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Abstract

Multiphoton Ionization Mass Spectrometry (MPIMS) has been shown to be a
powerful technique for analysis of biochemicals. When incorporated with Supersonic Jet
Spectroscopy (SJS), a multidimensional detection scheme can be obtained. This SJS-
MPIMS technique provides higher selectivity and higher sensitivity. Both soft and hard
ionization can be obtained readily for molecular identification and structural analysis,
respectively.

In the analysis of thermally labile and nonvolatile molecules in complex matrices,
the combination of liquid chromatography with mass spectrometry (LC/MS) is normally
used to obtain molecular and structural information. By combining SJS-MP]I technique
with time-of-flight mass Spectrometry (TOFMS), a highly selective and sensitive detector
for LC is available for the detection of thermally labile and nonvolatile molecules in
complex mixtures,

In the first part of this thesis, the fundamental problems for SJ-MPIMS such as
signal dilution along the axis of jet expansion and strong background build up in the
ionization region have been examined. A solution to enhance signal intensity without
degradation in mass resolution and supersonic jet cooling by using a cylindrical lens instead
of spherical lens for ionization has been demonstrated. A method to reduce background
signals in reflectron TOFMS based on different trajactories of signal ions and background
ions attained on their way to the detector has been developed.

In the second part of this thesis, alteative methods for introducing thermaily labile
and nonvolatile molecules into supersonic jet expansions has been demonstrated. The first
technique used here is fast atom bombardment (FAB). We have demonstrated that small
biological molecules ::: be readily desorbed and entrained into a supersonic jet without
significant thermal decomposition by using FAB. However, one of the advantages of this
FAB method is that the FAB gun can be easily constructed and maintained at a low cast,



A second sample introduction method is interfacing time-of-flight mass
spectrometry with conventional liquid chromatography. A pulsed sample introduction
(PSI) interface has been developed which allows the coupling of LC to TOFMS. The
construction of this PSI interface has been outlined and the performance of the PSI
interface in terms of its applicability, reproducibility, sensitivity, quantitation, and transfer
cfficiency has been examined. The parameters that affect this PSI interface have also been
evaluated. Finally, real applications of this PSI interface for on-line detection of LC/MS are

shown.
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Chapter 1

Introduction

Mass Spectrometry (MS) is one of the most important means amongst the various
spectrometric techniques for chemical analysis. At present, MS remains the most sensitive
method for molecular identification based on mass fragmentation patterns. These
fragmentation patterns can be generated by methods such as electron bombardment or
collision-induced dissociation, whereas other methods such as chemical ionization (CI),
fast atom bomdardment (FAB), plasma desorption (PD), matrix-assisted laser desorption
(MALD), field desorption (FD), and secondary ion mass spectrometry (SIMS) can be used
to obtain relatively soft ionization.

In the analysis of complicated mixtures, hyphenated methods are generally used to
obtain sufficient discrimination among various components. These methods include gas
chromatography/MS (GC/MS), liquid chromatography/MS (LC/MS), and tandem MS
methods (MS/MS). These hyphenated techniques have become some of the most powerful
tools for solving important problems including environmental trace analysis,
pharmaceutical quality control, and structural analysis of biomolecules.

In this thesis, recent developments in combining multiphoton jonization (MPI) with
mass spectrometry for the detection of biochemicals is reported. The progress of the
development of a pulsed sample introduction (PSI) interface for interfacing liquid
chromatography (LC) with time-of-flight mass spectrometry (TOFMS) is presented. For
the first time we show the coupling of conventional liquid chromatography with time-of-
flight mass spectrometry for the detection of thermally labile and nonvolatile chemicals in
mixtures.

In this chapter, the basic concepts of multiphoton ionization and supersonic jet
technique will be discussed and a brief review of different LC/MS interfacing techniques
will also be included.



1.1, Multipheton Ionization

The multiphoton ionization (MPI) technique involves the absorption of several
photons by a molecule upon the irradiation with intense visible or ultra-violet (UV) light
source [1- 49] resulting in the production of positive ions with the concurrent release of an
electron. When the frequency of the excitation laser is tuned to a real intermediate
electronic state, the cross-section of ionization is greatly enhanced. This technique is
known as resonance-enhanced multiphoton ionization (REMPI). A molecule will ionize
only if the sum of the absorbed photon energy exceeds the ionization potential of that
molecule. However, if the laser frequency is not tuned to a real intermediate state, the
probability of MPI will greatly reduce. Even though the ions are generated as the final
product for the detection in mass spectrometry, the ion current obtained depends on the
absorption cross-section of the molecule at the particular laser frequency. Thus, the plot of
ion current as a function of laser frequency actually represents the absorption-excitation
spectrum of the intermediate state. The uniqueness of MP! as an ionization source for mass
spectrometry is that it can be employed as a means of achieving spectral selectivity of a
target compound before mass analysis.

There are several means to induce MPI as shown in figure 1.1. The most
commonly used MPI method in analytical chemistry is resonant-two photon ionization
(R2PI) [23-47]. In this process, absorption of the first photon excites a molecule to an
excited electronic state, i.e. Sy — S1, and the second photon ionizes the molecule (see
figure 1.1(B)). Thus, the sum of two photon energies must be greater than the ionization
potential of the molecule for R2PI with the two photons either the same or different in
frequencies. Since for most organic molecules, the ionization potentials (IP) are between 7
eV to 13 ¢V, a high-peak power, broadly tunable Nd:YAG laser or excimer-pumped
frequency-doubled dye lasers in the UV region are commonly used for R2PI.

Other MPI processes such as two-photon resonant ionization (TPRI) or more

generally, n-photon resonant ionization are possible. In these processes, two or more
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Figure 1.1.  Energy level diagram showing MPI transitions: (A) nonresonant MPI, (B)

resonant two-photon ionization, (C) two-photon resonant REMPL



4
photons are required to reach the first resonance (see figure 1.1(C)). Since at least one
photon is nonresonant and interacts with a short-lived virtual state (< 1013 sec), the
efficiency for ionization in these processes is greatly reduced compared to the R2PI
process. Totally nonresonant ionization is also feasible but requires higher laser power to
drive this inefficient process (see figure 1.1(A)). In addition, the selectivity unique to the
MPI process will be lost in this process.

R2PI has several unique features for mass spectrometry beside its potential for
higher selectivity. R2PI is also amenable to the production of soft ionization in which only
the molecular ion along with little or no fragmentation is obtained [17-21, 23-30, 33-36].
Although the full capability of this property has not been explored, soft ionization is
generally obtained at moderate laser energies (< 106 W/cm?2) for a wide range of organic
compounds. For small aromatics such as aniline [23, 25, 28], benzene [8, 16, 21], and
naphthalene [21, 28, 30], strong molecular ion peaks can be routinely obtained with little or
no fragmentation. In more recent studies, relatively soft ionization have been obtained for
other larger organic molecules, fragile biological molecules, and thermally labile molecules
[28-30, 37]. The ability to generate only molecular ion peak can simplify the mass
spectrum considerably and raises the possibility of identification according to molecular
weight.

Although the parent molecular ion is the major product in most ¢f the cases in R2PI
at the laser power lower than 106 W/cm?2, this process is characterized by a high efficiency.
Often ionization of up to several percent of the seeded molecules present in a molecular
beam occurs without fragmentation [13, 14, 21, 29, 30, 33]. For sromatics such as aniline
and naphthalene, ionization efficiencies ranging from 10 tv 100 % have been estimated
[21, 23, 26, 48). This high ionization efficiency of RZPI ¢uutrasts sharply with that of the
electron impact source which typically ionizes aboiis 6433 % of those molecules entering the
ionization region in the mass spectrometer. Soft ios:i#stion with an electron beam can be

obtained with a low electron beam energy, this will reduce the ionization cross-section



resulting in loss of ionization efficiency.

Multiphoton ionization can also produce extensive fragmentation by using higher
laser power density or by varying the laser frequency for ionization. Zandee and co-
workers [17-20], for example, have shown that C* is the dominant ion obtained from
REMPI of benzene when the laser power density of about 109 W/cm? is used at 391.4 nm.
When the laser power is varied, the fragmentation patern will change accordingly, and
different ratio of carbon fragments including CgHp+, CsHp+, C4Hp+, C3H,+, CoH,t,
and CH,* will be observed. Similar results were obtained in MPI as a function of laser
power in the UV (300 - 260 nm) by numerous other investigators {10, 14, 21, 25-28).
‘The fragmentation process in these experiments occurs generally through ladder-switching
processes (see figure 1.2) for most of organic molecules with a 10 ns laser pulse [49]. In
this process, the molccilar ion is initially produced by either R2PI or other MPI processes.
When the laser power is increased, subsequent absorption of additional photons may take
place and result in excitation to a state that dissociates, producing ionic and neutral
fragments. These fragments can further absorb subsequent photons producing smaller
fragments.

Therefore, the R2P1 is a more versatile ionization technique for mass spectrometry
that can produce soft ionization or very extensive fragmentation via successive up-pumping
processes. This can be accomplished by simply changing the laser power. Moreover, the
laser source can produce high appearance potential fragments with relative ease by
increasing the laser energy and in some cases can produce unusual fragments that are not

readily obtained with electron impact [39].

1.2. Supersonic Jet Expansion
One of the critical considerations in using MPI is the sample introduction because
the handling of sample will affect the initial absorption contour of the molecules. For the
carly experiments, either bulks or effusive molecular beams were used. However, under



Ladder Switching

Figure 1.2.  Ladder switching mechanism.
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these situations, the laser probes a Boltzmann distribution of molecules, which is
determined by the temperature of the source. One might expect that the potential selectivity
of R2PI will be limited under this situation because the gas phase UV-visible spectra of
larger polyatomic molecules are very broad and basically structureless due to the thermal
population of a large manifold of internal states.

The supersonic jet technique can be used to enhance the selectivity of R2PI in the
molecular systems since the broad contour observed due to the thermal conditions can be
cooled down so that the structure collapses down to several sharp peaks. A supersonic jet
is formed by expanding a carrier gas such as argon through a small orifice in anozzle into a
vacuum (see figure 1.3) [50-59]. There are two criteria for the generation of supersonic
jet. First, there must be a large pressure gradient across the orifice. The typical pressure in
the nozzle is about one atmosphere while the pressure in the vacuum is always lower than
104 torr. Another requirement for generating a supersonic jet is that the diameter of the
orifice must be greater than the mean free path of the expanding gas in the nozzle so thata
large numbers of collisions can take place during the expansion. If a small amount of
sample is introduced into the nozzle and the mixture is expanded into the vacuum through
the orifice, then a seeded molecular beam expansion is formed.

There are several salient features associated with supersonic jet expansion. The
most important feature is translational cooling which takes place during the jet expansion.
In the early stage of the expansion, the gas flow through and downstream of the orifice is a
hydrodynamic process. This hydrodynamic process converts the random motions of the
carrier gas into a directed mass flow. The translational temperature is defined by the width
of the Maxwell-Boltzmann velocity distribution as shown in figure 1.4 (A). Before the
expansion, the velocity distribution of the carrier gas is quite broad (see figure 1.4(B)) but
after expansion, the velocity distribution in the direction of mass flow becomes narrow
resulting in translational cooling (see figure 1.4(C)). The typical translational temperature
of the expanding gas s less than 1° K [57, 58].
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Another important feature of supersonic jet expansion is that a "free flow" regime is
obtained. As the expansion proceeds from the orifice, collisions between expansion gases
and sample molecules continue, the translational temperature continues to drop as a
function of the distance from the orifice. At some point, the density in the expansion
becomes so low that no collision occurs to maintain cooling, and the free flow regime is
reached. This free flow regime is basically collisionless and the final temperature is
achieved. Most of the analytical measurements take place in this region because the matrix
effect with complex mixture is eliminated.

For the supersonic jet experiment, a small amount of sample is mixed with a large
quantity of the carrier gas and the mixture is then expanded through the small orifice to
form the molecular beam. For each molecule, there are three motions: translational,
vibrational and rotational motion. During the supersonic jet expansion, there are large
number of collisions between the sample molecules and the carrier gas molecules resulting
in the transfer of vibrational and rotational energy of the sample molecules to the carrier
gas molecules. Since the energy exchange between molecular rotational motion and atomic
translational motion is extremely fast, the molecular rotational temperature is similar to the
atomic translational temperature of the carrier gas, that is, less than 1° K. On the other
hand, the energy exchange between the molecular vibrational motion and the atomic
translational motion is much slower, so the vibrational temperature of the molecule is above
the translational temperature but well below the original temperature. The typical
vibrational temperature of the molecule is less than 150 * K [57]. Thus, the supersonic jet
expansion can be used to prepare ultra cold, isolated gas phase molecules for spectroscopic
applications.

A key point of supersonic jet expansion is that a high on-axis intensity is achieved
as a result of directed mass flow. This high on-axis intensity means enhancement of the
sensitivity of detection for this technique. In t&pical supersonic jet expansion of Ar carrier

gas, the on-axis density is generally 1014 to 1015 molecules/cc [21]. Although it is always
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desired to work with the free flow region to achieve selectivity, the on-axis density in the
beam decrease as 1/X2, where X is the distance from the orifice, so it is necessary to

balance between the need for sensitivity and selectivity for a particular real sample analysis.

1.3. Interfacing Liquid Chromatography to Mass Spectrometry

Combining chromatography with mass spectrometry offers the possibility of taking
advantage of both chromatography as a separation method and mass spectometry as un
identification method. At present, the combination of high resolution gas chromatography
and mass spectrometry (GC/MS) remains the most commonly used technique for the
elucidation of structural information of the components in a complex mixture. However,
only those compounds that are amenable to GC can be analyzed by GC/MS. Nonvolatile
compounds such as larger polyatomic molecules, and thermally labile molecules cannot be
analyzed by GC/MS readily. Thus, another chromatographic technique such as liquid
chromatography (L.C) is required to combine with mass spectrometry for the analysis of
nonvolatile, and thermally labile compounds.

Combining LC with NS for the on-line analysis is not as simple as combining GC
with MS. The difficulties in coupling LC with MS are well documented [60-63]. These
problems include the amount of column effluent that has to be introduced into MS vacuum
system, the composition of the eluent, and the type of analytes that must be analyzed. In
order to solve these problems, different types of interfaces have been developed for specific
separation problems as well as the specialized MS systems.

For interfacing LC with MS, both LC and MS point-of-view should be considered.
In terms of LC operation, the interface should be able to handle any mobile phase
composition and work under both isocratic and gradient ¢lution. The interface should be
able to handle additives in mobile phase such as volatile and nonvolatile buffers or ion-pair
reagents without any difficulties. Of course, the most crucial requirement is the capability
to handle mobile phase flow rate between 1 pL/min to 2 mL/min. The interface itself
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should have high sample transfer efficiency so that no or minimum analyte is lost. No
additional peak broadening effect introduced by the interface is favorable. More important,
the interface should not impose any degradation in resolution of eluted peaks from LC.
The mass spectrometer that is used as detector for LC should provide qualitative
information based on mass spectra for reliable molecular identification. The pumping
capacity of the mass spectrometer should be high enough to handle large amount of
liquid/gas introduced from LC and still maintain a low enough pressure in the source for
ionization of analytes. Moreover, any interference from the solvent should be reduced to a
minimum or completely eliminated so that it will not interfere with the analyte signal. In
addition, the LC-MS system should be simple to operate, able to do quantitation, and have
low detection limit.

During the progress in developing LC-MS interface, flow rate incompatibility of LC
and MS is the most challenging problem. There are some solutions for handling high flow
rate from conventional LC such as enlarging pumping capacity of MS system, removal of
solvent or splitting prior to MS introduction, miniaturization of LC columns, and use of
atmospheric-pressure ion source. With many interfacing development in the field,
combination of various means are necessary. On the other hand, when LC column flow
rate is too small, usually in nL/min range, then a make-up flow rate is introduced to -
maintain proper operation of the interface.

The mass spectrometers used in coupling with LC should combine several
important analytical features. They include high sensitivity, selectivity, and applicability
for most of organic compounds. The other important factor to determine the suitability of
particular MS as a detector for LC wotk is the scanning rate or in more general terms, the
rate to acquire data from eluted peak. In order to avoid loss in resolution of eluted peak,
MS should obtain enough data points over the entire eluted profile of chromatographic peak
for reconstructing the eluted peak. At present, the most commonly used MS systems for

LC-MS are sector and qurdrupole instruments [91, 101-113]. For scanning instrument,
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scanning time depends on scanning mass range. In general, better mass resolution is
obtained with longer scanning time [64] but loss of resolution of the eluted peaks are
unavoidable. At present, a scan rate up to 1ms [65] per m/z-value is possible. However,
when the mass range becomes larger, the limited scan rate will be a problem to obtain good
resolution.

The most commonly used ionization techniques in LC-MS are electron impact (EI),
chemical ionization (CI), fast atom bombardment (FAB), and ion evaporation (IEV).
Except EI which is a hard ionization method that provides structural information for
structural analysis, all the other techniques are soft ionization techniques which give only
molecular information. For most of the interfaces developed over the years, only few of
them can access to EI ionization and the rest of them are subjected to soft ionization
techniques.

Over the past twenty years, starting in 1972 with the first LC-MS publication by
the Russian group, Tal'roze et al. [66], the development of the LC-MS method has been
continuous in the form of the introduction of different types of interfacing techniques. This
has led to a vast number of papers on successful applications and to several successful
cdmmemially available LC-MS interfaces [91, 101-109]. Table 1.I shows a complete list of
the interfaces reported in literature. The details of these interfacing techniques will not be
discussed here and can be found in the literature [65].
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Table 1.I LC-MS interfaces [65]

Year _ Type of interface

1972 Stopped-flow

1972 Capillary inlet

1974 Moving belt

1974 Pneumatic nebulizer in atmospheric pressure source
1975 Solvent vapor separator membrance
1976 Liquid ion evaporation

1978 Crossed beam

1978 Jet separator

1979 Vacuum nebulizer

1980 Direct liquid introduction

1981 Conical tip

1981 Continuous sample preconcentration
1982 Rotating disk

1983 Helium

1983 Thermospray

1984 Monodisperse aerosol generator
1985 Electrospray

1985 Frit FAB

1986 Continuous-flow FAB

1986 Particle-beam

1986 Heated nebulizer

1987 Thermal beam

1987 Gas nebulized

1987 Ionspray

1988 Atmospheric-pressure spray

1989 Frit-EIl/CI

From table 1.1, the development of LC-MS interfaces can be divided into three
main streams: the development of an LC-MS interface that can handle 1 mL/min of aqueous
column effluent, the development of analyte-enrichment interface, and the development of

an interface that gives additional ionization possibilities. In order to get a clear picture of
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the characteristics of these interfaces, a summary of the operation conditions of these

interfaces is given in table 1.IL

Table 1.1 Characteristics of the aiost-widely used LC-MS interfaces [65]

Interface Max.flow Comaposition | Ionization technique .
l‘mue in}

moving-belt 2000 NP El, CI, FAB

500 RP

direct liquid introduction | 50 IRP, B LCI

thermospray 2000 RP, B LCL IEV

continuous-flow FAB 15 RP, B FAB

frit FAB 5 RP FAB

particle-bcam 500 | RP, NP, B |EIL CI, FAB

thermabeam/universal 1000 RP, NP, B |EI CI, FAB

electrospray 10 RP, B IEV,LCI

ionspray | 100 RP, B IEV, LCI

heated nebulizer 12000 RP, NP, B | APCI, IEV

NP=normal-phase chromatography with organic solvents, RP=reversed-phase
chromatography with aqueous-organic solvent mixtures, B=volatile buffers.

El=¢lectron impact, Cl=chemical ionization, LCI=solvent-mediated chemical ionization,
IEV=ion evaporation, FAB=fast atom bombardment, APCI=atmospheric-pressure

chemical ionization.
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1.4. TOFMS as a LC detector

As mentioned before, for most of LC-MS experiments, a sector or quadrupole
instrument is used. The main disadvantages of these instruments are limited mass range,
lower ion transmission efficiency and lower scan rate. However, the use of a time-of-flight
mass analyzer as a LC detector offers several unique advantages over these commonly used
scanning mass spectrometers: higher ion transmission, able to obtain up to ten thousand
complete mass spectra per second, and no mass limit. Moreover, the time-of-flight mass
spectrometer is very simple to construct and yet inexpensive compared to other scanning
mass spectrometers.

The time-of-flight mass spectrometer is well suited for pulsed operation, and
detects ions in a discrete form. Higher ion transmission efficiency is attained by TOFMS
since all ions generated in the ionization region are transmitted through a drift tube and
subsequently detected by the microchannel plate detector. This higher ion transmission
results in increasing detection sensitivity of TOFMS as a detector for LC.

One of the distinguishéd advantages of TOFMS as an ideal candidate for LC
detector is its ability to obtain up to 10,000 complete mass spectra in a second [64). This
feature is extremely important for chromatographic detection. For conventional LC
clution, the peak width of a particular chromatographic peak is normally in the range of
about 20 seconds. Sufficient number of mass spectra per chromatographic peak must be
obtained in order to retain eluted peak shape and resolution. With the use of TOFMS,
theoretically 200,000 mass spectra can be acquired over the entire elution profile of a peak,
which is sufficient to reconstruct the chromatographic peak without losing resolution of the
cluted peak.

The other important feature of TOFMS is its ability to detect high mass. For most
scanning mass spectrometers, mass range up to several thousand dalton can be obtained.
TOFMS on the other hand has no ultimate mass limit. In fact, large proteins with
molscular weights up to 300,000 Da. have been detected by TOFMS [67).
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Besides all the advantages TOFMS offers, it also swifzes sovse taw backs as a
LC detector. The most well known weakness of TOFMS is ite peor ima:s resolution.
Mass resolution of TOFMS is degraded by initial space and energy »u:sations and the
presence of metastable decomposition products in the ion optical path [}, flowever, v::th
the use of reflectron TOFMS, mass resolution up to 10,000 has been weg rted [0, 7137,

The duty cycle of TOFMS is another limitation for it to be a effecsive
chromatographic detector. The inability of TOFMS to detect the chromatographic effluzut
continuously causes a severe loss in sample sensitivity. In the light of fact that a TCFMS
detects ions in a pulsed form, it is highly desirabie u: intraxiuce chromatographic »{fluent
into TOFMS in a pulsed form instead of continuous fc 1 i arder to increase the duty cycle
of TOFMS.

By using MPI as the ionization source, TOFMS becomes a more powerful method
for LC detection. Some of the most outstanding characteristics of this system are: the ability
to obtain both soft and hard ionization mass spectra, higher sensitivity, and higher
selectivity.

The goal of our work is to develop a LC/TOFMS system that has the following
characteristics.

(1) Have high sensitivity with pg or low ng detection limits.

(2) Have mass resolution above 2000.

(3) Provide qualitative information based on laser ionization and/or electron
impact mass spectra for reliable molecular identification,

(4) Be able to perform on-line quantitation with high precision.

(5) Be abie to detect most compounds of interest in environmental samples.

(6) Be reliable and convenient to operate.

In order to accomplish this goal, recently we developed a pulsed sample
introduction (PSI) interface specifically suited for TOFMS. Since this PSI intérface
introduces sample in a pulse form instead of continuous form, the duty cycle of TOFMS



18
can be enhanced while still maintaining the low system pressure for ionization. This PSI
interface can accept LC effluent of up to 1.6 mL/min without splitting and most of organic,
aqueous or any combination of these solvents can be introduced into the system readily.
The details of this PSI interface is given in Chapter 4 and successful applications of this

PSI interface for on-line LC/MS detection of mixture is illustrated in Chapter 5.
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Chapter 2
Signal Enhancement and Background Reduction in a Supersonic
Jet/Multiphoton Ionization Reflectron Time-of-Flight
Mass Spectrometer

2.1. Introduction

Supersonic Jet-Multiphoton ionization mass spectrometry (SJ-MPIMS) has beeri
shown to be a very powerful technique for chemical analysis. In particular, when it is
combined with various desorption techniques such as laser desorption (LD) [69,70], fast
atom bombardment (FAB) [71], and pulsed rapid heating (PRH) [72] for sample
vaporization, thermally labile and nonvolatile species can be studied. However, there are
few problems associated with SJ-MPIMS. The first question arosed when sample
entrained into the supersonic jet and carried into the ionization region, sample dilution and
expansion along wiih the jet expansion of the carrier gas are unavoidable and consequently
reduces the ultimate sensitivity of the SJ-MPIMS technique. Associated with SJ-MPIMS
with desorption techniques, another problem is the high-intensity background for sample
vaporization . In FAB, PRH or LD/SJ-MPIMS, the nonvolatile molecules are first
vaporized and then carried into the ionization region of the TOFMS. During this process,
samples may condense on the wall of the vacuum chamber and the electric lens assembly of
the TOFMS. These molecules and their decomposition products will eventually form the
background for subsequent analyses. This cross-contamination can become quite severe
because the turn-around-time of the system is usually very short, i.e., less than 5 minutes.
Due to the possible overlap of the molecular ion and fragments with:the background
signals, the sensitivity for the detection of molecules of interest is often reduced, and also
the structural information obtained from the mass fragmentation pattern suffers.

In this chapter, a simple technique for signal enhancement by using a cylindrical

lens to provide a planar laser beam instead of a circular laser beam for ionization is
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described. In MPI, the ionization signal is a function of the portion of the molecules
intersected by the laser beam, thus using a larger size of a laser beam will result in signal
enhancement of the analyte. We show that the use of a cylindrical lens to provide a planar
laser beam instead of a circular beam enhances the signal from about 4 to 16 times
depending on the laser beam sizes, i.c., the diameter of the beam for a spherical lens or the
width of the beam for a cylindrical lens, without losing resolution. Even with a large
planar beam (e.g., length=15mm, width=5mm), resolution above 2000 can be achieved.
In addition, supersonic jet cooling can still be obtained.

Next, we describe a method for this background reduction in FAB, PRH and
LD/SJ-MPIMS. This method involves (1) the use of an ion deflector in a supersonic
jet/reflectron TOFMS, and (2) the optimization of the time delay between the sample puise
and the ionization laser pulse, to selectively detect the sample ions from background
interference. If the sample in the jet expands to the ionization region at a velocity
perpendicular to the acceleration field or ion flight axis, the ions generated from the sample
(sample-ion-packet) will have different linear velocities from the ions originating from the
background molecules (background-ion-packet). Thus they will travel to the detector with
different trajectories. If there is a sufficient spatial separation between these two ion
packets when they arrive at the detector, then, by selecting a proper ion deflector voltage,
the saraple-ion-packet can be selectively detected by the detector. We demonstrate here that

the background can be significantly reduced by using the ion deflector in a reflectron
TOFMS.

2.2. Experimental
The experimental setup for supersonic MPI is shown in Figure 2.1. The system
consists of an angular reflectron time-of-flight mass spectrometer (R.M.Jordan Co.,
Califorina) mounted vertically in a six-port cross pumped by a 6-in diffusion pump. A
pulsed nozzle (R.M.Jordan Co., Califorina) with a 50-us pulse width is used to form a
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supersonic jet. COp is used as the expansion gas throughout this work. The jet expands
into the acceleration region of the TOF and a laser beam perpendicular to both the jet
andflight tube ionizes the sample. The main test chamber is pumped by a 6-in diffusion
pump (Varian Associates, Inc., Massachusetts). The flight tube is differentially pumped by
a 4-in. diffusion pump (Varian Associates, Inc., Massachusetts). The pressure in the flight
tube is usually below 2x10-7 Torr and the pressure in the ionization region is <106 Torr.

The ionization laser beam is a 266 nm radiation with a 7-ns pulse width from a
frequency quadrupled Nd:YAG laser (GCR-3, Spectra-Physics, Mountain View, CA).
The diameter of the beam directly from the laser is about 8 mm. A combination of one
convex and one concave spherical lens is used to focus the laser beam to a 2-mm-diameter
spot in most of the experiments and this beam can also be expanded up to 20 mm by using
a combination of a concave and a convex lens (see Figure 2.2). The expanded laser beam
is then focused into the ionization region of the TOFMS with either a cylindrical lens (focal
length = 152 mm) to generate a planar beam or a spherical lens (focal length=150 mm) to
generate a circular beam. The 25.4-mm-in-diameter cylindrical lens is made of UV grade
fused silica (ESCO, Oak Ridge, NJ) and can be easily mounted to a regular lens holder
used for a spherical lens. Different sizes of rectangular aperture or circular aperture are
inserted in between the lens and the focal point to generate various sizes of laser beam.
The length of the planar beam is fixed at 15 mm while the width of the beam can be varied.
The planar beam is so aligned that the long direction (length = 15 mm) is parallel to the jet
expansion direction. The focal point is located about 30 mm away from the center of the
repeller plate to avoid local excess ionization. The laser beam size can be measured by
using a heat-sensitive paper to display the beam profile. The beam size given below refers
to the size of the laser beam at the plane passing thrcingh the centers of the repeller plate and
the extraction grid. The diameter of the extraction gnd is 1.5 cm. The laser power is
measured with a Ophir Model 10A-MED-AN lascr po‘i&ér/ex;ergy meter (Diamond Ophir
Optics, Wilmington, MA).
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Our mass spectrometer is so designed that immediately after ionization, ions will be
repelled by the repeller plate and drawn through the extraction grid. A set of Einsel lenses
placed just above the extraction grid can be used to focus the ions. A pair of deflection
plates, i.e., the ion deflector, is placed above the Einsel lenses to control the trajectory of
ions traveling towards the microchannel plate detector. Our system consists of two ion
detectors. One is placed behind the reflecting field which is at the end of the flight tube so
that this system will function the same as a linear TOFMS when the reflecting field is
turned off. When the field is on, ions will be reflected. Thus the other detector is placed
near the extraction grid at the other end of the flight tube. The mass resolution of aniline is
about 300 and 2000 for linear and reflectron TOFMS. The mass spectrum is recorded by a
LeCroy 9400A digital oscilloscope and data stored in an IBM compatible 386SX PC for
processing.

LD/SJ-MPI study is carried out with a pulsed CO, laser (Allmark model 852, A-B
lasers Inc., Acton, MA) which generates a 10.6 pum IR radiation with a 75-ns initial pulse
and 2-us tailing. The repetition rate of the laser can be adjusted from 0.1 Hz to 15 Hz,
although 10 Hz is used here. In LD/SJ-MPI, a 1 cm diameter NaCl window in a 2" flange
is used. The IR beam from the CO; laser is reflected by copper mirrors protected with
gold coating (CVI Laser Corp., Albuquerque, NM) and focused on the sample probe by a
germanium plano convex lens (Janos Technology Inc., Townshend, VT).

The actual sequence of events is controlled by several delay generators. The CO5
laser beam is first turned on to desorb the sample, the pulsed nozzle opens to form a
supersonic jet, and then the saraple is entrained into the jet and carried into the ionization
region of the TOFMS where the ionization proceeds.

All chemicals were purchased from Sigma Chemical Co., St. Louis, MO or Aldrich
Chemical Co., Milwaukee, W1 and used without further purification.
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2.3. Results and Discussion
Signal Enhancement. Since the ionization signal intensity is directly related to
the number of molecules within the interaction region between the laser beam and the
molecular beam, any increase of the beam size will enhance the signal intensity. Indeed,
we have found that the signal intensity increases with the increase of the diameter (D) of the
circular beam for a spherical lens or the width (W) of the planar beam for a cylindrical lens.
The use of a planar laser beam instead of a circular beam (when D=W) increases the
ionization area. Thus signal enhancement by using a cylindrical lens can be obtained.
Figure 2.3 shows the relative intensity between the molecular ion peak intensity when a
cylindrical lens is used and that when a spherical lens is used at different laser beam sizes
(D or W). This figure is obtained at a laser power density of about 5 x 106 W/cm [69].
When the laser power is slightly increased, fragment ions are observed. As Figure 2.3
shows, signal enhancement from about 4 to 16 times can be achieved depending on the size
of the beam by simply using a cylindrical lens.

The signal enhancement which can be achieved seems to depend on the geometry of
ion extraction and ion focusing. In particular, the number of ions extracted is limited by the
size of the extraction grid. The larger the grid, the more ions can be transported to the
flight tube and hence to the detector. Note that the ion detector in our system is quite large,
4 cm in diameter. Thus, even without Einsel lenses, which are placed just above the
extraction grid, we can detect ions distributed in a 4-cm diameter area. Although the
relative intensity versus beam size nearly follows the ratio of volumes in which molecules
are ionized and ions are extracted for the two beams as Figure 2.3 indicates, there is a small
deviation from the expected size dependence. With a 1.5-cm diameter grid used in our
current system, the ratio of volumes for the two beams is expected to increase from 3 to 15
with the increase in beam sizes from 1 to 5 mm. Thus, the planar beam provides more
signal enhancement than expected. This small deviation might be attributed to the fact that
more ions are extracted and detected with the planar beam than expected. |
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planar beam (length=15 mm). The laser power density is about 5 x 106

W/cm? and remains constant throughout the study.
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It has been known that a TOFMS equipped with a reflectron field can improve mass
resolution significantly over a simple linear TOFMS [73]. Mass resolution above
10,000 has been reported [74, 75]. Our system consists of two ion detectors. One is
placed behind the reflecting field which is at the end of the flight tube so that this system
will function the same as a lincar TOFMS when the reflecting field is turned off. When the
field is on, ions will be reflected. Thus the other detector is placed near the extraction grid
at the other end of the flight tube. When the system is operated in a linear TOFMS mode,
mass resolution is found to be about 390 for aniline at m/z 93 with a small size (1mm) of
ionization laser beam.

When the beam size is increased, the resolution is so dramatically reduced that a
reliable mass identification becomes very difficult. However, with a refiectron TOFMS,
mass resolution above 2000 can be obtained even with a Smm X 15mm laser beam, Figure
2.4 shows the relation between the mass resolution and the beam size. This figure
indicates that the use of a planar beam instead of a circular beam does not change the mass
resolution. Thus, we can have net signal enhancement without losing resolution. Figure
2.4 also shows that the resolution decreases when the diameter or the width of the laser
beam is increased. This suggests that our reflectron TOFMS can only partially compensate
the initial spatial distribution.

We also examined the effect on supersonic jet cooling with use of a planar beam,
instead of a circular beam. We have examined the cooling effect by examining the mass
resolution in a linear TOFMS [37]. In a linear TOFMS, the mass resolution is directly
related to the initial kinetic energy distribution of the sample molecules. The energy
distribution will be very broad if there is no cooling or only partial cooling for the
molecules in the jet [37). This poor cooling will result in low resolution. By running our
system in a lincar TOFMS mode, we have found that mass resolution remains the same
when a circular laser beam is replaced with a planar beam (here D = W). This indicates that
the increase of the beam size in a direction parallel to the jet expansion axis does not affect
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the cooling significantly. Thus we conclude that the signal can be enhanced by the use of a

planar beam without affecting the jet cooling. This result is very significant for the
R2PI supersonic jet spectroscopy studies of biological molecules [76-78]. For most
biological molecules, the use of high laser power will have two effects, i.e., severe
fragmentation resulting in poor cooling and spectral peak saturation of the wavelength
spectrum. The signal enhancement from 4 to 16 times will allow one to reduce the laser
beam power about 2 to 4 times for R2PI while the overall signal intensity remains the
same.

Background reduction. In FAB, PRH and LD/SJ-MPIMS, the high-intensity
background is mainly from the ionization of the molecules condensed on the lens assembly.
Although baking the vacuum chamber, a commonly used method for background
reduction, could be employed here, the chamber cannot be kept at the baking condition
during the experiment since the thermally labile sample molecules will be decomposed at
high temperawre. If the chamber is baked periodically between the runs, then the

efficiency of the system will be greatly reduced. An alternative method is the use of liquid
nitrogen (LN?2) to trap the background molecules [79]. Background reduction will be

most efficient if the lens assembly, the chamber, and part of the flight tube are LN»-
trapped. In a simple, linear-type TOFMS, this can be done with modest cost [79].
However, for a relatively complicated system such as Jordan's reflectron-type TOFMS
{80], it would be difficult and expensive to use the LN trap.

As indicated in the introduction, this background reduction method is based on the
trajectory difference of the sample and background ions during the flight from the
acceleration region to the detector. During the experiments, the sample molecules from the
jet and background molecules are both ionized in the region between the repeller plate and
extraction grid. The resulting ions are accelerated by V) and V,3 and enter the field-free
flight tube. In here we first examined the velocity difference between the sample
molecules from the jet and the background molecules.



30

For the sample molecules in the jet, the supersonic expansion not only reduces the
initial velocity distribution but also forces these molecules to travel in one direction, i.e.,
perpendicular to the flight tube axis (see Figure 2.1). After the molecules are ionized by
the laser, the ions will retain the molecular flight trajectories. Therefore the ions in this ion
packet will have relatively uniform velocities and have a net linear velocity moving along
the jet expansion axis. Since the jet-cooled sample molecules travel at almost the same
velocity as the expanding gas, the linear velocity of the molecules can be experimentally
determined by measuring their flight time from the nozzle to the ionization region. To
determine the velocity, the aniline sample is directly introduced into the nozzle and mixed
with CO2. The mixture expands into the TOFMS to form a jet. The distance between the
nozzle and the ionization region was varied from 10 cm up to 20 cm in a 2.5 ¢cm increment,
the corresponding flight time of the aniline sample changed from 130 ps to 256 us. From
the linear relationship of the travel distance with the flight time, the linear velocity of the jet-
cooled sample molecules was determined to be about 7.7x104 cmifsec. This velocity is
consistent with the results reported by others [81].

The linear velocities of other molecules, i.e., hot sample molecules and background
molecules in the system, are more difficult to determine with high accuracy. However, by
examining the pulse profiles of these molecules, we can estimate the velocities or provide
an indication about their velocity differences from the cooled sample molecules. Figure 2.5
shows the pulse profiles of sample and background obtained by monitoring the molecular
ion intensities of aniline (sample) and 9-methylanthracene (background) as a function of
time delay between the nozzle and the ionization laser. The ion deflector voltage (V xy) was
set at 18 volts for Figure 2.5(A) and 68 volts for Figure 2.5(B) with the reflectron
TOFMS. At Vxy=18V, a background signal is observed along with a strong signa! from
the jet-cooled sample. When Vxy is below 18V, the background signal decreases. If the

voltage is adjusted to above 18V, then the background signal increases and the shape of the
sample pulse becomes broader. As Figure 2.5(B) shows, at Vxy=68V, background can



Signal (mv)

Signal (mv)

31

120 40
(A) ——=—— 3ignal
——y——  background
30
80 E
°
[
"20 3
St
o
K4
2
40" a
10
o- ' g T ¥ O
0 1000 2000 3000
Delay Time (jisec)
250 200
(8)
————e——  gignal
200 g background
* 150
g
1509 °
-]
3
]
)
o2
100 g
]
1
50 9
0 Y Q

0 1000 2000 3000
Delay Time (|sec)

Figure 2.5.  Signal intensities of the molecular peaks of aniline (sample) and 9-

methylanthracene (background) as a function of the delay time between the
laser and the sample pulse with ion deflector voltages of (A) Vxy=18 Vand

(B) Vxy=68 V.



32

be detected no matter what the time delay is and the sample pulse becomes very broad.
Figure 2.5(A) also shows that the width of the sample pulse is about 75 ps, which

is close to the gas pulse width data, i.e., ~50us, provided by the manufacture. The
velocities of the sample molecules in Figure 2.5(A) are the highest compared with the
background and the portion of samples in Figure 2.5(B). Moreover, from the mass
resolution studies of the molecular ion peak of the sample [99], we found that the
molecules from the pulse in Figure 2.5(A) are cooler than those in Figure 2.5(B). Thus,
we may conclude that the sample ions detected at Vxy=18V are from the jet-cooled
molecules. Interestingly, the background in Figure 2.5(A) also gives a pulse profile,
which has a similar shape as the sample pulse but with a slight time-shift. This indicates
that some background molecules are entrained into the jet near the nozzle and become cold.
However, due to insufficient collisions with the expanding gas, the background molecules
are not as cold as the sample and have a smaller velocity. Therefore, by optimizing the time
delay between the nozzle and the laser, one can selectively ionize the jet-cooled molecules
when a proper Vyy is used. For supersonic jet spectroscopy, this result suggests that one
should use the laser to intersect the front portion of the sample pulse to reach the optimal
cooling if the background is the same as the sample molecules. Indeed, this was true for
the resonant two-photon ionization jet spectroscopy studies of biological molecules with
laser desorption sample entrainment into the jet [76, 77].

In contrast to Figure 2.5(A), the sample pulse shown in Figure 2.5(B) is very
broad. Moreover, the velocity of the sample ion packet is reduced to less than 5x104
cmy/sec as indicated by the prolonged delay time. These results, along with the fact that the
sample molecules at the tail of the pulse are not as cold as those in the front of the pulse and
those in Figure 2.5(A), lead us to believe that part of the jet-cooled sample molecules has
been warmed up during the course of traveling from the nozzle to the center of the
ionization region due to their collisions with the background molecules en route,

particularly the high intensity background molecules in the ionization region. In addition,
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these collisions tend to reduce the linear velocities of sample molecules, and some
background molecules may gain momenta or velocities moving towards the center of the
ionization region during the course of collisions. However, the velocities of background
molecules should be much lower than those of samples because of the incomplete
collisions. Note that the intensity of the background signal remains high before the sample
pulse arrives at the ionization region, which suggests that the background molecules from
the center of the ionization region with zero initial linear velocity are pushed away by the
sample pulse when the pulse arrived at that region. This further indicates that the
background molecules have some linear velocities in the same direction as the jet
expansion, although they are moving at much smaller velocities than the jet-cooled
molecules.

From this pulse profile study, we can conclude that the jet-cooled molecules have
the highest velocity along the expansion axis, i.c., about 7.7x104 cm/sec in our
experimental setup. In addition, the linear velocities of the background molecules in the
ionization region at the time of sample arrival are much lower, but not zero. Next we want
to examine the spatial seperation of the sample and background ions when they arrive at
the detector and also the effect of the ion deflector on the ion trajectory and the spatial
scparation. In an attempt to illustrate these facts, we performed a computer simulation on
the ion trajectories.

The numerical simulation program, Simion (MacSimion, version 1.0, Montech Pty
Ltd, Australia), was used to model the electrostatic lenses and calculate the ion trajectories
in the TOFMS. Due to the large dimension of the TOFMS system and the limited size of
matrix available in the Simion program, it was difficult to perform the complete simulation
of the system with high accuracy. However, we show here that it is possible to simulate
the ion trajectory with high accuracy in the important part of the system, i.e., the extraction
and acceleration region, the Einsel lenses, the ion deflector, and a small portion of the field-
free region. Based on this ion trajectory, the positions of the ions striking at the detector
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can be calculated by extrapolating the trajectory with a curve fitting program in the
computer. In the simulation, the geometry of each electrical element (see Figure 2.6) is
first modeled after the experimental setup. A voltage is then assigned to each element. The
voltages applied to extraction and acceleration plates are determined by the experiment. We
found that optimal sensitivity and mass resolution of the system could be achieved when
Va1=1948V, V32=1220V and V,3=0V. Thus in this calculation, V41, V2 and V43 were
set at these values. Although other sets of voltages can be used for optimizing the
background reduction, they tend to reduce the sensitivity and give poorer mass resolution.
Since the molecules are ionized in a relatively small area compared with the large size of our
detector and the ions generated by the laser have a fairly uniform energy distribution in the
supersonic jet experiments, the effect of Einsel lenses on the sensitivity was found to be
negligible. Thus, these lenses were set at zero voltages in this study. Because the program
is not capable of performing simulation with both cylindrical and noncylindrical elements
simultaneously, the Einsel lenses were treated as noncylindrical elements similar to the
parallel plates. We believe that this assumption will not affect the accuracy of defining the
electrostatic field significantly since there are no voltages applied to Einsel lenses. A plate
(modeled as a detector) with zero voltage is placed 25 cm away from the repeller plate. We
found that the small Yariation of the distance (e.g. the distance is changed to 20 cm) does
not change the ion trajectory. This indicates that ion trajectory may not alter significantly in
the field-free region and will follow the original path to the detector.

Next the initial conditions of the ions are defined for the calculation of ion
trajectories in the electrostatic field described above. Here the important parameters
affecting the ion trajectory are the initial kinetic energy and the entrance angle with respect
to the field. The initial kinetic energy of an individual ion can be calculated according to
E=1/2mv2, where m is the mass of the ion and v is the Linear velocity. For the majority of
the jons from the cold sample molecules (aniline) in the jet, they have the kinetic energies in
the range of flight 0.3¢V (v=~7.7x104 cm/sec) and entrain into the field perpendicular to
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the tube axis. Now in the case of the backgound molecules in the supersonic jet
experiments, they do have some linear velocity, but this velocity is much lower than that of
the cooled sample molecules. In addition, the mass difference between the sample and
background is relatively small. Thus we can conclude that the initial kinetic energy of the
background ion packet in the jet expansion direction is much lower than that of the sample
ion packet.

Figure 2.6 shows the ion trajectories calculated by the Simion program at various
deflector voltages. Ions are simrulated as being entrained into the field with initial kinetic
energies ranging from 0 to 0.4 eV in a step of 0.1 eV. Figure 2.7 shows the spatial
separation of ions (Y-axis) with different initial kinetic energies arriving the detector by
extrapolating the ion trajectories from Figure 2.6. As Figure 2.7 indicates, the spatial
separation between the ion with no initial kinetic energy and the ion with 0.3eV energy at
the detectar in the linear TOFMS is about 2.8cm. This suggests that if all background
molecules had zero initial energies in the jet expansion axis, a detector with 18-mm in
diameter target area would selectively detect the sample ions when a proper voltage is
applied to the ion deflector (Figure 2.7(B)). The experimental result for the signal profiles
obtained by monitoring the molecular ion peak intensities of aniline (sample) and 9-
methylanthracene (background) as a function of the deflector voltage in the 1-meter linear
TOFMS is shown in Figure 2.8(A). As Figure 2.8(A) shows, it is not possible to
selectively detect the sample ions. Note that the background ion profile shown in Figure
2.8(A) is broader than the sample profile. This can be attributed to the fact that background
isbs emey the acceleration field with various velocities according to the Maxwell-Boltzmann
disnibusion with a mean velocity corresponding to the linear velocity o the background-
~ ion-packet and with various entrance angles, whereas the sample ions enter the field with
more uniform velocities and entrance angles. Figure 2.8(A) also shows that the center of
the sample ion profile is different from the background profile and a small-r deflector
voltage is needed to alter the sample ions flight path to ensure that the ions arrive at the
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detector. Unfortunately, after the ions travel about 1 meter and strike the detector, the
spatial separation between the sample-ion-packet and the background-ion-packet is not
large enough to allow the selective detection of sample ions.

Now according to our simulation, if the flight length is doubled, then the spatial
separation will also be nearly doubled, which may allow us to use the detector to selectively
detect the sample ions. To do this, we can either increase the length of the flight tube in a
linear TOFMS or use a reflectron TOFMS to double the flight length. However, the use of
a reflectron TOFMS also provides a means of compensating the initial energy distribution
of the isomass ions, resulting in a less-diffused sample-ion-packet [73-75]. The effective
flight lengthi in our reflectron TOFMS is about 2 meters. Figure 2.8(B) shows the ion
profiles of sample and background obtained by operating the TOFMS in a reflectron mode.
The time delay between the laser and the sample pulse is adjusted so that the laser intersects
the front portion of the sample pulse. Note that the spatial separation between the sample
and background ions are now clearly obtained. Therefore, it is now possible to selectively
detect the sample molecules by applying a proper deflector voltage to alter the ion trajectory
50 that only sample ions arrive at the detector. Note that the background can be completely
eliminated at V=0V or below, although the signal intensity is reduced to about one third
of its highest peak. Figure 2.9 shows the mass spectra of aniline and 9-methylanthracene
obtained by MPI at 266 nm with different voltages applied to the ion deflector. At
Vxy=6V, aniline is selectively detected. At Vxy=72V, the background, 9-
methylanthracene along with aniline is detected. At Vxy=126V, the background is detected
because now the ion trajectory of the aniline ions is so altered by the deflector that no
aniline ions will arrive at the detector.

The application of this background reduction method for FAB and LD/SJ-MPIMS is
illustrated in figure 2.10. Figure 2.10(A) is the mass spectrum of aniline (m/z=93) and
background obtained by using laser ionization at 266 nm with the ion deflector voltage of

70V. Figure 2.10(B) shows the mass spectrum of 9,10-dimethylanthracene obtained by
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Figure 2.10. MPI mass spectra of (A) aniline with background, (B) aniline and 9,10-

dimethylanthracene with background, (C) aniline, and (D) aniline and 9,10-
dimethylanthracene. Aniline is introduced into the jet directly with the
expansion gas. 9,10-dimethylanthracene is introduced into the jet
expansion by using laser desorption. The ion deflector voltage is 70 V for
(A) and (B), 0 V for (C) and (D).



43
Chapter 3
Pulsed Fast Atom Bombardment Sample Desorption with
Multiphoton Ionization in a Supersonic Jet/Reflectron Time-of-

Flight Mass Spectrometer

3.1. Introduction
In the past, SIS/MPIMS has been used for the detection of volatile chemicals. To
extend this SIS/MPIMS technique for the study of thermally labile biological molecules,
several methods including supercritical fluid injection [82] and thermospray/heating [83]
have been attempted to introduce these molecules into the supersonic jet. More recently,
laser desorption (LD) [84,76] has been successfully used to entrain biological molecules
into jet expansions .

In this chapter, an alternative method for introducing thermally labile and
nonvolatile molecules into supersonic jet expansions is described. The technique used
herein is fast atom bombardment (FAB) [85]. Instead of using photons from a high-power
laser, we have used a FAB gun to generate fast atoms to desorb the sample molecules. We
demonstrate that small biological molecules can be readily desorbed and entrained into a
supersonic jet without significant thermal decomposition by using FAB. However, one of
the advantages of this FAB method is that the FAB gun can be easily constructed and

maintained at 4 iow cost.

3.2. Experimental
The experimental setup for fast atom bombardment/supersonic jet multiphoton
ionization (FAB/SJMPI) is shown in Figure 3.1. The system is a reflectron type Time-of-
Flight mass spectrometer and has been described in detail in Chapter 2.
A saddle-field FAB gun [86, 87] is constructed to fit into the test chamber through
a Scm flange and placed close to the nozzle orifice. The distance between the FAB gun
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using laser desorption for sample volatization with MPI at 266 nm. The deflector voltage is
also set at 70V. Note that the molecular ion peak (m/z=206) is superimposed with
the background. This makes quantitation difficult. The mass sp#itra shown in Figure
2.10(C) and (D) are obtained at the same conditions as in Figure 2.10(A) and (B),
respectively, except that the ion deflector voltage is set at V. As Figure 2.10(C) and (D)
shows, the background is now significantly reduced, and the small fragment ion (m/z=191)
from the loss of CH3 from the molecular ion peak can be clearly identified. This example
represents a typical experiment for background reduction performed in FAB and LD/STMPI

studies of nonvolatile chemicals. This method has now been routinely used in our lab.

2.4, Conclusion
Signal enhancement from 4 to 16 times in a SJS/MPI can be easily achieved by
using a planar ionization laser beam. The use of a planar beam does not affect mass
resolution and supersonic jet cooling. This should be found useful for sensitive detection
of organic and biological molecules and for obtaining supersonic jet spectra of
biochemicals.

We have also demonstrated that the background signal can be significantly reduced
with the use of an ion deflector and the proper adjustment of the time delay between the
laser and the sample pulse in the reflectron TOFMS. We show that there are some linear
velocities for the background molecules moving along the jet expansion axis in the
supersonic jet experiments. However, the velocities of the jet-cooled sample molecules are
much larger than those of the background molecules. A computer simulation indicates that
itis possible to selectively detect the sample ions based on this linear velocity difference, if
a sufficient flight distance is provided. In FAB and LD/SJ-MPIMS, the linear TOFMS
with a 1-meter-long flight tube is found to be incapable of reducing the background signals.
However, with a reflectron TOFMS, the combination of longer flight length and less
diffused sample-ion-packet allows us to reduce the background significantly.
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outlet and the nozzle orifice is about 40 mm. The distance between the FAB gun and the
center axis of the jet is also about 40 mm. A 5-mm or 10mm-in-diameter sample probe
made of machinable Macor ceramic is located at about 20 mm away from the center axis of
the jet. About 100 g sarple is generally used and placed on the sample probe directly by
cither wetting or dissolving the compound in a solvent (i.:. methanol) and coating on the
surface with the us¢ of a spatula. Zdthéu;* ¢*iuwerol can be used as a matrix, we have
found that in ti:is study sample desorption cén be crformed and #2ass spectra obtainatle
over a short period of time (more than 100 pulses) without the us:: of glycerol. Thus, for
the compounds studied herein, glycerol was not used.

Argon or xenon is used in the saddle-field discharge for the FAB gun. The anode
potential is fixed at 10 kV and, by adjusting the pressure in the gun, the discharge current
varies from 1 to 5 mA. We have found that for chemicals with a high melting point it is
necessary to use a higher discharge current in order to desorb a4 sizeable amount of neutrals
for laser postdesorption ionization. The size of the FAB beam is approximately 1.5 mm in
diameter as determined by examining the dark image created on a thermal-sensitive paper
after the paper has been briefly exposed to the FAB beam. The high voltage power supply
for the FAB gun is Spellman Model RHSR15PN60 and can be operated in a continuous
mode or a pulsed mode using an external trigger system.

The actual sequence of events is controlled by several delay generators. The FAB
gun is first turned on to desorb the sample, the pulsed nozzle opens to form a supersonic
jet, and then the sample is entrained into the jet and carried into the ionization region of the
TOFMS where the ionization proceeds. The selection of the repetition rate of the
experiment ranging from 0.1 to 20 Hz is mainly dependent on the pulse width of the FAB
power supply. For most of the compounds we have reported herein, the pulse width is
adjusted to be 300 ms with a 100-s rise-time and 100-ps fall-time. Thus the repetition
rate of the experiment is optimized at 3 Hz.

One of the parameters which we have not optimized for the current system is the
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duty cycle. There are several factors affecting the overall duty cycle. With a TOFMS, the
ion detection duty cycle is very high since all ions can be detected in one single pulse.
However, the duty cycle for the generation of ions is dependent on the pulse widths and
repetition rates of the ionization laser beam and FAB. It also depends on the pulse profile
of the neutral molecules desorbed by FAB. One of the major factors limiting the duty cycle
of our current system is the pulse width (~300 ms) of the FAB gun.

All chemicals were purchased from Sigma Chemical Co., St. Louis, MO or Aldrich
Chemical Co., Milwaukee, WI and used without further purification.

3.3. Results and Discussion

The mass spectra of tryptophan obtained by using fast atom bombardment sample
desorption with multiphoton ionization at different laser power densities are shown in
Figure 3.2. Tryptophan is known to be thermally labile [88]. However, Figure 3.2
demonstrates that a molecular ion peak can be readily obtained with no thermal
decomposition products. This shows that although the actual mechanism for the generation
of neutrals is not completely understood, the rapid heating/sputtering induced by FAB can
be used to introduce thermally labile biological molecules into a supersonic jet for
multiphoton ionization. Other molecules including amino acids, carboxylic acids,
catecholamines, neuroleptic drugs, pineal indoles, small peptides and polycyclic aromatic
hydrocarbons (PAHs) studied by this technique are shown in Table 3.I. In these
experiments, sample molecules are desorbed by a pulsed FAB beam in a 1.5 mm diameter
spot and postdesorption ionization is performed by a 266 nm laser beam. The pulsed
power supply for the FAB gun is adjusted so that the potential is 10 kV and the discharge
current ranges from 1 to 5 mA. Although the actual power density of fast atoms impinging
on the sample probe is unknown, we believe that the atom flux is very intense (>10
uA/cm2) [87]. As Figure 3.2 illustrates, the molecular ion, with no or little fragmentation,

can be observed if the laser power is low. When the laser powaer density is increased,
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Table 3.1 Compounds Studied by the Fast Atom Bombardment/
Supersonic Jet Multiphoton Ionization Technique

1. Amino acids: 6. Peptides:
(1). Phenylalanine
(2). Tryptophan 8; %rr%-gllz
(3). Tyrosine 8; gll’!-r‘“

ic acids: . Gly-Trp
2. Carboxylic acids: 5y, Tys-Als
(1). Anthranilic acid (6). %'yr—gy
(2). 3-Amino-4-hydroxybenzoic g; Tyr-Leu

T (9). Trp. Gly-Gl

(3). Indole-3-acetic acid . 11p-Gly-Gly

(10). CBZ-Gly-Leu
(11). CBZ-Ala-Gly

3. Catecholamines: (123, Gy Tyc-anie
B

(2). Dopamine .

(3). Synephrine 7. PAHs:

(1). 2-aminoanthracene

4. Neuroleptic drugs:

(2). 9-Aminophenanthrene
(3). Benzofe]pyrene

(). Chiorpromazine (4). Carbazole

g; %ﬂl:amin: (5). 2-Chloroanthracene
o (o) Quysne
i i . . yclene

5. Pineal indoles: g g; ﬁerg'::ne
Harmalin . Rubrene

8; Melatonline (10). Triphenylene

(3). Tryptamine

a mass spectrum with fragment ions can be obtained, which can be used for structural
analysis. This important feature of MPI is also observed for most of the compounds
studied herein. Note that the axis of signal intensity in Figure 3.2 is plotted as an actual
scale in mV, rather than normalized percentage scale. This shows that the overall signal
intensity decreases when the laser power is reduced. This finding is consistent with the
results reported {77, 89].

Another key result is that, as shown in Table 3.1, PAHs can readily be studied by
FAB/SIMPL Figure 3.3 shows the MPI mass spectrum of rubrene (molecular
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weight=532; m.p.>315°C) obtained by using about 100 jg sample with FAB desorption
sample introduction. The ionization laser power density is about 1x106 W/cm? at 266 nm.
Since the mass resolution is generally above 2000, the isotope composition can be easily
revealed (see the insert in Figure 3.3). The peak at m/z 455 is the fragment from the
molecular ion minus one benzene radical (M-77)*. The fragment ion peak at m/z 378
arises from the molecular ion by the loss of two benzene radicals (M-154)*°. Note that due
to the nonpolar nature of PAHS, mass spectra of PAHs are extremely difficult to cbtain by
direct FAB ionization [90]. Combining with a HPLC (for instance, via a continuous flow
FAB probe [91]), this technique seems to be a promising method for the detection of high
molecular weight or thermally labile PAHS, which are not currently amenable to GC/MS or
direct FAB.

Table 3.I also lists some dipeptides we have studied with the FAB/SIMPI
technique. These peptides are also examined by laser desorption/supersonic jet
MPI(LD/SJMPI). LD/SIMPI study is carried out with a pulsed CO5 laser (Allmark model
852, A-B lasers Inc., Acton, MA) which generates a 10.6 um IR radiation with a 75-ns
initial pulse and 2-ps tailing. The repetition rate of the laser can be adjusted from 0.1 Hz to
13 Kz, although 10 Hz rep-rate is used here. In LD/SJMPI, the FAB gun is repiaced by a
1 cm diameter NaCl window in a 2" flange. The IR beam from the CO; las r is reflected
by copper mirrors protected with gold coating (CVI Laser Corp., Albuquerque, NM) and
focused on the sample probe by a germanium plano convex lens (Janos Technology Inc.,
Towmshend, VT).

Figure 3.4 shows the mass spectra of Gly-Trp obtained by FAB/SIMPI (Figure
3.4(A)) and by LD/SIMPI (Figure 3.4(B)) along with proposed fragmentation patterns.
Interestingly, for some of the dipeptides studied by FAB/SIMPL, as an example shown in
Figure 3.4(A), the molecular ion peak (M*) is rather small (generally <20%); but the ion
peak at 18 mass units lower, M-18, is the dominant ion in the mass spectrum. Note that
small peptides have been previously studied by LD/SIMPI [70, 39, 78,92, 93] and, in
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some cases, the M-18 peak was also found to be the dominant one. The M-18 peak was
carefully examined [92] and believed to be from the thermal decomposition product, i.c.,
cyclo-dipeptide, during the laser desorption process. This study shows that the generation
of M-18 peak is not unique to the IR laser desorption experiment #::: suggests that the
cyclo-dipeptide is not generated by the IR laser photo-dissociation process. Howevar, in
LD/SIMPI, the M-18 peak can often be reduced by using a thin film of the sample and
avoiding multiple desorption in the same sample spot [92]. Here, we have found that it is
generally more difficult to avoid the M-18 peak in FAB/LDMPI. This probably can be
attributed to the fact that the FAB pulse width or the sputtering time (~300ms) in our
current system is much longer than the CO2 laser beam (<2us). Thus, in our current
FAB/SJMPI experiments, the thermal decomposition process may compete with the
desorption process for some compounds such as dipeptides [94]. Nevertheless, for most
of compounds listed in Table 3.1, MPI mass spectra from LD and FAB experiments are
essentially the same,

Next we have studied the sensitivity of this FAB/SJMPI method. In the past
several years, direct desorption mass spectrometry techniques such as LDMS, FABMS,
plasma desorption (PD), and secondary ion mass spectrometry (SIMS) have been widely
used for the analysis of organic molecules. However, it is believed that the secondary ions
generated by these techniques are only a very small fraction (<10-4) of the total sputtered
material [95]. Thus electron ionization [96), chemical ionization [95, 97, 98], and
multiphoton ionization {37, 41, 43] techniques have been employed to post-ionize the
sputtered neutrals in order to increase the overall sensitivity. To provide an estimate of the
sensitivity of this FAB/SJMPI method, a set of sample standard solutions are prepared.
Various amounts of sample solution were placed on the 5-mm-diameter sample probe by
using a microliter syringe. A higher power was applied to the FAB gun in order to
completely desorb the sample in a single pulse. The peak height of the molecular ion peak

was recorded and a corresponding plot of the peak height versus concentration was used to
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estimate the lower limit of detection. The detection limits at a signal-to-noise ratio of 2 for
indole-3-acetic acid (m/z=175) and triphenylene (m/z=228) are 26 ng and 21 ng,
respectively. Although the detection limit shirw- Yere is not nearly as low as the tens of
picogram detection limit achieved with LD/SI}%: {77], we believe that a similar detection
limit (picogram regime) should be expected when the ionization laser wavelength and
supersonic jet cooling are fully optimized.

One of the important aspects of using MPI as an ionization technique for mass
spectrometry is its high selectivity. With multiphoton ionization in a supersonic jet, there
are at least two ways to improve the selectivity. First of all, a molecule will be efficiently
ionized only if the laser wavelength is in resonance with a real intermediate electronic state
and the sum of the energy of the photons absorbed exceeds the ionization potential of the
molecule. Therefore, MPI is an almost ideal ionization method for the sputtered neutrals by
FAB. This is because the matrix such as glycerol, which is commonly used in FABMS,
does not contribute to the background noise since glycerol does not ionize at 266 nm [76].
Figure 3.5(A) shows the MPI mass spectrum of 4-acetamidophenol at 266 nm and Figure
3.5(B) shows the mass spectrum of a Tylenol tablet. The tablet is purchased from a local
drug store and contains corn starch and other components according to the label. About
100 pg of a ground-up tablet is mixed with a drop of methanol and the mixture directly
placed onto the sample probe. The FAB gun is used to desorb/sputter the sample and the
neutrals are entrained into a CO4 jet and then ionized by a laser beam at 266 nm with a laser
power density at 1x106. As Figure 3.5 shows, the mass spectrum of the Tylenol tablet is
almost ideaiical to that of 4-acetamidophenol. Other major components such as comn starch
are not ionized. This demonstrates that we can selectively ionize the active substance in
pharmaceutical dosage forms with very little sample preparation by using FAB/SJMPIL

Another metnod to enhance the selectivity of this technique is to combine
supersonic jet spectroscopy (SJS) with MPIMS. MPIMS combined with SJS has been

demonstrated as a very powerful analytical tool for isomer discrimination and isotope
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selective detection [33, 35, 59, 82]. More recently, jet-cooled wavelength spectra for
biological molecules have also been obtained with the use of laser desorption technique for
sample volatilization and the analytical applicability of MPIMS/SIS for the selective
detection of biological molecules has been studied [69]. Here we believe that fast atom
bombardment might be an inexpensive and simple alternative for the volatilization and
entrainment of thermally labile and nonvolatile molecules into a supersonic jet.

We have examined the cooling effect by examining the mass resolution in a linear
TOFMS [37,7%}. in 2 linear TOFMS, the mass resolution is directly related to the initial
kinetic enzrgy distribution of the sample molecules. The energy distribution will be very
broad if there is no cooling or only partial cooling for the molecules in the jet. This poor
cooling will result in low resolution. By running our system in a linear TOFMS mode, we
have found that the mass resolution of molecules such as indole-3-a=etic acid which is
volatiled by FAB and entrained into the jet expansion is about 375 at m/z 175. However,
the background molecules which are not cooled by the jet give mass resolutions less than
200. Thus we believe that the jet cooling is obtained with FAB sample entrainment into jet
expansions.

Finally, the effect of the sample chemical properties on the detectibility of molecules
of interest in a mixture is examined. The spatial and temporal separation of desorption and
ionization processes in this FAB/SIMPI allows one to uniquely study and control the two
individual events. Here we find that, for organic molecules, chemical properties of the
sample may play a very important role on the two processes. Figure 3.6 shows the MPI
mass spectra of a mixture of indole-3-acetic acid and tryptamine with and without the
addition of NaOH or NH4OH. Figure 3.6(A) is obtained by using a mixture of indole-3-
acetic acid and tryptamine in a solvent of 50% methanol/50% water. Figure 3.6(B) is
the mass spectrum for the same mixture but with the addition of NaOH until the pH>12,
In Figure 3.6(C), NH4OH was used to adjust the pH instead of NaOH. Note that the

molecular ion peak for indole-3-acetic acid in Figure 3.6(B) is absent and no peak
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corresponding to sodium indole-3-acetate is obtained. The same results are obtained at
even higher laser power density although more fragments are observed as expected, but no
indole-3-acetic acid and/or sodium indole-3-acetate peaks. This might be attributed to the
low ionization efficiency of sodium indole-3-acetate. Although the melting point of the
organic salt, i.e. sodium indole-3-acetate, is expected to be higher than the indole-3-acetic
acid, the desorption of the salt appears to be complete by examining the sample probe after
it has been bombarded by FAB. The fact that no peaks are observed from the possible
decomposition products such as indole leads us to believe that most of sodium indole-3-
acetate molecules are desorbed intact. Note that direct FAB has been used for
determination of dissociation constants of weak acids in solution by Caprioli {100]. In his
study, sodium salts of a variety of organic acids have also been desorbed intact and
detected as (NaA+H)* and (NaA+Na)*. In addition, the electronic absorption (checked by
UV spectrum in solution) for sodium indole-3-acetate and indole-3-acetic acid do not differ
siz#ificantly in terms of absorption bands and absorptivity. These results irdicate that
sodium indole-3-acetate may not be ionized efficiently by MPI due to its low ionization
cross section at 266 nm in the gas phase. To our best knowledge, there is no report on
MPI studies of organic salts involving metal cations in the gas phase (possibly because
most orgaric salts are unstable upon heating). Now in the case of the ammonium salt, the
salt may decompose into indole-3-acetic acid and NH3 during the FAB desorption process.
Similar results are also obtained with other organic acids such as biphenyl phosphoric acid.
For analytical applications, this preliminary study indicates that (1) the selective detection of
molecules of interest can sometimes be achieved by using simple sample preparation; (2) in

the cases where the pH is important, such as buffered biological chemical samples and
organic acids, NH4OH is a better choice for adjusting the pH.
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3.4. Conclusion

Fast atom bombardment is a powerful means of desorbing ‘thermally labile
biological molecules into the gas phase for analysis by multiphoton ionization mass
spectrometry. A variety of biological molecules can be desorbed without significant
thermal decomposition. Polycyclic aromatic hydrocarbons can also be studied. At present,
the detection limit achieved is typically in the low nanogram regime. The selectivity of this
method has also been studied. We have shown that it is possible to use this technique to
selectively ionize the active substance in a drug tablet with no sample preparation. We
demonstrate that FAB can be used to introduce samples into supersonic jet expansions
without affecting the jet cooling. In addition, we have shown that tryptamine can be
selectively desorbed from a mixture of indole-3-acetic acid and tryptamine by adding NaOH

to the mixture.
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Chapter 4
Pulsed Sample Introduction Interface for Combining Flow
Injection Analysis with Multiphoton Ionization Time-of-Flight

Mass Spectrometry

4.1. Introduction

As shown in Chapter 3, SJ-MPIMS combined with desorption sample vaporization
methods such as FAB can be a power technique for the detection of pure chemicals or
relatively simple mixtures. However, for real sample analysis, it is often necessary to
separate the complex mixture prior to the sample injection into a mass spectrometer. Thus,
there is a great deal of interest to combine chromatography techniques such as high
performance liquid chromatography (HPLC) to a mass spectrometer for on-line detection
and quantitation. The great challenge here is to develop suitable interfaces for introducing
the liquid flow into the mass spectrometer without significant compromise in the operating
conditions of either the HPLC or the mass spectrometer. To our best knowledge,
however, no suitable LC interfaces have yet been developed for SJS and MPI mass
spectrometry.

There are some reports on the studies of combining HPLC or liquid injection into a
supersonic jet with laser-induced fluorescence spectroscopy for molecular detection [111,
112]. Unfortunately, those interfaces are generally not suitable for laser ionization work.
This is because a TOFMS, commonly used in the laser ionization work, must be operated
at the pressure less than 103 torr whereas in the SJS/fluorescence detection experiments
the pressure can be in the range of 0.02 to 0.005 torr [113). In related work, Lubman and
co-workers have developed an interface for supercritical fluid injection into a supersonic
beam mass spectrometer [82, 116]. Although this interface may not be suitable for HPLC
experiments, their work provides valuable information for the future development of

LC/MPI mass spectrometry in terms of mass spectrometer system designing and the
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general applicability of the MPI technique.

The ultimate goal of this research is to develop a convenient interface for combining
conventional HPLC with a TOFMS, and here we report an interface to introduce the liquid
flow into a time-c{-ilight mass spectrometer with MPIL. This chapter is mainly focused on
the development of flow injection analysis (FIA) [114, 115] with supersonic jet
spectroscopy and multiphoton ionization mass spectrometry. It should be noted that for the
simplest FIA system such as the one used here, one can view the flow injection analyzer as
a HPLC system without 2 column. The operating conditions for its interface to a TOFMS
is similar to those introducing the effluent of HPLC to a mass spectrometer. Thus, the
study of FIA/TOFMS would provide some information on the performance of the interface
for the future work of LC/TOFMS. In addition, there are several advantages of using FIA
for SJS and MPL. FIA has the capability of introducing small-volume samples into the
system in a rapid, precise way [114]. As demonstrated here, quantitation, which is not an
casy task in desorption/MPI techniques [72], can be readily performed with FIA. Using
FIA, there is also a potential to automate the sample injection process. Moreover, it is
possible to perform on-line sample derivatization [114] such as the addition of an
absorption center to a molecule of interest. This unique feature should prove useful for
MPI in the detection of molecules that possess no absorption centers at the chosen
wavelength.

The interface described here differs from most reported interfaces for LC/MS in
which the sample molecules are introduced continuously into a quadrupole or sector mass
spectrometer [91, 101-113]. In light of the fact that a TOFMS detects ions in a discrete
manner, continuous sample introduction into a TOFMS will reduce the sample utilization
efficiency. Thus, the work described here utilizes a pulsed sample introduction (PSI)
interface to introduce the sample vapor into the TOFMS in a pulsed form. Compared with
a continuous sample introduction technique, PST allows us to use a much larger diameter

orifice to introduce a larger amount of sample vapors in a short pulse into the mass
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spectrometer without overloading the pumping system.

This PSI interface consists of two major parts: a heated capillary tube and a high
temperature pulsed nozzle. In the experiment, sample and liquid carrier are transported
through a heated capillary tube to form aerosol droplets. These aerosols are entrained into
the sample vaporizer of the nozzle where the sample is thermallv vaporized. The nozzle
allows the vapor to be injected into the TOFMS at a repetition rate determined by the

ionization source.

4.2. Experimental

Figure 4.1 shows the schematic diagram of the experimental set-up of flow
injection analysis with SJS and MPI mass spectrometry. It consists of a linear Time-of-
Flight mass spectrometer mounted vertically in a six-port cross pumped by a 6-in. diffusion
pump (Varian Associated, Inc., Lexington, MA). The 1 m long flight tube is differentially
pumped by a 4-in. diffusion pump (Varian). A liquid nitrogen (LN2) trap assembly is used
to cool part of the flight tube and the entire acceleration lens assembly (see Figure 4.1).
The trap was manufactured by R.M.Jordan Co (Grass Valley, CA) to our specifications.
All other vacuum components were constructed in house.

The ionization laser source is a 266 nm laser beam from a frequency-quadrupled
Nd:YAG laser (GCR-3, Spectra-Physics, Mountain View, CA). The laser is operated at a
repetition rate of 10 Hz. A combination of a concave and a convex lens is generally used to
produce a beam 2-3 mm in diameter for jonization. The ions generated by the laser beam
are extracted to the acceleration region, and then are accelerated to the drift tube. Voltages
up to 15 kV can be applied to both the repeller and the acceleration grid through high
voltage vacuum feedthroughs (Ceramaseal, New Lebanon, NY). The power supplies are
from Spellman High Voltage Electronics (Model RH5SR20PN60, Plainview, NY). In
general, the voltage applied to the extraction grid is about 500-1500 volts less than the

repeller voltage. This combination of voltage settings gives optimal sensitivity and mass



62

Detector
]
ﬁ
Gate valve —— l
4" diffusion % —
pump Digital
oscilloscope
A
A
A
A
A
To waste N
PR %
L Ions
Make-up r-
gas
+ -
Sample -I '_ Extraction
iniectoz == grid
ﬂ] = —U = —wl_
‘ HE - B
| S L =T
PSI b =~ Repeller
interface f
UV laser beam LL

High pressure air

Solvent

Figure 4.1.

Gate valve

LN2 cryotrap

6" diffusion
pump

Schematic of the linear time-of-flight mass spectrometer for flow injection

analysis.



63

resolution. The ions are detected by 2 micrechannel plate detector (Galleo Electro-Optics
Corp., Sturbridge, MA). The mass spectrum is recorded by a LeCroy 9400A digital
oscilloscope. Data are then stored in an IBM compatible 386SX PC for processing. The
mass resolution of this system is typically about 300.

This PSI interface consists of two important parts. One is the heated capillary tube
in which the liquid flow is converted into aerosol droplets and/or supersaturated vapor.
These aerosols are then expanded into the sample vaporizer for complete desolvation and
vaporization. The heated capillary tube is 2 5 cm long, 1.58 mm o0.d. and 0.25 mm i.d.
stainless-steel tubing wrapped with a Nichrome 60 heating coil (Pelican Wire Co., Naples,
FL). The sample vaporizer is part of the nozzle head of a high temperature pulsed nozzle.
This nozzle is designed to be used for flow injection analysis based on the earlier version of
the high temperature pulsed nozzle used for SJS reported by Li and Lubman [117]. It
consists of two components, i.e., the nozzle body and the nozzle head, separated by a
water cooling system {117]. The cold nozzle-body contaifis a solenoid, which is used to
drive a plunger for introducing the sample vapor to the mass spectrometer in a pulsed form.
The nozzle head is heated during the operation for sample vaporization.

The current design of the nozzle body is similar to the one reported by Li and
Lubman [117]. It consists of a solenoid, a spring and a plunger (see cold nozzle-body in
Figure 4.2). The solenoid is a modified automobile fuel injection valve (Bosch, part
number 0280150035, purchased from a local auto-parts store). The dimensions of the
solenoid are 25 mm in diameter and 32 mm in length. The electric feedthrough used to
provide the current for driving the solenoid is constructed of Vespel that is threaded so that
it screws into the stainless-steel body. A stainless-steel rod is epoxidized into the Vespel
using "Torr Seal" (Varizn). A copper strip screwed on the rod is used to contact the lead of
the solenoid. The power supply for driving this solenoid is similar to that reported {118].
It can generate a 400-V pulse with a duration of ~ 35 us. In this experiment, a 100-V pulse
is used to drive the solenoid.
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The plunger is made of a long stainless-steel needle (1.5 mm in diameter and 55
mm in length) which screws into a steel base for magnetic attraction. The other end of the
needle forms a metal-to-metal seal against the orifice. During the operation, a voltage is
applied to the solenoid to generate a magnetic field that attracts the plunger away from the
orifice to form a jet. When the power is off, the spring pushes the plunger against the
orifice to make a seal. The leakage from the seal is negligible compared to the gas emitted
per pulse. The sample pulse width is measured to be about 1000 s FWHM.

The hot nozzle-head contains a sample vaporizer, an aerosol inlet, and an outlet to
wiasie, The sample vaporizer is heated by a coil of thermocoax heating wire (Phillips
Electronic Instruments, Norcross, GA). A stainless-steel plate with a S00 um diameter
orifice is sealed to the nozzle head using a copper gasket and knife edge seal. The
dimension of the inner area of the nozzle head in which aerosol expansion and vaporization
takes place is 25 mm in diameter and 8 mm in length.

Three type-K thermocouples (TCs) are used to monitor the temperatures of the
interface at different regions. In the studies reported here, the temperature of the nozzle
front (TC #1 in Figure 8.2} is 425°C. The temperature near the heating wire (TC #2) is
600°C. The temperature of the heating coil (TC #3) is ~ 200°C. The reading of this
temperature depends on the position of the TC. In this experiment, TC #3 is located about
5 cm away from the nozzle head.

The FIA system consists of a pump driven by compressed gas, a metering valve for
flow rate adjustment, and a sample injector (Rheodyne Model 7125 with a 20-uL injection
loop). Sample and carner liquid are pumped to the PSI interface through a 1.58 mm o.d.
and 1 mm i.d. stainless steel tubing. In this experiment, methanol is used as the carrier
liquid with a flow rate of 0.5 mL/min. The flow rate is deter.ained by measuring the
volume of methanol consumed in a given time period. All samples are freshly made by
ﬁsing methanol as the solvent. All chemicals were purchased from Aldrich Chemical Co.,

Milwaukee, WI, or Sigma Chemical Co., St. Louis, MO and used without purification.
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4.3. Results and Discussion
Applicability of the interface. Table 4.1 lists the compounds studied by this
FIA with MPI time-of-flight mass spectrometry. The ionization laser beam is at 266 nm
with its power density of ~ 1-2x106 W/cm2. The reason for choosing these compounds to
demonstrate the applicability of this interface is mainly because they have been extensively
studied by MPI in this laboratory with various vaporization/desorption techniques for

sample introduction in a TOFMS. Throughout this study the experimental conditions

Table 4.I Compounds Studied by FIA/MPI Mass Spectrometry with the PSI Interface.

me. g
(a) PAHs
2-Methylanthracene 192 | 204-206 |192(100)
9,10-Dimethylanthracene 206 | 182-184 |206(100)
2-Chloroanthracene 212 | 221-223 |212(100)
9-Chloroanthracene 212 | 100-101 |212(100), 178(99)
1-Aminoanthracene 193 | 114-118 |193(100), 165(36), 139(10), 63(16),

S1(7), 39(13), 27(4)

2-Methylnaphthalene 142 | 34-36 |142(100), 115(7), 63(7), 51(3), 39(5)
Trichenylene 228 | 197-200 |228(100)
Carbazole 167 | 245-247]167(100)
Anthranilic acid 137 | 146-148 |93(100)
(b) Pineal Indoles
Tryptophan 204 | 289-260 |204(100), 130(47)
Melatonin 232 | 116-118 1232(100), 174(41), 160(53)
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mandelic acid

5-Methoxytryptamine 190 | 121-123 }190(100), 160(84), 117(9), 30(22)
6-Methoxytryptamine 190 | 146-147]190(100), 160(49), 117(8), 30(20)
Harmaline 214 | 232-2341214(100)
5-Hydroxyindole-3-acetic acid] 191 | 161-164]191(100), 146(32)
Tryptophol 161 59 |161(100), 130(43), 103(12), 77(22),
51(17)

(c) Catecholamines
DL-Tyrosine 181 325 |181(100), 137(5), 107(35)
Tyramine 137 { 161-163 |137(100), 30(63)
Octopamine” 153 | 169-171]153(69), 123(100), 30(54)
Synephrine 167 187 |167(24), 123(8), 44(100)
Phenylephrine* 167 | 143-145}167(7), 123(2), 44(100)
Metanephrine® 197 175 |197(21), 153(9), 44(100)
Phenylpropanolamine® 151 | 174-176 |151(2), 107(3), 77(2), 44(100)
L-Dopa 197 195 1197(100), 137(17), 123(24)
Hydrocinnamic acid 150 | 47-49 1150(100)

| Vanilic acid 168 | 210-213 |168(100)
4-Hydroxy-3-methoxyphenyl-| 182 | 142-145|182(100), 137(33)
acetic acid
3,4-Dihydroxyphenylacetic 168 | 127-130|168(100), 146(71)
acid
4-Hydroxy-3-methoxy- 198 | 132-134|198(100), 153(5), 65(14)
mandelic acid
3-Hydroxy-4-methoxy- 198 | 132-134 | 198(100), 153(5), 65(9)
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**Liquid.

Homovanillyl alcohol 168 | 40-42 |168(100), 137(31)
(d) Neuroleptic drugs
Desipramine* 266 214 1266(100), 208(17), 194(15), 72(20),
38(17), 44(32)
Promazine" 284 181 1284(23), 86(8), 58(100), 44(6)
Chloropromazine® 318 | 194-196 | 318(20), 274(3). 86(9), 58(100), 44(9)
| Imipramine* 280 | 174-175}280(100), 236(34), 208(9), 194(6),
86(28), 58(52), 44(7)
(e) Volatile molecules
Phenol 94 43 [94(100), 65(10), 39(8)
:: % Snegpreonvianiline 135 **  1135(100), 120(57), 163(4), 77(7),
. 514), 3903). 2103)
o-Anisidine 123 6  |123(100), 108(31), 80(15), 51(8),
39(4), 27(8)
1-Benzylpiperazine 176 ** 1176(100) ‘
0-Cresol i 108 31 1108(100), 91(7), 77(10), 27(10)
| 3-Ethylphenol 122 **  1122(100),107(48),77(14),51(4), 39(6),
27(12)
4-Propylphenol 136 22 1136(100),107(88),77(10),27(10)
2-sec-Butylpherol 150 16  {150(94),121(100),107(3),91(3),
77(14),51(10),39(5),27(6) _
*HCl salt.
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are kept the same. The temperature of the heated capillary tube is 200°C and the
temperature near the nozzle orifice is 425°C. A make-up gas of CO3 is used and its flow
rate is optimized to be ~40 mL/min. The use of the make-up gas prevents sample and
liquid carrier condensation which may occur due to their feedback from the nozzle's hot
head to its cold body. It also provides a means of sweeping the sample and liquid carrier
vapors out of the sample vaporizer rapidly, resulting in sharp peaks with less tailing (see
below and Figure 4.6).

Figure 4.3 shows some typical MPI mass spectra of molecules studied by this
FIA/MPI mass spectrometry. One of the key results is that molecular ions are observed for
most compounds studied. In general, no thermal decomposed products are detected. Note
that some molecules listed in Table 4.1 are considered as thermally labile. For instance,
indole-3-acetic acid can be readily decomposed upon heating. Figure 4.4(A) shows the
MPI mass spectrum of this compound. This mass spectrum is obtained by placing the solid
sample directly into the nozzle and heatinig the sample up to 150°C. At this temperature, a
peak corresponding to methylindole is observed. Further heating only increases the
intensity of this peak. No molecular ion peak is observed. This result shows that indole-3-
acetic acid, upon directly heating, decomposes into methylindole. However, the mass
spectrum in Figure 4.4(B) obtained by using FIA with MPI displays a strong molecular ion
peak for indole-3-acetic acid. The lack of thermal decomposition in this study can be
attributed to the fact that the sample molecules are rapidly vaporized in the sample
vaporizer. Moreover, the probability for the sample to make a contact with the inner wall
of the vaporizer is minimized due to the presence of large quantity of hot methanol vapor
resulting in the reduction of catalysis action of the metal surface [119]. However, for
anthranilic acid as shown in Table 4.1 only the thermally decomposed product is observed.
This indicates that for thermally very labile compounds this interface involving rapid
hearing may still cause decomposition.

It should also be noted from Table 4.1 that this interface is capable of introducing
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both volatile and nonvolatile sample molecules into a TOFMS. The ability of the system to
also detect highly volatile species is an important aspect of this interface technique. For
nonvolatiles which can be dissolved in methanol, compounds with melting points as high
as 325°C (DL-tyrosine) can be transported into the mass spectrometer using the PSI
interface.

Background Reduction with a LN2 trap. In this PSI interface technique,
the sample molecules are vaporized and entrained into the ionization region of the TOFMS.
Because only a small portion of the gas phase neutral molecules is ionized, most samples
will condense on the wall of the lens assembly of the TOFMS. These molecules and their
decomposed products will eventually become the background for the analysis of other
samples or the same sample in the next run. This cross-contamination can become quite
severe in light of the fact that the turn-around-time of the FIA system is usually very short
and a large number of samples can be analyzed in a given time period. In the work of
interfacing HPLC with MPI, we also anticipate that a severe cross-contamination will
occur, especially with the limited pumping capacity we have here. Due to the possible
overlapping of the molecular ion 2nd fragments with the background signals, the sensitivity
for the detection of molecules of interzst is often reduced and the structural information
obtained from the mass fragmentation pattern suffers.

A method we have recently developed for background reduction in LD and
FAB/MPI [120], based on the ion trajectory differences between the sample ions generated
from the jet-cooled molecules and the background ions during the f¥ight from the
acceleration region to the detectc:, can only be applied to a reflectron TOFMS. Thus, the
method is not suitable for this work in which a linear TOFMS is used. An alternative
method is to use a liquid nitsogen trap to condense the background molecules as well as the
solvent vapor. Lubman and Jordan have used this approach to reduce the background in a
linear, supersonic beam TQFMS [79]. Later, this method has been used for background
reduction in LD/MPI [39]. We show that the liquid nitrogen trap from Jordan Co. can be
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used to reduce the background signals very efficiently for this PSI interface.

Figure 4.5(A) shows the MPI mass spectrum of background molecules obtained by
using the 266-nm ionization laser beam. This represents a typical background spectrum
obtained during the FIA/MPI experiments after several sample injections. It is quite clear
that the background signals are very strong. Figure 4.5(B) shows the MPI mass spectrum
of aniline along with the background signals. Note that the relative intensities of the
individual peaks from the background molecules have been changed. This can probably be
attributed to the fact that the sample molecules expand into the vacuum and push some
background molecules away, resulting in a variation of the background molecule
distribution within the ionization region [120]. Thus, it is difficult to use background
subtraction method to eliminate the background peaks. This is particularly true when
extensive fragments are produced for structural analysis. Figure 4.5(C) shows the MP!
mass spectrum of the background with the LN2 trap fitlad. All experimental parameters
except the vacuum pressure are the same as those used in Figure 4.5(A). As Figure 4.5(C)
illustrates, the background signals are now dramaticaliy reduced. Figure 4.5(D) is the
mass spectrum of aniline. This figure illustrates that fragment ions from aniline can be
clearly identified.

Besides background reduction, the use of a LN2 trap also results in significant
reduction of the vacuum pressure. Without LN2 being filled in the trap, the pressure is
normally at 5x10*7 torr in the detector region when the nozzle is off. However, when the
nozzle is open, the pressure rises to 2x10-3 torr. After the trap is filled with LN2, the
pressures are 1x10-7 torr with the nozzle off and 1.5x10"7 torr with the nozzle on. It is
found that this reduction of the vacuum pressure increases the ion signal intensity. In
addition, it allows us to use higher voltages for ion acceleration without any problems such
as arcing (see below). It should be noted that when the system is continuously being
operated, a full tank of LN2 in the trap (about 4 liters) can last for about 5 hours without
refilling.
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Precision and Memory effects. Figure 4.6 illustrates a series ¢f repeated
injections of different concentrations of indole-3-acetic acid. In this experiment, the
molecular ion intensity is monitored and integrated by a box-car integrator. The averaged
signal is recorded on a chart recorder to produce a flowgram. As Figure 4.6 shows, for
five injections at each concentration, the peak areas are quite reproducible. The relative
standard deviation (RSD) for each set of peaks is shown above these peaks in the figure.
We find that reproducible results can also be readily obtained with this interfacing technique
for other compounds. The average RSD is in the range of 4-8%. The key parameters
needed to be optimized to achieve reproducible resuits are the flow rate and the temperature
of the heated capillary tube. For this work, the temperature of the tube is optimized at
200°C and the flow rate is 0.5 mL/min. It should be noted that the RSD increases to about
10-20% when the amount of the sample iniected is close to the detection limit. Although
the reproducibility of the present system is sufficient for many analytical applications, it can
be further improved by (1) using a better solvent delivery system to regulate the flow rate
more precisely, (2) using feedback control power supplies to control the heating of the
interface, and (3) using electronic integration (instead of a chart recorder) with digital
filtering or other noise reduction methods.

Figure 4.6 also illustrates that no memory effects were observed at the experimental
conditions used. The peak width in terms of time is about 10 s .t FWHM. At a flow rate
of 0.5 mL/min, this will correspond to a sample volume of 83 pL. This indicates that peak
broadening is observed since we only inject 20 UL of sample. The extent of interface
contribution to this broadening is unknown at present as the carrier transport tube also
introduces peak broadening. However, one would expect that peak broadening does occur
in this interface, since a large volume change takes place when sample and liquid carrier are
vaporized. It takes finite time for the sample vapor to exit the sample vaporizer, resulting in
a small tailing in the detected peak as shown in Figure 4.6. Hevertheless, this tailing is not
so severe, compared with other interfacing techniques [121]. The fact that no memory
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Figure 4.6. Flowgrams for repeated injections of different concentrations of indole-3-

acetic acid.



77

effects and no severe tailing are observed in this interface for FIA/MPI leads us te conclude
that it seems feasible to combine HPLC with a TOFMS by using this PSI interface.

Sensitivity and Quantitation. Although the overall sample transmission
efficiency for the PSI interface is unknown, the detection limits for several compounds are
measured. It is found that for the current system the detection limits are in the nanogram
region. For instance, the detection limits at a signal-to-noise ratio of 2 are 3 ng for aniline
(b.p. 184°C), 140 ng for indole-3-acetic acid (m.p. 165-169°C), and 4 ng for tryptamine
(m.p. 114-119°C). Although these three compounds have different volatility, it appears
that the sensitivity of this technique very much depends on only the ionization efficiency for
these three compounds. This is because in the MPI studies of indole-3-acetic acid and
tryptamine with the use of laser desorption or FAB for sample vaporization, the calibration
curves of the molecular ion intensity vs. concentration are similar to that observed here.
Aniline has a very high ionization efficiency (~ 25%) [26]. Thus, the detecticn limit for
this compound is lower. However, for chemicals with very low volatility, the sensitivity
of the technique may not just depend on the ionization efficiency. Other parameters such as
vaporization efficiency are expected to play an important role. Further work is needed to
illustrate the effect of various individual parameters on the sensitivity of the system.

The ability to perform quantitation without the use of any internal standards is an
important feature of this FIA/MPI method. Figure 4.7(A) shows the calibration curve of
tryptamine at high laser power and high acceleration voltages. The data of the peak areas
are expressed as an average of five sample injections. The peak areas are integrated by a
weighing method and normalized against any variation such as gain in the integrator. As
Figure 4.7(A) shows, excellent linearity over more than 2 orders of magnitude is obtained.
When the total amount of tryptamine injected is above 2 jug, molecular ion signal becomes
very broad though, indicating that the signal is saturated with the electric detection system
used here. However, by decreasing the laser power and acceleration voltages, signal

saturation can be eliminated. On the other hand, decreasing the laser power and voltages
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reduces the detection sensitivity for the lower concentration samples. Figure 4.7(B) shows
the calibration curve of the same compound obtained by using low laser power and low
acceleration voltages. This figure illustrates that a linear response over two orders of
magnitude can again be obtained, although it is in a different concentration range than that
shown in Figure 4.7(A). Thus, it can be concluded that (1) with a fixed laser power and
acceleration voltages, 2 orders of magnitude linearity can be achieved for quantitations, and
(2) by a proper selection of the laser power and/or acceleration voltages, the linear region
can be changed to a different concentration range.

As indicated before, the lower vacuum pressure achieved in the system due to the
aid of a LN2 trap allows us to apply higher voltages for ion acceleration without causing
problems such as arcing. We show here that by using 12.5 kV for ion accelersge iastead
of 5 kV, signals can be generally enhanced about 5 to 10 times for the compounds studied.
Figure 4.8 shows the mass spectra of tryptamine obtained by FIA with MPI at 266 nm at
different acceleration voltages. The total amount of sample injected is 1 pg. As Figures
4.8(A) and (C) show, the soft ionization of this molecule can be obtained at low laser
power. The peak at m/z 130 is from the parent molecule with the loss of CH)-NH»
radical. The hard ionization mass spectra shown in Figures 4.8(B) and (D) reveal that the
fragmentation pattern does not change significantly when the acceleration voltage increases.
However, the signal intensity is increased when the voltage is changed from 5 kV to 12.5
kV. From the peak areas of the tryptamine flowgram, we estimated that the signal intensity
is increased about 8 times. ‘

Clustering. Cluster formation is very likely during the supersonic jet expansion

‘[122]. This is particularly true in the cases where polar solvents are used. Solvents such
as methanol and water can interact with sample molecules strongly to form clusters.
Cluster formation will reduce the molecular ion peak intensity. In some cases such as the
analysis of a mixture, peaks from the cluster ions will also make the molecular ion peak

assignment difficult. Thus, for analytical applications, cluster ions are usually undesirable.
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Figure 4.8.  Soft and hard MPI mass spectra of tryptamine obtained by FIA with MPI at
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Fortunately, in this experimental set-up, we normally do not observe significant amount of
clusters. The reason for this is believed to be related to the fact that the temperature of the
sample vaporizer of the nozzle is very high. It is known that the reduction of the nozzle
temperature energetically favors the formation of clusters while heating the nozzle can
reduce the population of clusters [123].

In the cases where we do observe the cluster ions, the variation of the delay time

(A7) between the nozzle opening and the ionization laser pulse car eliminate tiie cluster ion
peaks in the MPI mass spectrum. An example is shown in Figure 4.9. Figure 4.9(A) is
the MPI mass spectrum of indole-3-acetic acid at 266 nm with the delay time (At) of 660
us. Figure 4.9(B) is the mass spectrum of the same compound obtained at the same
experimental conditions as in Figure #.9(A), but with the delay time 6f 540 ps. As Figure
4.9(B) shows, the cluster ions are not detected when the delay time is set properly so that
the laser beam intersects the front portion of the sample pulse. This portion of the
molecular beam does not contain a significant amount of clusters. This finding is
consistent with the results reported by Pang and Lubman [124] where a supercritical NH3
fluid is used for sample delivery. It should be noted that the front portion of the sample
pulse is composed of the coldest molecules in the jet [120]. As a result, an optimal jet-

cooled spectrum can be obtained.

4.4. Conclusion
We have developed a pulsed sample introduction interface for combining FIA with a
TOFMS. It is demonstrated that this PSI interface can be used to introduce a variety of
volatile and nonvolatile molecules into a TOFMS for MPI studies. In most cases, thermal
decomposition is not observed. It is also shown that reproducible results can be readily
obtained with PSI. No memory effects are found and no severe peak tailing ‘s observed.
The detection limits of the present system are in the nanogram region. It is fomnd that

excellent linearity over a two orders of magnitude analytical range can be obtained for the
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compounds studied. Another important issue, i.e., clustering, which is unique to the
supersonic jet expansion, is studied. It is found that clustering is not a major problem for
this interface. For most compounds studied, significant amount of cluster ions are not
observed in MPI mass spectra. In the cases where clusters do form, these clusters are
found to be formed in the back portion of the sample pulse. Thus, the proper adjustment of

the delay time between the nozzle opening and laser pulse allows one to ionize the parent

molecules only.
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Chapter 5
Liquid Chromatography/Time-of-Flight Mass Spectrometry with
a Pulsed Sample Introduction Interface

5.1. Introduction

As described in Chapter 1, mass spectrometry combined with chromatography
separation is one of the most powerful techniques for trace analysis. Techniques such as
gas chromatography/mass spectremetry (GC/MS) have become a routine method for the
detection of organic compounds in a variety of complex matrices. However, many
thermally labile and nonvolatile molecules including many highly water-soluble organic
pollutants and biochemicals are not amenable to GC/MS. At present, the separation of
these molecules is generally done by using high performance liquid chromatography
(HPLC). Thus, to extend the MS technique for the detection of these molecules, a
powerful on-line LC/MS system should prove very useful.

Almost all current LC/MS systems utilize scanning MS (sectors or quadrupole) for
LC detection. To our best knowledge, no suitable interface has yet been developed for
combining conventional HPLC capable of handling high flow rates with time-of-flight
mass spectrometry (TOFMS). With modern electronics and advanced computer
sechnology, howevei, TOFMS has the potential to become a very important tool for LC
detection with several unique features including its versatility and higher detection
sensitivity with no mass limit. Thus, we plan to develop an alternative LC/MS system
based on TOFMS with a novel pulsed sample introduction (PSI) interface developed in our
laboratory [125]. This interface has been described in a previous chapter .

In this chapter, we report the use of the pulsed sample introduction interface for
combining conventional LC with TOFMS. The studies of several important parameters
affecting the performance of the LC/TOFMS system are also included. The effective
sample transfer efficiency in the PSI interface is reported.
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5.2. Experimental

Liquid Chromatography. The LC solvent delivery system consists of a
Skimadzu LC-600 programmable liquid pump capable of delivering solvent with variable
flow rates ranging from 1 pL/min to 10 mL/min. For chromatographic work, a Waters
Nova-Pak C-18 column (Millipore Ltd., Mississauga, On) is used for separation. A
Rheodyne Model 7125 syringe loading injector with a 20 uL sample loop is used for
sample injection. In between the column and the PSI interface, a Shimadzu SPD-M6A
photodiode array detector is used for obtaining a UV chromatogram. All flow lines are
connected with the use of 1.58 mm o.d. and 1 mm i.d. stainless steel tubings.

Pulsed Sample Introduction Interface and Time-of-Flight Mass
Spectrometer. The PSI interface and the Time-of-Flight Mass Spectrometer have been
described in detail in Chapter 4. All the chemicals were obtained from Sigma Chemical
Co. and Aldrich Chemical Co. and used without further purification.

5.3. Results and Discussion

Performance of LC/TOFMS. Figure 5.1 shows the chromatograms of two
polyaromatic hyérecarbons (PAHs), namely, triphenylene and benzo[a]pyrene. A mixture
of these two PAHs at an amount of 1 g each is separated by using the C-18 column with
100% methanol as the mobile phase at a flow rate of 1 mL/min. Figure 5.1(A) is the UV
chromatogram recorded at 266 nm from the diode array detector. Peak a is from the
solvent (benzene). Peaks b and ¢ are from triphenylene and benzo[a]pyrene, respectively.
The ion chromatogram obtained by using the LC/TOFMS technique is shown in Figure
5.1(B). For Figure 5.1(B), the gate width of the boxcar integrator is set to monitor the
molecular ion peaks of triphenylene and benzo[a]pyrene. The molecular ion peak of the
solvent is not monitored. Note that a peak with opposite direction appears in Figure:5.1(B)
at the same retention ¢iae as benzene. This is due to the electric noise in the boxcar

integrator caused by a large ion signal from the ionization of benzene with the 266 nm laser
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Figure 5.1.  (A) UV chromatogram and (B) total ion chromatogram of a mixture of

benzo{a]pyrene and triphenylene.
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beam. As Figure 5.1 iilustrates. the ion chromatogram is almost the same as the UV
chromatogram in terms of peak shapes and retention times. No significant peak broadening
and other chromatographic distortions are found.

Another example is shown in Figure 5.2 for the chromatograms of three indole
derivatives, namely, indole-3-acetic acid, tryptamine;, and tryptophol, with an injection of a
mixture of 3 pg each in methanol. The separation is carried out under the isocratic
condition with a mobile phase containing 40% watzr and 60% methanol at a flow rate of 1
mL/min. Figure 5.2(A) is the UV chromatogram and Figure 5.2(B) is the ion
chromatogram obtained by monitoring the intensities of three molecular peaks
simultaneously with the boxcar integrator. Clearly, under the experimental conditions
used, the separation of indale-3-acetic acid and tryptamine is incompleted. However, by
monitoring the intensity of the individual molecular ion peak, a selected ion chromatogram
can be obtained. Figures 5.2(C), (D) and (E) are the selected ion chromatograms for
indole-3-acetic acid, tryptamine, and tryptophol, respectively. Since the UV spectrum for
these three compounds are almost the same in the solution, it is not possible to selectively
detect individual component by tuning the detection wavelength in the UV diode array
detector. It is obvious that TOFMS is superior for the detection of coelutes for LC,
compared with a UV detector. More importantly, this example demonstrates that peak
distortion is not observed even for coclutes with different molecular properties.

Parameters affecting the LC/TOFMS performance. The above two
examples demonstrate that the PSI interface is well suited for combining LC with TOFMS.
Next we study the parameters affecting the performance of the LC/TOFMS system. These
include the flow rate and the composition of the mobile phase, the temperatures of the
sample vaporizer and the capillary tube, and the flow rate of the makeup gas which is
introduced into the sample vaporizer directly by passing through the solencid and the long
channel used for holding the plunger.

Figure 5.3 shows the results obtained with a series of injections of 1 ug of indole-3-
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indole-3-acetic acid, tryptamine, and tryptophol. The selected ion
chromatograms of (C) indole-3-acetic acid, (D) tryptamine, and (E)
tryptophol are obtained by monitoring the individual molecular ion peak
only with the use of a'bijicar integrator.
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90

acetic acid into the methanol stream at different flow rates. All experimental conditions
except the flow rate are kept constant. In particular, careful adjustment is made each time
when the flow rate is changed to ensure the temperatures of the sample vaporizer and the
capillary tube remain constant. As one would expect it, higher flow rate requires more
heating power. As Figure 5.3 indicates, the peak height increases and the peak width
decreases as the flow rate changes from 0.5 to 1.6 mL/min. However, the peak area which
is related to the amount of the sample injected does not vary significantly across the entire
flow rate range used. This study indicates that the PSI interface is capable of introducing
high flow rate LC effluent, comparable to the flow rate used in conventional LC, into the
time-of-flight mass spectrometer.

Various organic solvents including methanol, acetonitrile, hexane, and acetone have
been eested for suitability for the PSI interface. It is found that these solvents and mixtures
of them with differing proportions can be used without the need of changing the interface
conditions. Water can also be used as the mobile phase. However, in this case the
detection sensitivity generally decreases as the water content increases, as shown in Figure
5.4. Figure 5.4 plots the scaled peal. areas for tryptophol, indole-3-acetic acid, and
tryptamine, separated by using a C-18 column, as a function of water content in the mobile
phase. (A typical chromatogram is shown in Figure 5.2 where a mixture of 40% water and
60% methanol is used as the mobile phase.) Note that, with 100% water used for
separation, the scaled peak arca for tryptophol is not shown in Figure 5.4. This is because
under this condition the peak of tryptophol in the chromatogram becomes too broad to
calculate its area.

Several other compounds have also been studied with or without a column. We
find that about one order of magnitude reduction in sensitivity is generally observed when
the mobile phase is changed from an organic solvent to pure water. This sensitivity
reduction is mainly due to the pressure increase in the vacuum chamber. When water is

used, the pressure rises from <5x10-7 to ~ 5x10-6 torr. It appears that even with the
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Figure 5.4.  Scoled peak area as a function of the water content in the methanol/water
mobile phase. The flow rate is kept constant at 1 mL/min.
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liquid nitrogen trap, the present vacuum pumping system is not capable of removinig water
very efficiently. A larger pump and/or an additional trap may overcome this problem.
Nevertheless, our study indicates that most common mobile phase used in HPLC can be
used for the PSI interface. At present, we are limited to the isocratic conditions due to the
lack of an additional liquid pump and a gradient controller for performing high pressure
mixing gradient experiments. Future work in this area will include the feasibility study of
gradient elution and the suitability of the use of various buffers for the interface.

To optimize the performance 6f the interface, the temperatures of the sample
vaporizer and the capillary tube are found to be critical to enhance the signal stability and
the dJetection sensitivity. Figure 5.5 shows the peak area of indole-3-acetic acid as a
function of the sample vaporizer temperature. The temperature is measured near the nozzle
front. Methanol is used as the mobile phase. As Figure 5.5 indicates, the peak area
increases as the temperature rises. A sharp increase in sensitivity is observed when the
temperature exceeds about 480°C. This sharp rise might be attributed to the fact that a
threshold temperature exists and has to be reached for complete desolvation and
vaporization. Thus, in LC/TOFMS with the PSI interface, the temperature of the sample
vaporizer is always kept at maximum. The maximal temperature attended in the present
system is limited by the heating capacity of the thermal coaxial heating wire. We are
currently experimenting with the use of a block heater to increase the heating c.ipacity. It
should be noted that the use of even higher temperature for sample vaporization will not
significantly increase the possibility of thermal decomposition. Recent study in this
laboratory [126] finds that once a minimum heating rate is reached for a particular
compound, the degree of thermal decomposition is independent of heating temperature used
in the range from 200 to 550°C.

Another important parameter is the témperature of the capillary tube where the liquid
converts into fine aerosols. Figure 5.6 plots the pedk area of indole-3-acetic acid at

different tube temperatures. When the temperature reaches above ~ 150°C, peak area does
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not vary significantly. Thus, the temperature of the capillary tube is normally set at 200°C.
The use of higher temperature sometimes results in the deposition of the sample inside the
tube and thus causes clogging of the tube. Also, it is found that the use of long capillary
tube (>5 cm) is not necessary to generate stable signals. The shorter the tube the less the
tube clogging problem is. With a § cm long tube, tube clogging rarely occurs.

We have also studied the flow rate dependence of the makeup gms on the
performance of the interface. Figure 5.7 shows the peak area of indole-3-acetic acid as a
function of the CO3 flow rate. The mobile phase is methanol at the flow rate of 1 mE/min.
Similar results are obtained when the mobile phase flow rate is in the range of 0.5 to0 1.6
mL/min. It is found that the increase of the flow rate reduces the sensitivity of the system.
However, the peak width is independent of the makeup flow rate in the working range
examined. It appears that the main function of the makeup gas in the interface for
LC/TOFMS is to prevent the feedback of the hot vapor into the cold solenoid. The
minimum flow rate needed to prevent the feedback is dependent on the mobile phase flow
rate. It is our experience that when the CO; flow rate used is less than 100 mL/min at the
mobile phase flow rate of 1 mL/min, the hot vapor feedback can sometimes occur during
the experiment. Thus, the flow rate of the makeup gas is always kept above 100 mL/min,
although the sensitivity may not be at its optimal as shown in Figure 5.7. Other makeup
gases such as helium and argon are also tested and similar results are observed. However,
CO3 is chosen here since it can be readily trapped by the liquid nitrogen trap once it is
expanded into the vacuum system, resulting in low operational vacuum pressure.

Sample transfer efficiency in the PSI interface, Now that the major
parameters affecting the performance are determined, a fundamentally important question is
what is the sample transfer efficiency associated with the PSI interface? An ideal interface
would introduce all samples into the ionization region of the mass spectrometer and,
subsequently, be ionized and detected. With a pulsed ion detection system such as
TOFMS, one of the major goals in designing the PSI interface is to introduce a large
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amount of sample in a number of pulses to allow us to construct a chromatogram with a
large peak area. The peak area is ultimately used for the determination of the sample
concentration.

The following experiment is performed to determine the sample transfer efficiency
in the PSI interface. A liquid nitrogen cooled sample collector is placed about 2 cm away
from the orifice of the PSI interface. A known amount of sample is injected into the
interface and vaporized. After the gas phase molecules exit the orifice, they are condensed
onto the sample collector. The amount of the sample collected is then determined by using
HPLC with a UV detector. The results of this measurement for several compounds are
listed in Table S.I. In this table, the sample transfer yield (Y) is defined as the ratio of the
amount of the sample collected (N,;) and the amount of the sample injected (Njpj)- It
appears that the variation in transfer yield from compound to compound is very small. This
small variation could be due to the differences in vaperization efficiency and the ability to

generate fine aerosols among the compounds examined.

Table 5.1 Sﬂle transfer efﬁciencz of the Rulsed samzle introduction interface.

Compound m.p. ("C) Transfer Yield (%) | Effective Transfer Efficiency
(%)

Tryptophol 50 o.52 61

Pyrene 149-151 ]0.38 ' 45

| Indole-3-aceticacid | 165-169 |0.31 | 37

Acetaminophen 169-172 | 0.61 72

Triphenylene 197-200 }0.53 62

Vanillic acid 210-213 |0.44 52

Chyrsene 252-254 |0.38 | 45
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In order to make a direct comparison of the sample transfer efficiency between a
continuous sample introduction interface and a pulsed sample introduction interface, we can
use a term, effective sample transfer efficiency (E), to characterize the interface. Since
qumﬁtaﬁon in LC is based on the peak area of the chromatogram, we can define E as

Ap/At, where Ap is the sample peak area of the chromatogram generated from the actual

sample introducd by the interface in a continuous or pulsed form to the mass spectrometer
and Ay is the peak area of the chromatogram obtained by assuming the total sample injected
being continously transferred into the mass spectrometer system. In a continuous sample
introducion interface, the calculation of the effective sample transfer efficiency is quite
straightforward. Here, the peak area (A) is directly proportional to the total amount of the
sample being detected (N). A is equal to kN, where k is a constant related to the properties
of the detector and the recorder. The peak area (Ap) from the chromatogram with an

injection of Njp; moles of sample is equal to kNco), if only Ngop moles of sample are

transported by the interface to the mass spectrometer and the collected in the sample
collector. However, the peak area (Ay) would be kNip; if all of the sample injected were

introduced into the mass spectrometer. Thus, the effective sample tranfer efficiency is
equal to N¢o}/Njpj or the sample transfer yield.

Now in the PSI interface the sample introduced into the system is concentrated into
a few numbers of pulses. From each sample pulse, an ionization signal or a data point can
be generated. In the end, a chromatogram is constructed from these data points.
Therefore, the size of the peak area in this chromatogram is dependent on the intensity of
the individual data point. The intensity of the data point is in turn directly related to the
amount of the sample contained in each individual sample pulse. Although the total amount
of the sample pulsed into the mass spectrometer over the entire peak elution time is small in
the PSI interface, the amount of sample per pulse can be quite high, resulting in a large

peak area. Clearly, in the calculation of the effective sample transfer efficiency for the PSI
interface, Ap is not equal to kNcq). However, A is still equal to kNjq; as defined aove.
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Thus, E = Ap/(kNinj). In reality, Ap (in arbitrary units) can be easily calculated from the
chromatogram and Njp; is known.

To find out the k value, we need to examine carefully how we construct the

chromatogram. From the experiment, we know that the individual sample pulse profile is

close to a rectangular shape with a width of about 1 ms. Now if we assume that the

chromatogram is constructed by using a continuous ion detection tachnique, then the peak

in the chromatogram will consist of a series of rectangles (A;) and its area can be readily
estimated by multiplying the height (Hj) by 1 ms and it will be equal to kNj, where N; is
the amount of sample contained in the sample pulse. Thus, Nj = Aj/k =Hj; x 1/k. Since
the amount of sample introduced into the mass spectrometer in several pulses, we have
Ncol =ZNj=Z Aj/kork=Z Aj/Ncol. Thus, E = Ap/(kNjpj) = Ap/(Z Aj/N¢o} X Ninj)
= Ap/Z Aj X Neol/Nipj =Y x Ap/Z Aj.

To calculate the peak area, a curve fitting method is used. Figure 5.8 shows a
typical flow injection peak (dot line) obtained by injecting indole-3-acetic acid into the
LC/TOFMS system. The solid line is generated from a curve fitting program, Matlab (The
Mathworks Inc.S.Natick. MA). The experimental data fits well to an exponentially
modified Gaussian function [127, 128]. This function is used to determine the peak area as

well as the peak height. The latter is then used to calculate the area of an individual sample
pulse at a given elution time according to the equaion, A; = H; X 1. The ratio between the

peak area (Ap) in Figure 5.8 obtained by the fitting function and the area sum of individual
sample pulses (ZA;) is determined to be 118. Thus, for indole-3-acetic acid, the effective
sample transfer efficiency is 0.31% x 118 or 37%. This simply means that although only
0.31% of the sample or LC effluent is introduced into the vacuum system with PSI
interface, it would be equivalent to transfer 37% of the sample into the mass spectrometer
with a continuous sample introduction interface. However, without a sample enrichment
device, it is difficult to introduce 37% of the LC effluent into the vacuum without

overloading the pumping system.
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Figure 5.8. A typical peak obtained by the LC/TOFMS system. The dot line is the
experimental result from the injection of indole-3-acetic acid. The solid line
is generated from the curve fitting program.
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Since other compounds examined give similar peak profiles as shown in Figure
5.8, the E values are simply calculated by multiplying Y and 118. Table 5.1 shows that the
effective sample transfer efficiency ranges from 37% to 72% for the compounds examined.
This demonstrates that the PSI interface provides an efficient means of introducing LC
effluent into the mass spectrometer. Combined with a pulsed ion detection system, it
should provide high detection sensitivity. However, the overall sensitivity of the
LC/TOFMS system is related to not only the sample transfer efficiency but also other
factors such as the background noise level, the ionization volume, the ionization efficiency,
and the ion detection efficiency. Currently the detection limit of the system is compound
dependent, ranging from pg to ng. For example, the detection limits for amiline and
tryptamine are about 10 pg and 100 pg, respectively.

5.4. Conclusion

We have shown that conventional liquid chromatography can be combined with
time-of-flight mass spectrometry by using the PSI interface. It is found that the ion
chromatograms obtained by using LC/TOFMS are similar to the UV chromatograms. The
interface does not introduce significant peak distortion. Various experimental parameters
affecting the performance of the LC/TOFMS system are investigated. It is found that high
flow rate of mobile phase, ranging from 0.5 mL/min to 1.6 mL/min, can be used.
Furthermore, it is shown that a number of organic solvents and water or a mixture of these
can be used as the mobile phase. In addition, it is demonstrated that the temperature of the
sample vaporizer should be kept as high as possible to schieve efficient sample
vaporization. The temperature of the capillary tube in which the LC effluent is converted
into aerosol is also found to be important. An optimal temg:+ature range should be used to
generate stable signals and also avoid the sample deposition which may cause the clogging
of the sample transfer tube. The function of the s:ikeup gas appears to be merely for
preventing the hot gas from feedbacking into tie ¢¢::d solenoid. Finally, it is shown that
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the effective sample transfer efficiency is quite high with the PSI interface. By pulsing
only 0.31% to 0.61% LC cffluent into the mass spectrometer, a chromatogram can be
obtained with its peak area equivalent to that obtained by introducing 37% to 72% sample
continuously. This important finding indicates that LC/TOFMS with the PSI interface

could become 2 very sensitive means of moiecular detection.
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Chapter 6
Conclusion and Future Work

MPIMS has been widely used for chemical analysis, particularly resonant two-
photon ionization (R2PI) SJ-MPIMS which can provide a two-dimenisional detection
scheme that allow unique identification of chemicals based on the mass spectra and the
wavelength spectra. SJ-MPIMS has several unique features over other ionization
techniques, such as higher sensitivity and higher selectivity. My research has mainly
focused on the development of this technique for complex mixture analysis. In particular,
a novel interface technique has been developed to combine LC with SJ-MPIMS.

In Chapter 2, two main problems associated with SJ-MPIMS, namely sensitivity
and background, were studied. A method to enhance sensitivity by using a cylindrical lens
improved signal sensitivity from 4 to 16 times without any loss in terms of mass resolution
and supersonic jet cooling. The method developed to reduce background is based on the
intrinsic construction of the mass spectrometer. Here, we apply a voltage to the deflector
plate that will alter the ion trajectory of the background ions and sample ions. This results
in spatial separation of the sample and background ions so that we can selectively detect
sample or background ions.

Chapter 3 described the development of FAB as a means of sample vaporization for
SJ-MPIMS. A variety of biological molecules as well as polycyclic aromatic hydrocarbons
can be desorbed. The detection limit is typically in the low nanogram regime. We have
shown that it is possible to use this technique to selectively ionize the active substance in a
drug tablet with no sample preparation. We have demonstrated that FAB can be used to
introduce samples into supersonic jet expansions without affecting the jet cooling. In
addition, we have shown that tryptamine can be selectively desorbed from a mixture of
indole-3-acetic acid and tryptamine by adding NaOH to the mixture.
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In real analysis, the components of interest always exist in a complex matrix. Even
though the MPI technique can selectively ionize particular components, it is always
advastageous to have sample separation prior to the mass analysis. Since most
biochemicals are separated with the use of high performance liquid chromatography
(HPLC), we are involved in developing LC/STMPIMS. The goal is to develop a
convenient interface to combine conventional LC with TOFMS.

Most of the mass spectrometers used for LC detection belong to the sector or
scanning type. These detectors always have problems such as lower ion transmission,
Emited mass range and longer time to acquire a mass spectrum. However, time-of-flight
mass spectrometer can overcome these problems. In my research, a pulsed sample
introduction interface has been developed for LC/TOFMS. Both Chapter 4 and Chapter 5
described the development of the LC/TOFMS with the PSI interface. In Chapter 4, the
design of the interface has been shown. In addition, the performance of PSI in terms of its
applicability, sensitivity, memory effect, peak tailing, and reproducibility have been
studied. In Chapter S, the applications of this PSI interface for on-line LC/TOFMS have
been shown. The parameters affcocting the performance of the LC/TOFMS system have
been studied in detail.

The future development of this LC/TOFMS involves two stages. In the first stage,
the sensitivity optimization of our current system will be addressed. Although picogram
detection limits have been demonstrated, the sensitivity of the LC/TOFMS system with
MPI can be enhanced by several means. They include (1) the use of a larger diameter
orifice (e.g. 1 - 2 mm) to increase the throughput, (2) the use of a slit nozzle for sample
introduction, and (3) the use of a cartridge heater to provide better heating in the sample
vaporizer of the high temperature nozzle.

A data acquisition system is also under development for LC/TOFMS. This system
will be able to collect spectra at maximum 20 Hz, store in a PC computer, and allow us to
do data manipulation later to generate chromatograms and obtain the mass spectra of
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eluted peaks.

In the second stage, this LC/TOFMS will be applied for real sample analysis such
as the analysis of residues from drugs, antibiotics and pesticides. Duririg these analyses,
the problems of the PSI interface will be identified and further improvements of the
interface can be made. Problems related to the chromatographic separation conditions such
as high salt buffers and gradient elution that may affect the performance of the PSI, will be
studied.

In addition, combining supersonic jet spectroscopy (SJS) with LC/TOFMS is
underway. This spectroscopic technique will enhance the detection specificity of TOFMS.
This technique provides a two-dimension detection scheme based on mass spectra and
wavelength spectra which is particularly useful for isomer identification.

In order to extend the applicability of this LC/TOFMS to a wider range of
compounds, an EI source will be developed. The main advantage of incorporating EI to
our system is its low cost, simplicity, and availability of EI spectra for unknown
identification. Mass resolution will also be improved from the curreni 200 to above 2000
by incorporating a reflector to this linear TOFMS. It is our hope that this PSI-LC/TOFMS
system will provide complementary information to existing LC/MS for the detection of
thermally labile and nonvolatile molecules.

All the works covered in this thesis have been published or sabmitted for
publication. A summary of publications is given in Table 6.1
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