudo-molecular ion

(m/z 89) . It is desirable to limit the production of both cluster and

fragment ions to increase the amount of the pseudo-molecular ion that

is detected. Therefore, the orifice potential and the potential of the

first conical lens were varied and the intensities of members of the

fV ion family" of ethyl acetate (m/z 177, 107, 89, 61, and 29) were

plotted vs. these values. Figure 3.12 shows the intensities of these

ions plotted (m/z 125 and 61 not shown) vs. the orifice potential,

while holding the potential of CL1 at +40 V. At approximately 100 V (a

60 V potential difference in the supersonic jet expansion region) the

greatest intensity of m/z 89 relative to the intensities of the other

ions is achieved. At lower values of the orifice potential (lower

potential difference between the orifice and CL1) clustering increases,

and at higher values (higher potential difference) fragmentation

These same ions are plotted vs. the potential of the first conical

lens, while holding the orifice at 100 V in Figure 3.13. The greatest

intensity of m/z 89 relative to the intensities of the other ions

occurred at ca. 36 V (approximately 2 to 1). Below this value the

intensity drops off rapidly for all the ions. Above this value, all
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the ions increase steadily in intensity until a potential of about 70 V

for the conical lens, at which time the intensity of the fragment ion,

m/z 29, drops off. The other ions increase in intensity until

approximately 85 V when the intensities for all the ions begins to

decrease. It is apparent that, with the floated orifice, both clusters

and fragments will be observed because of the kinetic energy spread;

however, this seems to be a worthwhile tradeoff due to the increase in

intensity that the floated orifice provides.

The intensities of members of the ion family of ethyl acetate (m/z

177, 107, 89, 29) were plotted relative to the discharge current

(Figure 3.14) to determine what effect the current had upon the

processes of clustering and fragmentation, as well as on the

intensities of all the ions. From these data, it appears that the

highest intensities of the ions and the highest ratio of the pseudo-

molecular ion intensity to that of the cluster and fragment ions occur

in two regions, from 0.5 to 1.2 /iA and from 2 to 3 /iA. The lowest

discharge current that can be set is 0.5 /iA, because below this value

it becomes ry to regulate the current. tween

/iA the intensity of the protonated dimer increases significantly, while

the intensities of the other ions decrease. Above about 3 /iA the

intensities of all the ions decrease rapidly. Currently, the effect of

current on the relative intensities of these ions is not yet

understood.
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Clustering/Declustering

The clustering of ions with molecules in the supersonic expansion

of the post-orifice region has been one of the major problems in the

development of an API source for direct atmospheric onitoring

Indeed, the only source that successfully overcomes this problem has

been built by Sciex [25]. This problem can be minimized in one of

three ways. The first is to start with a sample that contains no water

vapor, such as the effluent from a GC. Unfortunately, in direct

atmospheric monitoring removing the water vapor is nearly impossible.

A second method to reduce clustering is to prevent water molecules

and other neutral impurities from entering the post-orifice region.

Sciex accomplishes this by drawing the ions that are formed through a

pre-orifice region (enclosed by an aperture plate, to which the

discharge is struck, and the orifice plate) which has been pressurized

(slightly > 1 atm) with a pure, relatively inert, cryopumpable gas such

as carbon dioxide (for liquid nitrogen or liquid lum ryogeni

pumping) or nitrogen (for liquid helium cryogenic pumping). Sciex has

referred to this region as a "gas curtain" or "ion window” [331. In

this instrument, with a less complicated one-orifice system,

"jet" has been produced by introducing a gas through the aperture of a

1/16" tube positioned near the orifice. With an electrically grounded

orifice, this gas jet has an appreciable effect on the amount of

clustering that occurs. Figure 3.15 shows mass spectra of the water

cluster ions obtained (with a grounded orifice) for direct atmospheric

monitoring with (a) the nitrogen on and (b) the nitrogen off. With the
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Figure 3.15

Mass spectra of background water cluster ions genera
atmospheric monitoring of laboratory air with nitrogen
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nitrogen on, the intensities of the large cluster ions are reduced,

while the intensities of the small cluster ions are increased by ~2

orders of magnitude relative to their intensities with the nitrogen jet

off.

The third method to reduce clustering is to perform collision-

induced declustering in the post-orifice region. Sciex has performed

this by applying a potential field in this region to impart enough

kinetic energy to allow CID of the cluster ions to occur [34]. In

theinstrument developed in this lab, this same effect can be observed.

Figure 3.16 shows mass spectra obtained (orifice potential = +100 V and

a dry compressed air jet flow rate of approximately 1 mL-min"^) for (a)

a potential difference between the orifice and the first conical lens

of 17 V and (b) a potential difference of 66 V (both mass spectra

plotted on the same intensity scale). While the cluster ions with

large m/z values are reduced, the cluster ion with small m/z values are

increased (by a factor of =2 for ,/z 37 and ~7 for m/z 19).

Furthermore, with a floated orifice (at a potential difference high

enough to cause CID declustering), the gas jet appears to have no

effect. Figure 3.17 (a) and (b) show the mass spectra attained with a

floated orifice (potential difference 50 V) and a nitrogen jet on and

off, respectively. This same effect is observed for sample cluster

ions. Figure 3.18 shows that having the gas jet (a) on or (b) off has

little or no effect on the spectra obtained when ethyl acetate is

analyzed by direct atmospheric monitoring by this source with a floated

orifice (potential difference - 50 V) . While with a floated orifice

the gas jet has little effect on clustering, it may still be worthwhile
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to employ the gas jet to prevent orifice clogging and to reduce memory

effects.

Experimental Methods for Direct Atmospheric Monitoring

Mass Calibration of API/MS/MS Instrument

In order to employ any mass spectrometer for mass analysis, the

instrument must have a way to accurately assign m/z values to the

signals it is obtaining. This process is called mass calibration. The

tuning of a mass spectrometer usually refers to the adjustment of lens

and quadrupole offset voltages so that the maximum ion intensity is

obtained. In the case of a quadrupole mass spectrometer, a calibration

compound which produces ions of known m/z values is analyzed (for EI/CI

this is typically perflurotributylamine (FC43)). A calibration table

is then generated which relates the scanning voltage of the quadrupole

to the correct m/z value. These values can be compared to the voltages

needed to pass ions, of otherwise unknown mass, from other samples to

calculate their /z values. Although mass calibration for this

instrument does not change while switching between El and Cl, the

installation of this source requires a new lens system which results in

the need to re-calibrate and re-tune for API. Since background ions

are abundant in API/MS, water cluster ions (no API ions were detected

for FC43) are used to calibrate the instrument and perform lens tuning,

after which sample gases may be analyzed. As can be ascertained from

the spectra shown in this thesis, this method for tuning and mass
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calibration proved efficient at the unit mass resolution of the

quadrupole mass analyzers.

Sampling Methodology

All vapors analyzed by direct atmospheric monitoring were generated

by drawing air across the caps from bottles of liquid compounds. For

studies which required a steady concentration of sample for long

periods of time (such as calibration and tuning) , a few drops of

compound were placed in the bottle cap and the cap was placed in front

of the 1" diameter glass sampling tube of the API source. Although the

vapor pressure of the liquid samples can be estimated, the amount of

sample introduced is not accurately known, and absolute determination

of the API/MS/MS instrumental sensitivity or LOD is therefore not

possible.



CHAPTER 4

ANALYTICAL PERFORMANCE

To evaluate the performance of an analytical ins ent, several

factors may be considered; however, not all factors are necessarily

important for all types instruments. For an instrument which performs

direct atmospheric analysis, these factors include the ability of the

instrument to identify the sample it is analyzing, the ability of the

instrument to detect trace amounts of the sample, the ability of the

instrument to distinguish between compounds in the same sample, memory

and interference effects in the analysis, ease of use of the

instrument, and the time required for sample analysis (including

equilibration time between samples).

Characterization of an API/MS/MS Instrument

Analyses of Pure Compounds

With the source configuration for the Finnigan 4500 quadrupole ass

clustering proved such a large problem that direct

atmospheric monitoring was nearly impossible. Indeed, even solvent

vapors injected into a pure nitrogen stream displayed cluster ions as

the predominant ions detected (Figures 3.3 and 3.4). In the source

design for the TSQ 70 with a nitrogen jet, the instrument can be tuned

to significantly minimize the clustering, even while performing direct

atmospheric analyses. Figure 4.1 (a) (c) shows mass spectra obtained

82



Figure 4.1

Direct atmospheric monitoring/API/MS of
exchange ionization (a) carbon disulfide

compounds that undergo charge
(b) benzene, and (c) toluene.
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(with a grounded orifice and a voltage - regulated power supply) while

performing direct atmospheric monitoring of representative compounds

which undergo charge exchange ionization in the API source, carbon

disulfide (MW 76), benzene (MW 78), and toluene (MW 92), respectively.

These compounds each form almost exclusively the M"1" molecular ion, with

carbon disulfide forming a small amount of the M2+ dimer ion. Figure

4.2 (a) (c) shows mass spectra obtained (with a grounded orifice)

while performing direct atmospheric monitoring of representative

compounds which undergo proton transfer ionization in the API source,

acetone (MW 58), ethyl acetate (MW 88), and methanol (MW 32),

respectively. Acetone and ethyl acetate both form almost exclusively

the (M+H)+ pseudo-molecular ion. The most predominant ion for methanol

is the (M2+H)+ protonated dimer ion. While the signal obtained under

these conditions for these samples was not sufficient to perform tande

ass spectrometry (MS/MS), these results demonstrate that this API

source can reduce clustering significantly.

Figure 4.3 shows the reconstructed ion current (RIC) traces for the

two most predominant background ions (when the instrument is tuned for

large amounts of declustering and analysis is performed by bringing

caps of solvent bottles near sampling tube of API source) (a) (t^O^H+

(m/z 37) and (b) (m/z 55), two representative sample ions (c)

C5Hg'f and (d) (CH3C02C2H5)H+, and (e) all the ions. In normal El mass

spectrometry, sample ionization occurs by the bombardment of the sample

olecules with electrons fro a filament. In positive Cl mass

spectrometry, ionization occurs through charge exchange or proton

transfer with ions created from a reagent gas. Usually, however, these



Figure 4.2

Direct atmospheric monitoring/API/MS of compounds that undergo proton
transfer ionization (a) acetone, (b) ethyl acetate, and (c) methanol.
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Figure4.3

RICtracesforthe tworepresentative
twomostpredominantbackgroundions sampleions(c)and(d)
(a)(HoO)2H+ (CH3CO2C2H5)H^,and

and(b)(H20)3Hf (e)alltheions
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reagent ions are low in m/z value and the mass spectrometer can be set

up to pass only ions of a greater mass. Ionization in API mass

spectrometry occurs in a similar fashion to Cl mass spectrometry (see

Chapter 1) .
In direct atmospheric monitoring mass spectrometry, air

+ +
serves as the reagent gas, generating N2 , H2O , and H3O.+

10ns

(equations 1.2 - 1.5). Sample molecules (M) can react with the reagent

ions through charge exchange or proton transfer reactions to form M+

molecular or M+H+ pseudo-molecular ions The kinetics of the

production of ions in discharges at atmospheric pressures has been

studied by Shahin [10] and Kebarle [44]. Shahin stated that for direct

atmospheric sampling (or for any samples with even a small quantity of

water vapor) the production of H20+ (by charge exchange with the

initial N2+ ions) and ions would be the dominant reactions.+ In

the case of either charge or proton transfer ionization reactions, the

intensity of the reagent ions is reduced as the sample is ionized.

Samples that undergo proton transfer ionization may totally deplete the

population of the background ions, while samples that undergo charge

transfer ionization reduce but do not deplete that population. Figure

4.4 shows the relationship between the intensity of the reagent ions

with respect to the time allowed for reaction. Equations 4.1 4.3

[44] give the rate constants for the production of H20+, H30+, and

H(H20)n+.

n2+ + h2o - n2 + h2o+ k - 1.9 x 10'y cmJ* molecule'L•s*L (4.D

h2o+ + h2o - H30+ + HO k - 1.8 x 10* ^ cm^•molecule * ^ * s * ^ (4.2)

h3o+ + nH20 - H(H20)n+1+ k a 10'27 3 9 1craJ * molecule"* * s“^ (4.3)



Thekineticsoftheproductionof Generatedwiththeresultsfroma reactionsinEquations4.1-4.3. cluster.

Figure4.4
ionsincoronadischargesatatmosphericpressure.BASICprogramutilizingthekineticsofthe Studylimitedtogenerationoftermolecularwater
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sample molecules with H20+ and are on the order of 3 x 10+ -9

cm
* molecule “ ^ * s “ ^ [45]. Proton transfer reactions with sample

mo lecules will thus consume H3O'4' before it can further react to form

(H2Ü)2H (m/z 37) and (H2CO3H (m/z 55). Charge transfer reactions

with sample molecules cannot consume all the H20+ before some of it can

be converted to and therefore, the population of (m/z 37)+

and (H20)3H'f (m/z 55) will be reduced but not depleted.

Memory effects

The RIC traces for the benzene molecular and ethyl acetate pseudo-

molecular ions (Figure 4.4) show that, as the sample is brought to the

sampling tube, the signal immediately increases and as it is removed,

the signal decreases rapidly to zero. This would indicate that memory

effects have been minimized with this source; however, it should be

pointed out that this source has yet to be applied to trace analysis,

and this application would give a much better indication of memory

Orifice Clo

Orifice clogging proved to be a severe problem with both the

Finnigan developed API source and the one developed in this work for

the Finnigan 4500 quadrupole mass spectrometer The major reasons for

this problem was that there was no way to prevent particulate matter in

the sample gas stream from reaching the orifice. With the addition of

the gas jet near the orifice, this problem has been almost eliminated

When the orifice does become clogged (maybe once or twice a day), a gas

jet of relative high pressure (= 20 - 40 psi) may be directed at the

orifice to dislodge any Occasionally, when all else has



94

failed, the instrument has needed to be vented to atmospheric pressure

and the orifice removed and cleaned with an appropriate solvent

(methylene chloride). The diaphragms are surprisingly rugged and a

single diaphragm has been used for several months of source development

and sample analysis while the API source has been installed on the TSQ

70.

Analytical Potential

Compound Identification

An instrument must be able to distinguish between different

compounds to be of analytical use This may be done by separating

compounds in time and using a universal detector, by analyzing all

compounds at the same time with a detector that provides a different

response for each compound, or by some combination of both of these

techniques. A single stage of mass analysis can be used with low

energy ionization techniques (such as Cl, fast atom bombardment, or

API) to determine the molecular weight of a compound, or with high

energy ionization techniques (such as El) to provide fragment ions

which can be used for structure elucidation. Therefore, mass

spectrometers are commonly used with some type of pre-separation step

before ass analysis, such as GC, LC, or MS. When API/mass

spectrometry is used for direct atmospheric monitoring, by definition

there is no opportunity for any pre-ionization separation.

Methyl benzoate (MW 136) and methoxy benzaldehyde (MW 136) are

examples of compounds with the same empirical formula and the same
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molecular weight that form ions with the same m/z value. Both of these

compounds produce an intense M+H+ pseudo-molecular ion (m/z 137), as

well as some less intense fragmentation ions when ionized by this API

source with the potential difference of the supersonic jet expansion

region set at « 50 V (Figure 4.5 (a) and (b)) In a normal API/MS

system, it would be difficult to determine the presence of one or both

of these compounds and distinguish between them (or other compounds

that have MW 136 and form ions through proton transfer reactions).

However, because the TSQ 70 is an MS/MS instrument, the pseudo -

molecular ion can be fragmented in the center quadrupole to obtain a

daughter spectrum (spectrum of fragment ions from a parent ion) of the

m/z 137 ion. Figure 4.6 (a) and (b) show the daughter spectra (each

under the same conditions of collision energy 15 eV and pressure of

nitrogen collision gas 2 torr) for methyl benzoate and methoxy

benzaldehyde, respectively. Major daughter ions observed for the API-

generated M+H+ ion from methyl benzoate are m/z 59 [(M+H)-C^Hg]+, 77

[(M+H)-CH3C00H]+, 91 [(M+H)-HC00H]*, 93 [(M+H)-CH3CHO]+, 105 [(M+H)-

C^OH]"1", and 109 [(M+H)-C0]+. Major ions observed for the M+H+ ion

from methoxy benzaldehyde are m/z 77 [(M+H)-C0-CH30H]+, 94 [(M+H)-C0-

CH3] + , and 109 [(M+H)-CO] + There is a clear difference in these

daughter spectra, and thus the compounds can be distinguished.

A concern about API has been its ability to analyze mixtures of

samples. Figure 4.7 shows a spectrum of a solvent mixture composed of

benzene (MW 78) , ethyl acetate (MW 88) , benzaldehyde (MW 106) , and

ethoxy benzaldehyde (MW 136), obtained when the API source was used

with a floated orifice (potential difference of supersonic jet
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expansion region « 50 V) and tuned for a high degree of declustering.

The pseudo-molecular ion (m/z 89) from ethyl acetate clearly dominates

the spectrum and a small quantity of the protonated dimer (m/z 177) is

present. Fragment ions of ethyl acetate are also observed at m/z 29

(C2H5+) and ra/z 61 (d^COO^"1") . However, ions from benzene (m/z 78)

and methoxy benzaldehyde (m/z 137) are clearly present. There is some

+

confusion as to the identities of m/z 107 and m/z 125. Because of the

large intensity of ethyl acetate it is possible that these ions are

cluster ions of ethyl acetate (M+(H2Ü)H+ and M+i^O^"*") or that they

are related to benzaldehyde (M+H+ and M+(H20)H+). Unfortunately, the

low intensity of these ions made it difficult to obtain their daughter

spectra, and therefore, this uncertainty was left unresolved.

Sensitivity

The sensitivity of this API/MS/MS instrument can be roughly

estimated from the daughter spectrum of methoxy benzaldehyde, which has

a vapor pressure at room temperature and atmospheric pressure

conditions of ~ 0.2 torr [46]. The concentration (mol/mol) of methoxy

benzaldehyde in air above a bottle cap can be approximated to be,

0.2 torr/760 torr 0.0003. (4.3)

Neglecting the slightly reduced pressure near the entrance to the glass

tube (this occurs because air is being drawn through the tube) and the

dilution of the concentration with the air flowing through the system,

the API source has detected and positively identified by a full-scan

daughter spectrum methoxy benzaldehyde at a concentration of 300 parts
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per million (ppm) in room air. Given an air sampling rate of 100

mL/min and an MS/MS acquisition time for the daughter spectrum of 5 s,

this corresponds to 15 /ig of methoxy benzaldehyde. Clearly, the

resultant daughter spectrum has a high enough signal-to-noise ratio

that one or two orders of magnitude less of the compound could still be

identified. Furthermore, selected reaction monitoring of one or more

parent ion-daughter ion pairs, would provide even lower detection

limits.



CHAPTER 5

CONCLUSIONS AND FUTURE WORK

Summary of Results

The original purpose of this work was to design and develop a new

atmospheric pressure ionization (API) source for a turbomolecularly-

pumped triple stage quadrupole (TSQ) tandem mass spectrometer (MS/MS).

This API source could be used to study API and direct atmospheric

monitoring by mass spectrometry. To accomplish this, the work

initially evaluated a commercially developed [1], but never marketed

API source, which was developed as a GC-detector. This API source was

characterized on a Finnigan 4500 single quadrupole mass spectrometer.

Even as a GC-detector, the Finnigan-developed source suffered from

memory effects (because of a small source region) and severe clustering

of ions with molecules in the supersonic jet expansion of the post¬

orifice region Because of these effects, direct atmospheric

monitoring with this source was essentially impossible.

Therefore, a new API source was designed, which would be compatible

with a commercial turbomolecularly-pumped mass spectrometer, and which

would reduce or eliminate the problems of clustering and memory

This source was at first developed to be compatible and

interchangeable with the Finnigan 4500 mass spectrometer used to

104
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evaluate the Finnigan-developed API source; however, because of its

design, this API source suffered from vacuum integrity problems. Even

with these problems, ions were obtained with reduced, but not

eliminated, clustering. Because of this clustering effect, this source

was not viable for use as a direct atmospheric monitor.

This API source was redesigned to be compatible and interchangeable

with a state-of-the-art triple stage quadrupole (TSQ) tandem mass

spectrometer (MS/MS), the Finnigan TSQ 70. The modifications included

moving all junctions between parts of the source canister outside of

the vacuum chamber spectrometer, thus reducing some of the

vacuum integrity problems A new interfacing flange was designed to

ate the source with the mass spectrometer. This flange contained the

diaphragm seat, which now became the only interface between the

atmospheric pressure source region and the vacuuj of the mass

spectrometer, and allowed the orifice to be electrically floated.

Replaceable diaphragms were obtained with laser-drilled orifices, and a

diaphragm with a 70 /¿m diameter orifice was installed in the interface

place. This interface flange maintained vacuum integrity to near

theoretical levels calculated from fluid-flow theory.

Unfortunately, moving all source components outside of the vacuum

chamber resulted in a greater distance between the orifice and the

first quadrupole. An ion optical modeling program (SIMION) was

employed to model the region between the orifice and the first

quadrupole. Although the model, which the program utilized, did not

take into consideration the inelastic collisions of ions in the

supersonic jet expansion in the post-orifice region, it proved
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invaluable in the actual design of two lenses. These lenses increased

the fraction of ions which were transmitted to the quadrupoles

This new version of the API source employed a small tube near the

orifice to provide a gas jet in the discharge region. This gas jet

served to keep particulate matter away from the orifice (to prevent

orifice clogging) and reduced the amount of water vapor which entered

the post-orifice region (to reduce clustering).

A new current-regulated power supply, which was adjustable between

0.5 and 4.5 /¿A with a discharge voltage between 3 and 4.8 kV, was

developed that generated a stable corona discharge Along with this

power supply, a ±500 V low output impedance power supply was developed

to electrically float the orifice. The ability to electrically float

the orifice allowed for an increased sensitivity and a strong

declustering capability by creating a potential difference between the

orifice and the first conical lens. The combination of these effects

provided the ability to minimize clustering with or without the gas

jet. The gas jet still served, however, to prevent orifice clogging.

Direct atmospheric monitoring was accomplished for various common

laboratory solvents by sampling vapors from the caps of the solvent

bottles. The orifice and lens potentials could be tuned such that the

olecular or pseudo-molecular ion was the predominant ion in the mass

spectrum for each solvent (methanol being the only exception).

Evaluation as Direct Atmospheric Analyzer

The API/MS/MS instrument was applied to differentiating a pair of
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solvents with the same molecular weight which generated pseudo-

molecular ions of the same m/z value. MS/MS was used to fragment each

of the pseudo-molecular ions and generate daughter spectra which were

easily distinguishable.

Electrical floating of the orifice caused a larger spread in the

kinetic energy of the ions generated Clustering and fragmentation

occurred simultaneously, which in true mixture analysis would make the

interpretation of mass spectra more difficult While the API source

was shown to detect compounds directly in the atmosphere at the ppm

concentration range (-15 ¿¿g of methoxy benzaldehyde), the potential of

the sensitivity of the API source remains to be evaluated.

Suggestions for Future Work

Consideration of Supersonic Expansion Theo

The large body of work which has been performed to study the

effects of a supersonic jet expansion of gases for the production of

molecular beams has been reviewed by Bossel [47]. Most of the

associated theory has been derived for systems with an "effusion

source". An e ion source is one in which the diameter of the

o rifice is less than or equal to one mean-free-path of the species on

the high pressure side of the orifice. This assures that no more than

one molecule passes through the orifice at a given time. The mean-

free-path for nitrogen (the major constituent of air) is 6.56 x 10‘^ /xra

[48] or 656 run. Clearly, an orifice of this size would reduce

sensitivity and suffer from frequent clogging. However, this theory
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can be used to calculate the velocity which the ions and molecules

obtain in the supersonic jet expansion when they reach the plane of the

aperture of the first conical lens. Equation 5.1 [38] can be used to

calculate Mach number (the velocity of the molecule or ion relative to

the speed of sound) at that point in the supersonic jet expansion.

r+1 (r+l)/4 z

M a X

r-1 d

(r-1)

(5.1)

For nitrogen r (Cp/Cv) - 1.4 [38], and for this system the diameter of
the orifice, d, is 0.00276” (70 /im) and the orifice-to-first conical

lens (CL1) distance, z, is 0.075" (1900 /im). Using these values, M can

be calculated to be 11.0. The ions and molecules are therefore moving

at 8360 mph (3740 m/s). For a molecule of mass 100 g/mole, accelerated

to 8360 mph, with a charge of 1, the kinetic energy can be calculated

from equation 5.2.

K.E. 0.5-m-v2 (5.2)

Applying the values above ( 1.66 x 10’kg/molecule and v =» 3.40 x

10 -2 /s), the kinetic energy can be calculated to be 7.2 eV. As the

gas expands fro the orifice fluid dynamics predicts that the

thickness of the beam of gas will be equal to one crifice diameter for

a distance of approximately one orifice diameter [38]. To efficiently

sample the beam of CL1 should then have the location of its

projected apex within one orifice diameter of the orifice. Figure 5.1
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shows the relationship between the Mach number M, the orifice-to-CLl

distance z, and the required ame of the aperture on CL1 D (see

below). Sciex has stated [34] that if z is less than 50D then a

potential field may be applied between the lens and the orifice to

focus the ions while increasing the kinetic energy spread of the ions

by less than 2 eV (for an electrically grounded orifice). Figure 3.8

shows a kinetic energy spread of less than 1 eV with this system for z

~ 27D. However, for a floated orifice, the kinetic energy spread is

much greater (Figure 3.10 shows a value of ~ 10 eV) . Therefore, by

applying the knowledge of supersonic jet expansion theory, it may be

possible to reduce this energy spread by reducing the size of the

conical lens aperture and reducing z.

Bossel also reviews the need for finely machined conical lenses

[471. The front of the cone should come to as sharp an

possible. This the production of a shock wave at the plane of

cone aperture, termed a "mach disk”, which can reduce the transmission

of ions through the cone. The conical lenses used in this work lack

this precise machining. Therefore, new conical lenses should be

obtained. Several companies specialize in the production of molecular

beam skimmers for supersonic expansion, two of which are Beam Dynamics

[49] and Custom Service Technologies [50].

Requirements for Future Work

For the future development of this source, several components

should be modified or replaced. Sciex has shown [34] that varying the

needle-to-orifice distance can affect the relative intensities of the

ions produced. This may be useful for providing additional selectivity
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for the ionization process. Although the new corona discharge power

supply has served to generate a stable corona discharge, the needle-to-

orifice separation has been limited. For a given current, a larger

needle-to-orifice distance requires a larger voltage from the power

supply. The current power supply is limited to 5 kV. This has limited

the needle-to-orifice separation to a few millimeters, and therefore it

is proposed that a new discharge power supply be constructed based on a

10 kV power supply

The vacuum system has proved inefficient in handling the large gas

loads provided by the API source. When a normal gas load is put on the

system, the forepump pressure (the pressure at the entrance to the

mechanical pumps) is a few mtorr. With the API source installed, this

pressure increases to approximately 400 mtorr. On the TSQ 70, one

mechanical pump serves as the backing-pump for both turbomolecular

vacuuj pumps. For future work, the turbomolecular pump for the

analyzer region should be provided with an independent pump

This may allow for pressures closer to the theoretical value for the

analyzer region and may allow the size of the orifice to be increased,

increasing the sensitivity of the instrument.

The API source canister for this work was designed to allow

flexibility in its configuration. Since the one-orifice system has

been shown to perform adequately, a new, second-generation source

canister should be built that has a larger diameter source region, is

shorter, and provides micrometer control over the needle position. The

walls of the original canister are approximately 0.5” thick stainless

This makes the source heavy and cumbersome. Therefore, the
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canister should be built out of a lighter material such as aluminum, or

the wall thickness should be reduced where possible.

To achieve total computer control of the API/MS/MS instrument,

digital-to-analog (DAC) converters should be implemented to control the

corona discharge current, the ±500 V orifice potential, and the

potentials for the additional lenses that the API lens system has added

to the mass spectrometer.

To sample gases, the sample must currently be brought near the

entrance to the glass sampling tube. A larger capacity gas sampling

fan should provide the ability to sample from greater distances.

Applications

Finally, the applications of API/MS/MS with this instrument should

be extended. While this instrument has been applied to simple

mixtures, it has not be applied to any "real” samples. With

improvements listed above, the sensitivity of the instrument should be

significantly increased Also, this instrument has yet to be applied

to samples which are more amenable to negative ionization.

The research presented in this thesis has demonstrated the ability

to develop a functional API source for a commercial, turbomolecularly-

pumped tande ass spectrometer The future research proposed here

should prove this combination to be a viable method for the direct

atmospheric monitoring of trace compounds.
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