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Generol Introduclion

The area of gas-phase ion chemistry has experienced rapid growth during the
last two decades. lon/molecule reactions are of major interest both from the standpoint
of the fundamental chemistry involved and of practical analytical applications.

Many important environmental pollutants are volati le polyhalogenated organic
molecules, from freons to pesticides. Among the various techniques for their
determination, mass spectrometry remains one of the most sensitive. These molecules
are quite labile and "soft" techniques are required for their ionization.

Studies of ion/molecule reactions ultimately led to the realization of Chemical
lonization - Mass Spectrometry. Chemical ionization (CI) has the advantage of being
a "soft" ionization technique. A particularly useful approach has been the laser
evaporation generation of metal ions in Fourier Transform lon Cyclotron Resonance
Mass Spectrometry (FT-ICR-MS or FTMS), an approach which permits chemical
ionization while sti l l  maintaining the low pressure necessary for effective operation of
the instrument. FIMS is a well adapted method in a gas phase reaction field, because
it offers the advantages of ion trapping, excellent ion and neutral manipulation control,
wide selection of ions to be studied, and wide range of possible experiments.

With the development of FTMS and the greater diversity and availabil ity of
lasers, a broad frontier of chemistry has opened. These two devices are ideally suited
for coupling. The F tMS with its high sensitivity and the ability to acquire a complere,
high-resolution mass spectrum from a single laser pulse makes it a method of choice
for laser desorption (LD) mass spectrometry. Also, the ability of FTMS to srore ions
for long periods of time, along with the flux densities available in pulsed lasers, makes
it reliable for the study of single and multiphoton/ion inreractions.

Everyday work in mass spectrometry requires regular calibration of the
instrument and of the obtained spectra. Internal calibration remains the most reliable
method. Perfluorated molecules are commonly used calibrant molecules in Electron
Ionization Mass Spectrometry (EI-MS). For the instrument devoted to LD experiments
(few different lasers - frequent changing of wavelengths), fast and simple calibration
remains to be a problem. It has to be underlined that the instrument in Metz has no
other means of ionization apart of lasers.

ln that context, we wanted to look at the possibil i ty of applying some
commonly used procedures in EI/MS to laser induced experiments. Namely, to use
volatile perfluorotributylamine for a calibration of instrument and obtained spectra.
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The aims of this Thesis are to determine the capabil it ies of different positive
ions (produced by laser pulse) to ionize volat i le polyhalogenated molecules and to
define involved reaction mechanisms.

These molecules have high affinity to form negative ions, so complementary
negat ive ionizat ion should be used to accompl ish the analysis.  Negat ive chemical
ionization can be induced by negative ions or by electrons emitted from the metal
target. For unambiguous determination of products, an internal calibration process was
searched.

This manuscript is presented in four chapters followed by appendices.

The first chapter describes briefly the mass spectrometry techniques applied in
gas-phase ion-molecu le  reac t ions  w i th  bas ic  p r inc ip les  o f  FTMS and laser
desorption/ablation.

In the second chapter the experimental setup is described. Two FTMS
instruments interfaced with different lasers and electron ionization possibilities were
used. For the introduction of gas directly to the source cell the instrument has been
adapted. Detailed experimental sequences and parameters are listed.

The third chapter deals with laser induced positive ion reactions with volati le
organic molecules. It is devided into seven sections.

The first part is devoted to reactions of acetophenone with metal and silicon
ions. As we only recently started to study ion/molecule reactions in gas phase in our
laboratory, we wanted for a beginning, to start with a model molecule with already
known behaviour towards some positive metallic ions. Compound had to be volatile
and thus easily introductible in the spectrometer. Thus, we chosen acetophenone. We
wanted at first, to ascertain already known mechanisms and second, to check it's
reactivity towards other elemental ions. Reactivity of metal ions are correlated to their
electronic configuration. After the establishment of experimental procedure and
understanding of processes, we could apply this method to other compounds, in our
case polyhalogenated molecules.

Second part discuss the study of reactions of perfluorotrîbutylamine (PFTBA),
molecule known in mass spectrometry as well as in medical experiments. 2l elemental
positive ion ( mostly first row transition metals, alkaline, earth-alkaline) reacted with
PF|BA. Mechanisms of reaction are determined and compared to the analog of the
tributylamine.
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The control of PFTBA fragmentation is achieved by varying rhe kinetic enêrgy
of reagent ion. Positive metal ion ionization (reaction) is then applied to several other
polyhalogenated molecules: dichlorodifluoromethane, halothane and endosulfane. The
procedure of internal calibration with PFTBA is established.

In the fourth chapter, Negative Chemical lonization (NCI) and irs subsequent
reactions are presented. NCI is applied to all above mentioned molecules. Three
ionizing methods according to the ionizing projectiles were applied.

Electrons produced by laser inadiation of different metal samples and silicon
wafer ionized neutral gas molecules by electron capture (Electron Capture Chemical
lonization). Electrons were produced in large irradiance band: from the high inadiance
(109 W.r-2) to low irradiance (photoelectrons).

When metal halide salts are inadiated by laser, production of halide ions occurs.
They can be used for the Negat ive lon Chemical  lonizat ion (NICI)  of  studied
molecules.

Dissociative electron capture can produce halide ions from the original gas
molecule. Such ion can ionize other neufral molecules and the so-called "Self Negative
Ion Chemical lonization" (SNICI) occurs.

Finally, for a calibration in negative mode PFTBA was used.
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Fourier Transform lon Cyclotron
Resonance Mass Spectrometry
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t . Introduction

The area of gas-phase ion chemistry has experienced rapid growth during the
last  two decades. l  lon/molecule react ions are of  major interest  both f rom the
standpoint  of  the fundamental  chemistry involved and the pract ical  analyt ical
applications.

Studies of the reactions between ions and molecules in the gas phase can in
principle provide a detailed and often quantitative insight into the intrisic reactivity of
the ions and molecules involved in the absence of solvatation and counter ion effects.
From these experiments, valuable hints can be derived on mechanisms operative in the
condensed phase. The area of ion/molecule chemistry has benefited from the increased
demand for more selective and efficient catalysts ; bringing together researchers with
various backgrounds in organic, inorganic, and surface chemistry and catalysis.
However, the understanding of reaction mechanisms is the key point in any area of
chemistry, including the chemistry involved in numerous biological processes.

Some studies of the reactions of metal ions with organic molecules were
directed toward the analytical applications. A particularly useful approach has been the
generation of metal ions by laser evaporation in FTMS,2 an approach which permits
chemical ionization while sti l l  maintaining the low pressure necessary for effective
operation of the instrument. Transition metal ions are known to undergo unusual and
selective reactions with organic molecules. Localization of double bonds in olefins
with Fe+ ion reactions,3a work on pattern recognition methods for metal ion chemical
ionizat ion mass spectra;3b,c isomer discr iminat ion of  d isubst i tuted benzene
derivatives,4 of CsHg derivates5 are just a few of possible applications.

2. Techniques for the study of ionimolecule reactions

At this time, virtually every mass spectrometric technique available today has
been applied to the study of ion chemistry.6

The techniques can be classified into two large groups as shown in Figure I.l.:
according to the type of mass spectrometer and according to the involved ionization
technique. We can distinguish mass spectrometers with space resolved experimental
sequences from mass spectrometers with time resolved sequences.

4
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Elecron lonizrtion

Chemical lonization

Fast Atom
Bombardment

Laser
Desorption

Secondary Ions

Plasma Desorption

Multiphoton
Ionization

F igu re  I . 1 Mass spectrometr ic  techniques appl ied in  ion/molecule
reaction studies

The study of ion/molecule reactions became particularly feasible and appealing
with the advent of Fourier transform mass spectrometers. The laser source lends itself
particularly well to ICR spectrometry, because FTMS is inherently a pulsed technique
and the use of a pulsed ionization source is straightforward.

2.1. The FTMS

Fourier Transform Mass SpectrometryT is a so called "tandem-in-time" method,
which means that all ion manipulations take place within a single confined space (the
trapping cell) but are separated in time (FigureI.2.). The ion trap (or cell) is in general
of cubic or cylindrical shape. [t is centered in an homogeneous magneric field usually
generated by a superconducting magnet (Figure I.3). tons are either formed inside the
cell or injected into it from an external ion source.

Collisions
with neutrals

Synthesis

E=
3 l
E . È
x ( )
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6 ! {
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Figure 1.2.

Purification
-/ 
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Time resolved exper iment sequence used in FTMS.
Purification and reaction steps are optional.
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An ion in a magnet ic f ie ld wi l l  undergo a c i rcular mot ion (so cal led cyclotron
motion) in a plane perpendicular to the magnet ic f ie ld at  a f requency depending on i ts
mass to charge ratio (mlz). The trapping in the z direction (parallel to the magneric
field) is achieved by the application of a DC voltage ro a pair of opposite elecrrodes
(called trapping plates) perpendicular to the magnetic f ield (Figure I.3.). Interacrions of
the ion with both electric and magnetic f ield allow its trapping, its manipulation and
eventually its detection.

rransient tll*

Fourier
Transform

Mass SDcctrum

6 = qBo/m

::

\ /t lrap

"':;"'
.......i.._._.,. : : : : . .

Figure I.3.

l
E
T

Trapping plates

Excitation plates

Detection plates

FIMS general scheme

One necessary manipulation during an FTMS experiment is the excitation of the
ion motion. [t can be used to eject unwanted ions or to organize collisions between the
ions and molecules, but its main purpose is to allow the detection of the ion packets.
Practically, a radiofrequency pulse is applied on a pair of opposite electrodes
(excitation plates). When the frequency of the pulse matches the ion cyclotron
frequency (resonance excitation), the ion will absorb the energy of the excitation field
and spiral out toward a larger orbit. Excitation can be performed by a radiofrequency
chirp, a simple temporary voltage applied on the plates or by a computed waveform.

One of the unique features of FTMS is the non-destuctive process of ion
detection. Instead of colliding with a conversion dynode or a microchanel plate, the
ions are detected by the differential charge induced by their rotation on a pair of
opposite electrodes (detection plares, see Fig I.3.).
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After their  format ion or their  introduct ion into t l re t rapping cel l ,  ions of  same
mlz rat io have the same frequency of  nrot ion but a random phase. The induced signal
on the detection plates is zero (Figure I.4.).

Excitation

Excitat ion

Figure I.4. Zero image current  induced by an assembly of  ions wi th
random phase. The initial radius was increased for clarity.

Resonance excitation creates an alternative charge difference on excitation
plates which displaces the ions off the axis of the cell (to approximately 50o/o of the
cell 's dimension) in a coherent ion packet. The rotation of this ion packet induces an
image current on the detection plates. The frequency of this current equals the
cyclotron frequency of the ions and its amplitude is proportional to the number of ions
in the packet. (Figure I.5,).
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Principle of resonance excitat ion (a) and image current
detection (b). The radiofrequency pulse (a) induces the
gathering of rhe ions in a phase coherent packet and the
increase of the cyclotron radius. Ions can then be detected
through the charge they induce on the detection plates (b).

Figure I .5
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The global  image current is the sum of the inf luences of  a l l  exci ted ion packets
in the cel l .  I t  is  col lected as a t ransient current,  converted into a vol tage and digi t ized
by a computer.  The transient is then deconvoluted in i ts f requency components by
Fourier transform. The resulting spectrum contains information about the frequencies
and abundances of the detected ions.

The exceptional performances of FTMS are a result of the non-destructive
detection method described by Comisarow and Marshall in 1974.8 A detectable signal
can be induced by as few as hundred ions and the detection is multichanel i.e. all ions
are detected simultaneously by a single detector. Detection performances increase with
the ions coherent motion duration and results totally unachievable by other technique.s
can be obtained if one manages to moderate dephasing processes. For example,
Marshall et al.9 have reported the detection of 4He+ with a resolution greater than
200 000 000. Moreover,  the method al lows a remarkable precis ion in mass
determinations (provided that a correct calibration law can be calculated) because
frequencies can be measured with nine significant figures.

2.1,1. Lorentz force and cvclotron nrotion

A particle of charge q in a magnetic f ield Bs wil l undergo a circular motion with
a fixed period depending on its initial velocity v. This effect is caused by the Lorenrz
force F :

The angular acceleration is defined as :

F=q(v"no)

*=S =r,.2 with u*y

The magnetic field lies in the z direction, the Lorentz force in the xy plane. The
equilibrium condition can be expressed as follows :

m'v3u
Ë 

= Q.vxy . 80 with r the orbital radius

The angular pulsation and the cyclotron frequency are then given by :

*r?

r. = 9'%-( 'ao.s- t  )
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_ q 'Bo  Iv c  - ; -  \ H z )
zn .m

It  is  possible to calculate the equi l ibr ium radius for  a part ic le

charge q (q=ze) and having a kinetic energy in the xy plane : E.

of mass m carrying
I ,= - ntvlu
/.

9 'Bo

2"1.2. The electric trapping field

The application of a DC voltage on the trapping plates has the first effect ro trap
ions in the direction parallel to the magnetic f ield by creating a potential well (Figure
r.6.)

Figure I.6. Simion plot of the trapping field equipotentials berween both
trapping plates at a I V potential. Ions are confined in the xy
plane by the magnetic force.

However, according to the Gauss law, the inward axial electric field must have
a radial component directed outward, it happens to be a quadrupolar fîeld. [n other
words, the field "flows" from the charged trapping plates to the earthed excitation and
detection plates (Figure I.7.).

't)

-o

2m.E"
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Vr Vr

Figure I.7.
z

schematic view of the rrapping electr ic f ield l ines in a cubic
cell

This effect complicates slightly the FTMS experimenrs. The radial electric f ield
induces a force opposed to the Lorentz force (Figure I.8.). It has a non negligible effect
on ions motion and on their capabil ity to be detected.

Radial
Electric Field

Velocity

fi-+

.4 y'.
IL

v
Figure I.8. Forces acliqg on an ion exposed to both magnetic and electric

trapping fields.

The additional centrifugal force causes a shift of the cyclotron frequency.
Moreover, the applied electric field induces two new modes of motion :

- the magnetron motion which is a slow precession of the ion cloud
around an equipotential line of the electric field at a frequency v-.

- the trapping oscillations in the potential well at a frequency vz.

It is possible to calculate those frequencies starting from the general equation of
the ion motion under the influence of the combined magnetic and electric fields. If the

V=0

V=0

l0
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electr ic f ie ld is assumed to be purely quadrupolar (which is near ly the case at  the
center of  a cubic t rap),  the equi l ibr ium condi t ion can be expressed as fo l lows :

Thus, in the radial plane (xy) :

m ' t r l2 '  r  =  q '  Bo '0 ' . -  I 'Eo '  r

a

Solving this equation leads to the reduced cyclotron and the magnetron angular
frequency :

IF=q(Ëo+vxeo)=rn f

0)* =

The corresponding frequencies are :

The electric trapping field creates a force along the cell axis which prevents ions
to escape in the magnetic field direction. The axial component of the rrapping field is
given by :

dV(z)

I  "  "  4m.Q.EOq'Bo t . , iq '  86 -
Y A

4V"= - - - 'z
a '

2m

E(z) = -

The equation of motion on the z axis is thus :

q .  E(z)  =  -4 \ '  .z .q  =- .  dV '

a' dt

The presence of both plates at the potential V1 induces an oscillation of ions
along the cell's axis. This motion has the following frequencies :

dz

l l

4m.q .E6

4nm
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The combinat ion of  the
complicated trajectory of ions in

three modes of motion, just described, generates
the cel l  (Figure I .9.) .

2
O r . = -

a

I
Y r = -

fta

9 'Vr
m

Figure I.9. Combination of the three natural motions of an ion in an
F|MS cell. Cyclorron, magnetron and trapping oscillations.

2.L.3. Space charge effect and calibration laws

Up to now, we have assumed that the forces acting on the ion result only from
its interactions with the electric and the magnetic fields. This is true as long as only
one ion is trapped. When more ions are trapped together, coulombic interactions can
become significant. For large ion populations these effects have a great impact on the
obtained results and are called space charge effect (Figure I. 10.).

t2
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Figure I.10. Schemaric view of the space charge effect.

Space charge effect can be aspproximated to an outward force depending on the
number of ions trapped together. The first effect of space charge is the loss of mass
precision. The equation of ions motion is perturbed by the additional outward force
and the measured frequencies depend not only on the externally applied fields but on
the charge density which can not be determined precisely. These effects can be
partially compensated in the calibration law by introducing a global signal intensity
term (see Table I. l.)

Table I. l .  Calibration laws

Application Calibration law

Zero electric field approximation (VpO)

Pure quadrupolar field approximation

Pure quadrupolar field approximation with

effect

vc
qB

2nm
ab

V+=-+-
mm-

V+=-+-
mm-

* : [] is the global intensity of all ions except tlrose having the mlz value to bc calculated.

The number of trapped ions can be regulated by using appropriate sequences
but an information is lost : the init ial relative amounts of ions formed. The space
charge effect induces a decrease in the observed cyclotron frequencies, this effect is
similar to the influence of an increase of the trapping potential. It has been suggested
that a positive effect of the space charge would be created to attenuate the electric field
inhomogeneities inside the cell.

,  c [ I ]  *
, )

m-
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2.2.  Laser_rnatter i r r tcract ion

Laser ablat ion/ ionizat ion ha.s been subject
app l ica t ions  ar  the  beg inn ing  o f  rhe  70 's .  Th is
characteristics :

of  intensive research since i ts f i rst
can be explained by the fol lowinc

- possibir i ty to ionize metars or insurator compounds,
- wide choice in the experimental parameters since various lasers are available,- possibil i ty to focus the beam on very small areas which opens the field ofmicroanalysis.

Growing efforts have been made in order to understand the processes occurringduring the laser-matter interaction. In fact, severar parameters have to be taken intoaccount. Some of them are l isted in Table I.2.

TableI'2 Parameters important in the laser-solid interaction process.

Laser parameters Target rameters
lrradiance

Wavelength

Pulse duration
Incidence angle
Repetition rate

Thickness

Absorption coefficient
Thermal conductivity
Electrical conduc tivity
Enthalpy of sublimation
Surface state

The characteristics of laser ionization depends on the physical state of theanalyte' [n the gas phase, ionization processes are quite well known. [n general, theionization requires a relatively low energy. The general principles of electronicspecroscopy of atoms or molecules rule the process. In the solid phase, the processesleading to the ionization of the target are not so welr known. Actually, the same laserbeam has to transfer the material to the gas phase and ionize the atoms and molecules.Therefore' the mechanisms of laser ionization of sorid materials are complicated.

2.2.1

one of the oldest models of laser-matter interaction was proposed by Herculesin 1982'10 During the impact of a laser beam at surface, numerous processes occur.The ablated depth as well as the relative contribution of the various processesultimately depends on the wavelength and the inadiance of the incident beam for a
t4
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given mater ia l .

I f  we consider the laser vapor izat ion/ ionizat ion of  a mater ia l ,  four general
mechanisms can be dist inguished corresponding to four areas of  the interact ion
surface:

Direct ionization of
the gas phase
(screen effecr)

High
pressure
region

Recondensed matier

Figure I. l  l .  Different zones in laser ablation process.

Area l, where the laser beam strikes the surface, is characterized by a direct
ionization of the solid, especially at high irradiance ( t tos w cm-2). The tenrperarure
in this region can reach 3000 to 6000 K. Under these conditions, only atomic ions and
few molecular fragments can be emitted

Area2, in the neighborhood of area I is adesorption region. It is characterised
by a high temperature gradient due to the shockwave induced by the laser impact.
High molecular weight ions as well as molecules are emitted from this region.

Area 3 corresponds to the ionization of the gaseous cloud above the surface by
the dense photon beam (screen effect).

Area4 is the region where ions are free from the mutual interactions.

The ablation depth per laser shot depends on the wavelength and the irradiance
of the oncoming beam.

2.2.1.1. Wavelength effect

Depending on the wavelength, ablation processes can be very different. In the
infrared' thermal mechanisms are favored, though in the ultraviolet, photochemical
processes occur.

Laser beam
t ,
l t

l5
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2 2.1 2. Thcrnrul efJ'cc.t.s

The energy brought by the Iaser i r radiat ion spreads through the mater ia l  v ia
thermal conduction. The IR photons are not energetic enough to achieve the ionization
of the material, but they are very numerous and induce a heating of the surface by
successive hits' The result is the melting and evaporation of the inadiated surface. One
can consider in first approximation that the laser inadiation can be assimilated to as a
heat source deposited on the surface of the material, it can be compared as well to the
impact of a projectile on a target or an explosion of dynamite.

2.2.1.3. photochemical 
fficts

The absorption of UV photons by the material leads to transitions between the
electronic states of the molecules (especially for polynrers). The decomposition of the
mater ia l  is  considered to be ablat ive ;  three mechanisms can lead to th is
decomposi t ion:

( i )  f i rst ,  the absorpt ion of  UV photons can
dissociative elecrronic states. This purely photochemical
than I fs), it directly leads to the ablation of the substrate:

promote the molecules to
step is extremely short ( less

(ii) excited molecules (not yet ablated) relax by redistributing their energy
excess as rotational or vibrational energy to the neighbouring molecules by coll isions.
This phenomenon results in a rapid and local heating of the sample. The subsequent
absorption of several photons in the same area can lead to temperatures high enough to
allow thermal decomposition of the molecules starting from the most fragile bonds
(ion-covalent such as: hydrogen bonds, ionic interactions):

(iii) the absorption of the first UV photons induces a heating of the surface ar
the place of impact, which leads to an increase in the population of the vibrational
excited states of the molecule. If these lifetime of vibrational-states is long enough for
a second (or even third) photon absorption to take place, a photochemical dissociation
of the molecules can be observed.

If the number of bonds broken during the process is high enough, there is a
rapid increase in the local pressure leading to an explosive expansion of the material
(supersonic beam).

l6
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2.2.1 .4 Oc.c.urring pro(:cssc.ç v.,ç. irradiancc

Most  o f  the  ions  (pos i t i ve  o r  negat ive) ,  wh ich  br ing  in fo rmat ion  about  the
analysed mater ia l ,  are tbrmed dur ing the laser induced gaseous cloud expansion. The
nature of this cloud depends on the irradiance. Moreover, it appears that the ion/neutral
ratio is directly related to the irradiance used. Actually, for irradiances over 109 w cm-2' this ratio can reach 0.1 to 0.01 while it is not over l0-5 for irradiances lower than
t08  W cm-2  .10

Three differenr ablation/ionization processes can
to the irradiancell :

be distinguished with respect

- between 105 and 107 to 108 w c^-2,laserdesorption processes occur. They
allow in many cases the detection of molecular or quasi-molecular ions.

- between 108 and t0l0 w c^-2, elemental ions are present together with
ionized clusters depending on the studied materiar.

- above tol0 w cm-2 onry erementar species are observed.

t7
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Chapter l l  . E.uperimcnrcl Part

ln th is chapter,  mater ia ls and exper imental  set-up used in th is work are
presented. Two FTMS instruments have been used throughout this study, they will be
both described herein. Experimental sequences and parameters will be discussed.

1. Instrumentation

The experiments have been performed on two FTMS instruments. Chemical
ionization and ion/molecule reactions were performed on a Laser Microprobe FTMS
2000 instrument at the LSMCL (Laboratoire de Spectromérrie de masse. er Chimie
Laser) laboratory (University of Metz). This instrument is interfaced with different
lasers. Electron ionization (EI) mass spectra were obtained on a FTMS 2001
instrument in LKKAK (Laboratorij za kemijsku kinetiku i armosfersku kemiju)
laboratory (Ruder Bo5kovié [nsrirute, Zagreb) for comparison.

lJ. Laser Miuoprobe FTMS 2000

The FTMS laser microprobe at the LSMCL laboratory (University of Metz) is
based on a commercial FTMS 2000 instrument (Nicolet, now Finnigan, Madison, W[,
USA).  [ t  was or ig inaly dedicated to electron or chemical  ionisat ion.  Several
modifications were necessary to achieve the coupling with a laser ionisation sourcel-8.
These modifications had to be done cautiously in order to allow the instrument to
evolve with the FTMS technology. Devoted to laser induced experiments it has no
possibility of standard electron ionization.

The mass analyzer is based on a double-cell (source cell and analyzer cell)
enclosed in a ultra high vacuum chamber and centered in a very homogeneous
magnetic field (Figure II.1).

l 9
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Magnetic f ie ld

Chett,r i l  E.r{tcr int:ntrt l  Purt

l . l . l .  T 'he  doub le -ce l l

I t  cons is ts  o f  two cub ic  ce l l s  n rade o f  anragnet ic  s ta in less  s tee l  p la tes  w i tS  a
honeycomb s t ruc tu re  (see F igure  I l .2 ) .  Bo th  ce l l s  share  a  common p la te ,  the
conductance l in r i t ,  wh ich  is  made o f  bu lk  meta l  and has  a  ho le  in  i t s  cen ter  to  a l low
ions  to  c ross  f rom one ce l l  to  the  o ther .  Th is  p la te  a l lows a  d i f fe ren t ia l  pumping
between the two cel ls .  A part  of  the conductance l imi t  is  rnade of  a quartz window
covered wi th a very th in metal l ic  gr id.  This a l lows the l ight  to pass through the p late
for  v isual izat ion purposes.  Each cel l  has i ts  own t rapping p late perpendicular  to the
magnet ic  f , ie ld and two pairs of  opposed electrodes for  exci tat ion and detect ion.  The
conductance l imi t  p lays the ro le of  the second t rapping p late for  both cel ls .  The
analyzer cel l 's trapping plate is pierced to al low the lnser beam to go through the cel l .
The source t rapping p late is  removable and has a hole in i ts  center  to permit  the
insert ion of  a sample holder .  The cel l  d imensions are 5 cm x 5 cm x 5 cm. The double
cel l  is  f ixed on metal l ic  rods which support  the cables necessary for  the appl icat ion of
var ious e lectr ic  potent ia ls  on the p lates.

Removable

t rapprng
source

plate

Sample

Laser

Analyzer trapping plate

Sou rce

Figure l I .2:

Detect ion

Cell

The double-cel l

conductance
l im i t

Analyzer Cell

(drawing taken from ref. 9).

Exci tat ion

2 l
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1.1.2.  The cryomagnet,  the punrping and the electronics

The magnetic f ield is generated by a solenoid superconductive magnet made of
a niobium/titanium alloy coil. A two stage dewar, the first contaning l iquid nitrogen
and the second containing l iquid hel ium al lows the superconduct ion.  The magner
provides a very homogeneous 3.04 T field on the axis of the chamber. Both cells are
centered in the magnet's tore on the magnetic fietd axis.

FTMS performances are pressure dependant. [n fact, collisions with a residual
gas reduce the time of coherent motion of the ions and the signal gets losr (a toss of
resolution). The different stages of the instrument are thus continuously pumped by
high capacity pumps.

The sampling chamber, is pumped by a primary pump Alcatel (35 I h-r) and a
turbo-molecular pump (400 ls-l). This system permits to reach a lû6 Torr* pressure in
few minutes.

The instrument's chamber is differentially pumped from the source and the
analyzer side by two primary pumps (Alcatel 2OI2A, l6l h-l) and two diffusion
pumps (650 I s-l) When the gate valve (between sampling chambre and "instrument's
chamber") is closed, the vacuum in the instrument is typically 10-l Torr. When that
valve is open, the pressure increases up to 5.10-8 - l0-7 Ton in the source side but
remains below 2'10-8 Torr in the analyzer's side. Those pressures can temporarily
increase when reactive gases are introduced into the chamber.

The instrument is equiped with various electronic systems for security and for
the performance of experiment sequences. The programation of experiment sequences
and the acquisition of data are based on a fast access of memory computer and various
peripherals. Among them, the most important is the cell controller. It generates the
various potentials which are applied to the cell plates. The cell controller is connected
to the excitation plates via a power amplifîer and collects the signal detected on the -,, 2
reception plates through a preamplifier. The main computer of the instrument is a SUN
LX data station coupled to an Odyssey acquisition electronics.

* lTorr=133.322Pa
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1.1.3.  Santple introduct ion and nlanipulat ion

I .l .3.1 Solid .çanryles ( reagent ions)

The sample for laser desorption/ablation is attached on an amagnetic metal
square sample holder (2 cm x 2cm) mounted on a sliding transfer l ine. The source
trapping plate is part of the support and has to be removed from the chamber with the
sample. The trapping voltage is applied on the plate and on the sample holder with a
cable mounted in the transfer line.

This configuration with the sample holder inside the cell has been modified in
the course of the present work because it was prejudicious to the high resolution
capabil it ies of the instrument. Part of this work has thus been done with an external
sample holder placed just outside the source cell. The sample support is equiped with a
remote command x-y manipulation hardware.T

I .l .3 .2. Liquid and gaseou.r somples ( reactant moleculesl

A glass tube fi l led with the l iquid sample was mounted on the batch inlet and
degased by repeated freeze-pump-thaw cycles. The gas phase of the sample was then
introduced into the batch inlet container, up to a pressure of ca. 400 mTorr. There are
two possibil i t ies for the gas (evaporated l iquid) samples introduction into the FTMS
chamber. They can be introduced continuously through the batch inlet valve (Fig. t l. l)
in the analyzer side of the chamber. The second way is through the paired pulsed
valves (General Valves, Fairfield, New Jersey). The opening of the first one (0.05 - 0.2
s) allows entering a gas into the volume between two valves. After the closure of the
first one, the second one let the gas entering the chamber (time of the opening of the
second valve 0.05 - 0.2 s). The exit of second pulse valve is connected to a home-made
pipe to allow direct introduction of the gases into the source cell. We mounted this
tube in order to perform ion/molecule reactions.

1.1.3.3. Cooling ga.r

For the laser produced reagent ions, argon has occasionnaly been used as
cooling gas. The batch inlet container was filled with argon to a pressure of about 2
Torr. The gas was then introduced into the chamber by pulsed valves to a pressure of
ca. l0-6 Torr in the source cell.

23
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1.1.4.  The laser ionisat ion interface

The key part of the laser ionization interface is a reversed Cassegrain optics8
al lowing the laser to be focussed on the target and the visual izat ion of  the sample
These optics are mounted inside the spectrometer's chamber. The position of the
focussing lenses can be changed with an external manipulator in order to provide
ionization at various wavelengrh (from 190 to 360 nm)

Two lasers are coupled to the micorprobe. First, an excimer laser LPX 200
(Lambda Physic,  Goett ingen, Germany) and second, an Neodymium Yttr ium
Aluminium Garnet (Nd-YAG), Bril l iant (Quantel, Les ulis, France).

Tab le  I I . l . Characterist ics of the laser beams delivered by the lasers
coupled to the FTMS microprobe.

avelen
/nm

xrmum output
Pulse duration i ns

energy / pJ the sample /pJ

t93

248

266

355

200
200
63
63

82

r40
188

188

23
34
4.3
4.3

The excimer laser allows the use of the 248 nm and 193 nm wavelength with
krypton/fluorine and argon/fluorine mixtures respecrively. The Nd-YAG laser is used
in quadrupled mode (266 nm) and tripled mode (355 nm). The first and second
harmonics of this laser (1064 and 532 nm respectively) can not be used with our
configuration because the optics have been made for UV lasers (190 to 360 nm). The
characteristics of the laser beams provided by our lasers are summanzed in Table II.l.

The laser beam is brought to an adjustable telescope by means of two prisms.
The adjustment of the telescope results in changes in the spot diameter on the sample,
and therefore changes in the irradiance. Table II.2. shows the inadiances attainable
with the different wavelengths currently used. The minimum value corresponds to the
lowest output energy of the laser providing a reproducible beam. [n fact, lower
irradiances could be reached but fluctuations in the laser profile wouldn't allow a
accurate determination of the irradiance on the sample.

The laser energy is measured in front of the entrance window of the chamber
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with a photosensi t ive cel l  connected to a digi ta l  osci l loscope. The i r radiance is then
calculated with respect to the absorbance of  the opt ics and the spot diameter for  a
given position of the telescope.

Table II .2. Accessible irradiance ranses.

Wavelength Maximum
/ nm lrradiance lW cm-2

Min imum
Irradiance i W cm'2

193

248

266

355

2.0 t}e
2.0 r}e

3 .0  1010

3 .0  1010

3.0 lOs
3.5 105
7.0 106

9.0 r06

At the exit of the telescope, the beam is reflected by a mirror through a silica

window towards the central  lenses of  the reverted Cassegrain opt ics in the

spectrometer's chamber. It is then focussed on the sample through the holes in the

analyzer's trapping plate and the conductance limit.

The external mirrors of the Cassegrain optics transmit the light of an external

source to the sample and reflect the sample image to an external CCD camera. A lens

allows the visualization ot the sample on a video monitor with a 300x magnification.

FTMS 2OOI

The FTMS at the LKKAK Laboratory in Zagreb, is a commercial FTMS 2001
insffument (Extrel, now Finnigan, Madison, WI, USA). [t has many common features
with the instrument in Metz: double cell, 3 T superconducting magnet, differential
pumping (typically pressure in the source region : l0-8 Torr; pressure in the analyzer
region : 10-9 Torr), batch inlets, pulsed valves.

The differences are as follow: The Nd-Yag laser has possibility to work on
1064, 532,355 and 266 nm. The laser beam comes on the target sample at a 45o angle.
Manipulation of the probe is posible in the z direction and the probe can be rotated
(360"). Concerning the computer interface, the instrument is controlled by a 1280
Nicolet data station.

The most important difference for this work is that beside the laser interface the
instrument allows electron ionization (Figure II.3.). EI mass spectra of all studied
samples were acquired on that instrument.

1.2.
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1.2.1.  Electron Ionizat ion FTMS Exper iments

Typical parameters in the EI experimenrs are l isted in Table II.3.

Table II.3. Typical experimental paramerers for EI experiment sequence

Parameter Value
Experimental type STD

Pressure Source 6.10-8 Torr
Analyzer 2.10-9 Ton
Quench duration lms

Trapping
Trap Voltage 2.0 v
Bias Voltaee 5.0 v
Conductance Limit OV

Ionization
Beam duration 4.0 ms
Beam voltage 70v
Req. Current 4.0 ttA
Measured Current 3.7 ttA
Reaction delav 0.05 to l0 s

Excitation

Sweep rate 2500 Hy'rrs
Attenuation of excire RF 0dB
Low frequency 23298H2
High frequency 2666.6k172
Duration 1.07 ps
Sweep Phase 0 dee

Detection Receive side Analyzer
Receive time 82.23 ms

Digitization

Number of data points (Kbytes) r28
Collected # Sweeps 300
Detected Bandwidth 800 kHz
Dwell Time 625 ns
Mode (dir/het) Direct

Transformation Apodization Blackman Harris 3 terms
Zerofilline 2x
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2. Chemicals

2.1. Substances for resgent ion production

Pure metal samples (Mg, Ca, Ti, V, Mn, Fe, Cr, Co, Cu, Zn, Al, Sn, Mo, Zr, and
In) (purity higher than 99 7o), sil icon wafer and boron powder were used as a laser-
pulse target for the production of reagent ions. Scandium is the only first row
transition metal which has not been included in this studiy because it was not available
to us. The only studied alloy was a stainless steel sample (Cr:R:NIi =25%o:ffi/o:l1%o).

For alkali-metal ions formation the pellets of alkaline salt were shooted by the
laser. Namely, Na+ was produced from NaCl, K+ from KCl, Li+ from LiF and the
earth-alkaline Ba+ from Ba(CO3)2, From the halide salts, the corresponding halide
ions were generated for negative ion chemical ionization.

2.2. Volatile organic molecules

a) Dichlorodifluoromethane , CF2CI2: commercial Puff duster, ref . C829, Agar,
Essex, England.

Large quantities of CFZCIz were manufactured each year (0.5 Mt/year) and in
great part released to the atmosphere in the form of aerosol propellant or refrigerator
coolant. [n our case it was supstance of puff duster in spray. CFZCIZ is a representative

of the class of Freons. Photolysis of these halocarbons produces large quantit ies of
chlorine which can react with 03 to form OZ and hence may cause a depletion of the

ozone layer.

CI
I
I

F-  C-F
I
I

cl

Figure II.4. Dichlorodifluoromethane
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b)  Ha lo thane .  (2 -b romo-2-ch lo ro -1 ,  l , l - t r i f l uo roe thane)  BTCHCICF3,  i s  a
commonly used anesthet ic.  (99o/o,  AIdr ich,  Saint-Quent in-Fal lavier,  France)

Br_ c_
l l
t l
CIF

Figure [.5. Halothane

c) Endosulfane, (C9H6CI6O3S) is a non-systemic insecticide and acaricide with
contact and stoma.l 't u.1ion.l0

CI

CI

o
,rl
S
t l
o

Figure II.6. Endosulfane

d) Perfluorotributylamine, (CaF9)3N, (PFTBA) or heptacosafluorotributylamine
(99Vo, Aldr ich,  Saint-Quent in-Fal lavier,  France) commonly used as an internal
calibrant in electron ionization MS.

F
p -j -çp, cF,

i l \ /
cF, -cF2 cFt -cFr

\ /
N -CFt

/
t

cF.;

\
CF

/
cF{

\
\

cF

Figure II.7. PFTBA

HF

ll
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e) Tr ibuty lamine, (C+Hq)3N, (99+7o, Aldr ich,  Saint-Quent in-Fal lavier,  France)
has a structure similar to PFTBA, the fluorine atoms being replaced by hydrogens.

f )  Acetophenone,  C6H5COCH 3,  (99o/o ,  A ld r ich ,  Sa in t -Quent in -Fa l lav ie r ,
France). It is a commonly encountered compond in nrany organic syntheses.

o
tl
" - " " ,

Figure II.t l . Acetophenone

Some physical  and chemical  data about the studied compounds are l is ted in
Table II.4.

Table II .4. Some characterist ic of studied compounds (Ei = Ionization
Energy, Epo= Proton Affiniry ).

Dichlorodi

fluoromeûane

CbCFr

Halothane

BTCHCICFT

Endosulfane

CeH6C1603S

PFTBA

(C+Fq)rN

TBA

(CaHs)rN

Aceto

phenone

CnHnO

M /  g  to l - t t20 r99 404 671 185 r20
Physical

state
(at 25oC)

gas l iquid solid l iquid liquid liquid

Vapor

pressure a

/ kPa

65 r.0

(25"C)

39.9

(25"C)

0.0012

(80"C)b

0.073

(25"C)

0.0r0

(25"C)

0.049

(25.C)

Et l eYc I 1.75 i 0.04 I  1 .0 l  1 .3 7.4 9æ ! 0.u3
ÂgH (ion)

/kJ mol-l
656 363 (361) -4466 492 8r0

Epo

ÂJ mol-l
982 859

a, b, c, d data from references 10, !1, lzand 13, respectively.
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3. Experimental sequence

All chemical ionization and subsequent ion-molecule reaction experiments were
performed on the FTMS 2000 laser microprobe in Metz. Typical experimenral
sequences are displayed in Figure I I .9.  and I I . l0.  The f i rst  one displays the sequence
with reagent gas introduction by pulsed valves, the reaction taking place in the source
cell. The second one displays experiments obtained on the analyzer side when gaseous
compounds are introduced directly through the batch inlet.

Open pulsed valves

Continuous ejection
(double resonance)

RcacLion
I t ime

Detection

ox
f Y I

Figure II.9.

Quench

Ime

Experimenru,ffine source side (gas molecules
introduced through pulsed valves).

Every sequence begins or finishes with a quench. A large differential voltage
applied on both trapping plates (+ t0 V) is a quick non-selective way to remove all
residual ions from the cell.

Isolation of reasent ron

3r
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Loser beom I Ionizotiort

Al l  fouravai lablewavelengths 355,266,248 and 193 nm, have been used in th is
work.  as the react. ion products distr ibut ions and rates were not af fected by the
wavelength used for reagent ion formation. Irradiance used throughout this work was
in the range 108 -  l0 l0 W cm-2 lp lasma igni t ion condi t ion).

Isolation of reagent ion.ç
ln most cases a monoatomique positive i<ln was the only detected product of

laser ablation/ ionization of the target sample. Thus, isolation of ion was not necessary.
When some impurit ies were present (e.g. in the ablation of salt pellets) or when only
one elemental isotope was desired, chirp ( radio frequency sweep ) or SWIFT ejection
were performed to select the projectile ion. For an example of parameters used in such
sequences see Table II.5.

I nt r ocluc t io n of v o lctt i I e c omp o unds
The gas molecule were introduced directly in the source cell through a pulsed

valve connected to a home-made pipe to a cel l  pressure of  8.10-7 Torr .  (Typical
parameters are l isted in Table II.5.)

Reaction ttme
A variable period in the range 0.001 to 30 s allowed ion/molecule reactions to

occur.

Continuous ejection

To confirm some reaction pathways, ejection of certain ion (precursor) was
undertaken. This was carried out by exciting continuously at the cyclotron frequency
of the undesired ion. Ejection was applied through all reaction period.

Excitation

Product ions were then excited by a frequency chirp. Example parameters are in
the Table II.5.

Detection

The image current was detected, amplified, digitized, apodized (Blackman-
Harris 3 terms) and Fourier transformed to produce a mass spectrum.
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Some exper in ten ts  were  per fonned in  the  ana lyzer  ce l l .  The exper imenta l
sequence is displayed in Figure I I . l0.

lons transfer to analyzer

Continuous ejection
(double resonance)

Figure. II. 10. Experimenral sequence on the analyzer side.

Thermalization of reage nt ions
lons formed by laser desorption may exhibit a broad distribution of kinetic and

internal energies. Same experiments have been performed with cooling of the primary
ions in order to ensure that they are in their fundamental state. Produced ions (Al+,
In+) were left to collide with argon gas which was inffoduced through pulsed valves in
the source cell up to a pressure of ca.6.10-7 Ton. However, in our experiments, the
themalization with argon gas did not change any reaction prductornte.

Ion transfer to analyzer cell
After cooling, the ions were allowed to transfer to the analyzer side. For that

purpose the conductance limit was grounded during 0.01 s.

All experiment were carried out at the room temperature, typically around
25"C. Spectra representing ion/molecule reaction resulted from single sequence (no
accumulation was performed).

Open pulsed valves
Argon introduction

o
X
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Table I I .5 . Experimental parameters of the sequence used for the study of
Mg+ reaction with acetophenone. Experiments were conducted
on the source cell ,  acetophenone intrôduced by pulsed valves.

Table II.6. Additional paramerers used in the analyzer side experiments.

Parameter Value

Configuration Intemal sample
Ionization laser Nd-YAG :266 nm
Accumulation No
Trapping Potenrial 1 .5  V

Reactive ion
selection
(Mg*)

Sweep rate 500 H/ps
Attenuation of excite RF 0dB
Lower frequeny 66701Hz
Higher frequency 1507 .4 kIIz
Excitation period 2881 ps
Batch inlet pressure 400 mTon
Pulsed valves opening period (each) 0.08 s
Source pressure -5 10-7Ton
Analyzer pressure -2 l0-8 Torr
Reaction delav 0.05 to l0 s

Excitation

Sweep rate 2000 Hy'us
Attenuation of excite RF 0dB
Lower frequeny 23298H2
Higher frequency 2666.6kH2
Excitation period 1323 us

Detection

Acquisit ion frequency 2000 kHz
Attenuation of detected sienal 30 dB
Number of data points 64 kbytes
Detection duration 32.77 ms
Apodization Blackman Harris 3 terms
Zerofilline I

Thermalization
Batch inlet I pressure (Ar)

Source Presstrre -l l0'6Ton

Batch inlet 2 pressure (PFIBA
Analyzer Pressure
Reaction dela 0.05 to l0 s
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l .  Ion react ivi ty and gas-phase react ions

i l l . l  . lon reuctiv,itJ

React ions between posi t ive ions and molecules in the gas phase are eather
exothermic or endothermic.

An attractive electrostatic interaction between a M+ ion and an AB induced
dipole, in the gas phase, can lead to the formation of a more stable (M+....AB)
complex than the starting reactants M+ and AB. If the internal energy (E*) obtained
during the formation of adduct composed of the positive (metal) ion and the neutral
rnolecule, is sufficient to pass over the barrier of activation (Ea), the reaction is
exothermic. Such reacrion is presented in Figure III. l . l .

If the internal energy (E*) is not sufficient to reach the energy of activation, a
reaction is endothermic (Figure [[I. l .b.) Such reaction can nor be detected at least
without bringing an extra kinetic energy.

Reaction
coordinate

Figure III.l. l. The reaction profiles: a) exothermic and b) endothermic.

The energy of transition-state complexes is very difficult to estimate, herein
calculations methods could help. The energy of the complex should on one hand,
allow the breaking and formation of bonds (exchange energy) and and on other hand
allow the change to reactive electronic configuration of the reagent ion @rorrction
energy).

In general, cationized molecules are more stable than radical molecular ions or
protonated molecules. The fragmentation of the polar molecules resulting from
cationization by alkali-metal ions (alkali-metal attachment) has a higher activation
energy than splitt ing off functional groups after protonation. Cationization is,

Reaction
coordinaæ

Ea

t

E*.Ea
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therefore, potentially useful for the determination of molecular weights.l

Reactivity of the primary the ion can be defined in different ways. Babinec and
Atlison2 referred reactivity of different metal ions according to the number of different
decay products from the organometall ic adduct. This corresponds to the number of
di f ferent bonds in which a given metal  ion is going to inserr  wi th in an organic
molecule.

Armentrout and Beauchamp3 noted a correlation between bond energy D'11v1+-
CHI) or D'(M+-H) and the "promot ion energy" required to obtain a 3dn4sl
configuration, PE(sldn), of the first-row transition-metal ion M+ (also:called the first
promotion energy).

The promotion energy (PE) is defined as the energy required to achieve a metal
ion configuration leading to the formation of one (PEf ) or rwo (PEZ) o-bonds.
Reactivity is then controlled by the promotion energy and by the exchange energy lost
upon bond formation.

Figure lII.l.2. displays the conelation between the first promotion energy and
D"(M+-CH3) and D'(M+-H).

200

150 ù+
o R = H

" R = C H 3

N i +

Co+

Fe+

Mn+ \ Zn

100

s1,

hèo
L

O

r r' l

,',

Ir

100 2æ

Bond energy Do(M+-ft) / kJrnol-l

300

Figure III.I.2. The correlation between the first promotion energy and
Do(M+-CH3) and Do(M+-H) (taken from ref. 3).

These results showed that the insertion of a first row transition metal ions into
one bond necessarily implies the formation of one o bond. For the formation of one o

37



Chapter i l |. .,.Positive ion rcactions .... I l [.] . lon reuctivitt

bond one s or p electron is required. The promotion energies of different elemental
ions used in th is studv are l isred in Table I I I . l . l .

Table II I . l .  Electronic configurations, srares, and promotion energies (eV)
of studied simpleions. 4')

Metal State M+ ground-state

confisuration

PEt /  ev
(ns l  o r  p l ;

PEzl ev
( n r l p I )

PEz' I ev
(s2)

AI l5 3s2 4.6 4.6

Li 15 ls2 59.02 61.28

Na l 5 2sZ 32.8

K l5 3s2 20.r5
Me 25 2o6 3sl 4.43

Ca 25 3o6 4sl 3.r4
Ti 4p 3d2 4s l 0
V 5p 3d4 0.36*

Cr 65 3d5 t .5z <16.5* 6.4

Fe 6p 3d6 4s l 0 6.8 2.8

Mn 75 3d5 4s1 0 10.3 6.7

Co 3p 3d8 0.5 9.9 4.9

Ni 29 3d9 l . l < l  g .  I  5 * * <18.15**

Cu l5 3d l0 2.8 t3.4 8.5

Zn 25 3d10 4s I 0 t2 .8 7.6r
B 15 4s2 4.6 4.6

Si 2p 3p l 0 5.5

Sn 2p 5p l 0

In 2p 5s2 0 0
k 3p 4d2 5sl 0

Mo 65 3ds
PE1 promotion energy required to reach the lowest sl or pl configuration.
PE2 promotion energy required to reach the lowest slpl configuration.
PE2'promotion energy required to reach the lowest s2 configuration.
*Based on the Cr(III) limit, 133 060 cm-l;
**Based on the Ni(lID limit, 146 408 cm-l

The observed correlation led to the proposal that the ground state of molecular
species such as Co+-CH3 does not cofielate with the ground-state fragments

lCo+(3d8;-CHf l but rather wirh [Co+(3d74tl;-CHt]. That is, for the firsr-row

transition-metal ions, an s electronof the metal is required for the formation of first o-
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bond; and when consider ing the thermodynanr ics of  th is bond fornrat ion,  one must be

aware of the promotion energy required to achieve a3dn4sl configuration. The results

suggesr  tha t  wh i le  D" (Co+(3dn4s l ) -CH:  )  and D" (Fe+(3dn4s l ) -CHl  )  a re

approximately equal,3 the "obserued" bond strengths (relative to the fragments in their

ground states) differ due to the difference in promotion energies.

With respect to the first promotion energies, the first row transition metal ions

are listed in the following order:

Fe+ - Mn+ - Zn+ -Ti+ < V+ < Co+ < Ni+ - Cr+ < Cu+

The order of reactivity (reactivity = 11pg) will be reverse.

These concepts explain the bond-strength trends, but these alone do not predict

the reactivity trends since reactions which involve metal insertion require the

formation of an intermediate in which two o-bonds are formed to the transition-metal

ion.

The first step of a gas-phase reaction between an organic compound and a

transition-metal ion is usually the insertion of a metal atom into a bond. The insertion

requires the formation of two bonds.2 Presumably energy is required for the M+ to

achieve a configuration conductive to 2-bond formation.

The first-row transition-metal ions can be ordered in terms of the promotion

energy required to achieve a configuration in which two electrons are not in d orbitals.

This is apparently the configuration which is achieved as two o-bonds are formed - the

situation which exists when a metal ion is inserted into a single bond of an organic

molecule. First-row transition-metal ions with high promotion energies are unreactive

or insert only into a few type of bonds, while ions with low promotion energies appear

to be more reactive, inserting into a wider variety of bonds. Thus, the order of

reactivity is as follows:

Fe+ > Co+ > Ni+ - Cr+ > Mn+ > Zn+ > Cu+

The insertion of metal ions into organic bonds showed to folow this order of

reactivity.2
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Introduction

Acetophenone is a widely used precursor in many organic synthesis.  I t  was
already studied in the gas phase, in react ions wi th some posi t ive ions.  [n our
laboratory, we only recently started to study ion/molecule reactions in the gas phase.
As a starting point, we wanted to work with a model molecule of already known
behaviour towards some positive metal ions. The compound had to be volatile and thus
easily introducible into the mass spectrometer. Thus, we chosen acetophenone. We
wanted first, to confirm already known mechanisms, and second to check its reactivity
towards other elemental ions. After establishing the experimental procedure and
gaining understanding of the involved processes, we could apply this method to other,
in our case to polyhalogenated molecules.

In th is chapter,  we give a short  overview of  a l ready known resul ts on
acetophenone-metal reactions. Metals which were not studied with acetophenone,
were mostly studied with acetone, and these results are cited. After this, we display the
results obtained in our studies of the acetophenone with l7 elements indicated in the
periodic table given below. The mass spectra were interpreted and assigned and
reaction mechanisms proposed. The results are presented in six sections according to
the reaction mechanisms .

il

eI-'-'"'
Ac:etophencne

2.1.

4 l
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2.2. Metal ions reactivity towards ketones (literature)

III.2. Acetophenone

Acetophenone is an aromat ic ketone, widely used in organic synthesis l .  The
molecule readily vaporizes and can be easily introduced as a reactant gas for reaction
with metal ions. Nevertheless, acetone, as the simplest ketone, has been studied most
extensively.

ln transition metal reactions with acetone, decarbonylation is afforded by Fe+,
Co+ and Ni+ ions3-5. Cr* is unreactive with acetone6. Mn+ gives rise to MnCH3+ as
has been reported in an ion-beam studyT. Copper was initially reported to undergo
dissociative attachment reactions with several small ketones other than acetone,S
whereas later work reported the direct formation of condensation product with
acetoneg. The reactivity of acetone with Cr+, Fe+, Ni+ and Cu+ produced by resonant
laser ablation results in the formation of single and bi-adduct ions, with some evidence
of dissociative attachment reactions for Fe+ and Ni+ (metal carbonyl ions were
observed)10. The oxygen affinity of Sc+, Ti+ and V+ leads to abundant MO+ ions
formation in reactions with ketones, and moreover, MO+ was found to be the
exclusive product for Sc+, Ti+ and V+ with acetone and some other ketones3,II. Zinc
has the highest ionization potential of all transition elements and thus can easily induce
charge transfer to organic molecules, as reported for reactions with alkanesl2 and
alkenesl 3.

Concerning the behaviour of the alkaline earth metals, comparisons of Mg* -

acetone reactions with those of Al+, Mn+ and Cu+, have shown that Mg+ is a softer
acid than Al+, very similar in acidity to Mn+ and Cu+ ions14.

For Al+ and In+, only adduct complexes were observed in reactions with
ketones3,15. Reactions involving Si+ ions have been investigated by selected-ion flow
tube techniquel6. Reactions with oxygen containing molecules give rise mainly to the
SiOH+ product as it is the case for acetonelT. We found no previous reports on the
reactivity of Si+ ion produced by laser ablation with organic molecules.

The acetophenone molecule was included in studies of aromatic compound
reactions with Ni+ ionsl8 and Fe+ ions19 lf luoroacetophenone20), and Al+ ions2l.

Cr+ was found to be reactive with methylacetophenone and to induce dehydrogenation
and elimination of CH3 group22.

The work reported here constitutes a systematic study of the reactivities of the
alkaline earth metals (Mg, Ca and Ba), transition metals (Ti-Zn), group IIIA metals (Al
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and [n) and si l icon ions produced by laser ablat ion,  wi th
(acetophenone).

I[[.2. Acetophcnone

the sanre organic molecule

The comparison of gas-phase reactions among different groups and comparison
with previous results is addressed. Fourier transform ion cyclotron resonance mass
spectromery23 It ideally suited for this purpose, because abundant atomic ions may be
produced by laser ablation/ionization and trapped for extended periods to produce
various species, the time-evolution and reactivity of which can be monitored at high
mass resolving power to facilitate the identification of products.

2.3. Pathways for Gas-Phase Positive Ion Complexation andlor
Reaction with Ac e to phe none

Laser produced ions (M+ = Na*, Mg*, Ca+, Ba+, Ti+, V+, Mn*, Cr+, Fe+, Ni+,
Co+, Cu+,Zn*, Al+, In+ and Si+) were allowed to react with acetophenone, L, in the
FTMS cell. A trial of thermalization of laser produced ions with argon gas, prior to
acetophenone introduction, did not change any reaction product or rate. Nevertheless,
we cannot completely exclude the possibil i ty that some excited ions may be involved
in the reactions. The products of primary, secondary and further reactions were
detected with increasing reaction time. Therefrom, several types of reaction behavior
can be distinguished:

formation of MLn+ complexes,

decarbonylation of metal-l igand complexes, [MLn - CO1+,
dehydrogenation and dehydration, [M(O)Ln - X]+, X-HZ, HZO.

oxygen abstraction by silicon,
charge transfer and/or electron ionization,
reactions involving water molecule.

Table III.2.1. summarizes the main products detected after reactions of cations
with acetophenone. Among the first generation products, there are ML+ complexes,
products of their decarbonylation, (tML - CO1+ ), specific products of reaction with
silicon ion, and products resulting from charge transfer and/or electron ionization
followed by fragmentation. Secondary reaction products are adducts, decarbonylated
adducts and protonated dimers of molecular ion. Higher order reaction results in
adduct complexes. Dehydrogenation and dehydration processes products, which are
observed for Ti+ and V+ reactions, are treated separately ( see Table ll\.2.2.).
Reactions involving water molecules are side reactions in the case of Ca+, Ba+ and
Al+.
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2.3.1.  Forrnat ion of  MLn+ conrplexes

AImost al l  the studied ions (except Ti+,  V+ and Si+),  associate wi th an intact
l igand to form complexes according to the following equation:

M*+ L + ML. gL N,{L;

lMgl-l.

n=2 : M = Na, Cr, Fe, Ni, Co, Cu, Zn, In
n=2 -3 :M=Ba .A I
n=2-4:  M = Mg,  Ca,  Mn
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Figure IlI.2.l. Ft-lCR mass spectra of the ionic products of the reaction of
Mg+_w_ith acetophenone (L) at reaction time of: a) 1.0 s; b) 2.5
s ,c )5 .0sandd)  l0s .
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Figure  I I I .2 . l .  i l l us t ra tes  th is  type  o f  behav io r  fo r  the  case where  n  =  2-4 .
Complexat ion of  Mg+ with an intact  acetophenone molecule started at  0.1 s react ion
time with the formation of MgL*. As a function of reaction time, higher, successive
complexes were produced and after 10.0 s, only MgL4+ was detected.

Mg+ and Ca+ (Figure in Appendix A) reactions lead to rhe formation of MLn
complexes (n=l-4), while in the case of Ba+ (Figure in Appendix A), no formation of
the complex with n=4 was observed, even with a reaction time of 20 s. Ba+ was
produced from a Ba(COf )Z pellet and the production of neutral species seemed ro be
higher than in other reactions. The pressure conditions to obtain "resolved" spectra
were more difficult to achieve. Thus it was difficult to monitor the Ba+ ion reaction for
a longer time. The variation of the relative abundances of products with the reaction
period for alkaline earrh merals is displayed in FigureIIl.2.2.

A comparison of the graphs shows that heavier ions have lower reaction rates.
This result can be partially explained by the differences in cyclotron frequencies of the
ions. Heavier ions having lower frequencies experience fewer coll isions for a given
period, namely: v (Mg): 1948.3 kHz > v (Ca): 1169.3 kHz > v (Ba) 338.8 kHz. Mn+
(Appendix A), heavier ion than Ca+ and lighter than Bar, produces the same kind of
successive complexeS, n = 2-4,and agrees wel l  wi th th is explanat ion [v (Mn):850.5
kHz l. It yields complexes slightly slower than Ca+ and faster than Ba+.

Na+, Cr+, Cu+ and Zn+ ions (spectra in Appendix A) follow the tendency to
form ML2 complexes which become the main products at longer reaction times (a few
seconds). Although Al+ and In+ form higher complexes, namely AlL2,InL2, and AlL3
(Appendix A), the complexes containing one ligand molecule (Mt-+; seem to be the
most stable" even after a long reaction time ( t > 20 s).
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ionic species in the reacrion of a) Mg+, b) Ca+ and c) Ba+ with
acetophenone (L).
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2"3.2.  Decarbon-vlat ion of  metal- l igand conlplexes, I lv lLp -  co1+

Iron, cobal t  and nickel  ions induce the act ivat ion of  a C-C bond in a l igand
molecule. Our results are in agreement with those obtained for iron by Bjarnason et
al"l9and for nickel ions by Stepnowski et at.l8 In the reaction of R+,Co+ and Ni+ with
acetophenone the elimination of carbonyl group [reaction (2)] is the dominanr reaction.
The mass spectra in Figure 111.2.3. display the evolution of such products for R+and
Ni+(ablated together with CÉfrom stainless steel sample) rcactionsæafunction ofrinre.

r00.0

80.0

60.0

.().0

IML]'

80.0

60.0

,O.0

20.0

Figure 111.2.3. FT/ICR mass spectra of the ionic products of the reaction of
G+, R+ and Ni+ (ablated from stainless steel sample) with
acetophenone (L) at reaction times of a) 1.0 s, b)3.0 s and c) 10 s.
Note that the three ions form MIa and only Ë+ and Ni+ induce
decarbonylation. The insets show isotopic distribution of ions.
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It was suggested that M+ inserts into the C-CO bond, a methyl shift to the metal
occurs,  fo l lowed by the el iminat ion of  CO. A second l igand may add [react ion (3)]  to
[ML-CO]+ without further fragnrentation 19. The formation of intact adducts occurs as
wel l ,  [ react ion ( l ) ] .

M++ L -+ 
î? 

MLz*

IML - co].5 lrur-r- col*
M = Fe, Co, Ni

o
lF p.*
t-a",

(2)

(3)

o
tl

./ 
F"

o
I
1-"",

e)"-cH'* 
F'*---> 

O'
mlz 120

e)-
mlz 148

Figure.l l l .2.4. Mechanism of decarbonylation of acetophenone by iron (the
same for Co+ and Ni+) ion.

The reactivities of metal ions are in correlation with their promotion energies

and follow the order: Fe+ > Co+ > Ni+, while Mn*, Cr+, Cu+ and Zn+ are unreactive.

This reactivity order has been observed for other reaction systems 25-27. It was

interpreted in terms of promotion energy required to achieve a configuration with
one25 or two26 non-d-electrons, leading to the formation of two o-bonds. Namely, one

electron in the valence s orbital, which is spin-decoupled from the remaining metal d
electrons, 4sl3dn-l and two r electrons: 36n-24s2 or ls and Lp :3fln-24sl4pl .

2,3.3. Dehydrogenation and dehydration, [M(O)Ln - X]+, X = H2, HZO

Transition metals with high oxygen affinities28, such as titanium and vanadium
cations were shown to form MO+ in reactions with acetone3,29.We have observed
the same behavior with acetophenone. But, even in the absence of acetophenone

-_

mlz 176

, / * ln

49



Chaoter 1il. .,-Posittve ion rcrrtion.ç III.2. Acetophenone

molecules, M+ (M = Ti or V) ions form MO+ and [MO+HZOI+ when rrapped for a
long period in the F|MS cell. This is presumably due to the presence of residual water
molecules in the spectrometer. However, the presence of acetophenone leads to a
dramatic increase of the intensities of these two characteristic ions.

After introduction of acetophenone, various complex cations were observed as
shown in Figure 111.2.5. and III.2.6. for Ti+ and V+, respectively.
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Figure III.2.5. FT-ICR mass spectra of the ionic products of the reaction of
Ti+ with acetophenone (L) ar reaction time of a) 0.5 s, b) 1.0 s,
c) 3.0 s, d) 5.0 s and e) l0 s. The assignment (an, bn...) of
products is given in Table 111.2.2. The insets show isotopic
distribution of Ti containing ions.
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products is given in the Table 11.2.2. The insets show isotopic
distribution of V containing ions.

Numerous reaction products involving up to 5 l igand molecules have been
detected and their intensities monitored as a function of reaction time. Table 11I.2.2.
summarizes the mlz values and relative abundances of the major products for Ti+ and
V+ reaction with acetophenone. Two different assignments are sometimes given for a
single ion (Assignment I and II in Table 111.2.2.) because in some cases, two different
pathways can give rise to the same ion as will be discussed below.
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Table 11r .2.2.  n t /z  va luesa and re lar ive abundances (vo)  for  the major
producrs o[ rel ict ion o[ M+ (Ti and V) with acetophenone (L)

Assignment I Ti+ V+ Assignmenr I I

b Mo+ 64 67
IMO+H20]+

Primary Reaction Products
al [MOL-H2O]+
A 1 [MO2L-H2Q]+
b1 MOL+
B 1 [MOzL]+
ct [MOL+H2O]+

t66 (32)

184 (48)

202 (20)

t6e (64)
185  (1  1 )
t87 (2t)
203 (4)

IML-H2]+

Secondary Reaction Products
dz [MOLz-3H2O)+
C2 |MO2L2-3H2OI+
e2 [MOLz-2HzO]+
a2 [MOL2-H2O]+
b2 MOL2+
82 [MOzLz]+
c2 [MOL2+H2O]+

2s0 (10)

268 (e)
286 (60)
304 (8)

322 (t3)

2s3 (e)
269 (23)
27r (49)
289 (e)
307 (6)
323 (4)

IML}-H2-2HzOI*
$\ALz-2Hz-HzOl*
lML2-H2-H2Ol+
IML2-H2]+

Tertiary Reaction Products
f3 [MOL3-4H2O]+
D3 [MO2L3-4H2Ol+
d3 [MOL3-3H2O]+
C3 [MO2L3-3H2O]+
93 [MOL3-2H2O]+
a3 [MOL3-H2O]+
A3 [MO2L3-H2O]+
b3 MOL3+
83 [MO2L3]+

IML3-H2-3HzO]+
$vt\-2H2-2H2Ol+
IML3-H2-2HzO]+
lM\-2H2-HzOl+
IML3-H2-H20]+
IML3-H2]+

370 (31)

388 (14)
406 (3t)

424 (2t)

35s (4)
371 (5)
373 (e)
389 (16)
391 (4s)
409 (4)
42s (t)
427 (t3)
443 (3)

Ouatemary Reaction Products
Da [MOzl+-4HzO]+
da [MOLa-3H2O]+
Co [MO2la-3H2O]+
e4 [MOLa-2H2O]+
a4 [MOLa-H2O]+
ba MOL4+

- 491 (6)
- 493 (5)
-  s09 ( l  r )

s08 (32) sl I (68)
s26(4s) s29 (6)
s44 (t4) s47 (4)

610 (5s)
628 (23)

$vlLa-2H2-2H2Ol+
[MLa-H2-2HzO]+
lMl-a-2H2-HzOl+
IMLa-H2-H20]+
IMLa-H2]+

6 13 (100) $vIL5-H2-2HzOl+
- IML5-H2-H2OI+

ca [MOL++HzO]+ S6Z (g) -
Ouinternary Reaction Products

d5 [MOLs-3HzO]+
es [MOL5-2H2O]+

IMOLs-HrOl+ 646 (22
3 mlz values correspond to the most abundant isotope.
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Most of  the observed products can be explained in ternrs of  complexat ion of
MO+ or IMO+HzOl+ ions wi th acetophenone and their  subsequent f ragmentat ion.  For
some products, however, one cannot rule out totally the formation and fragmentation
of [MLn]+ complexes. It is worth noting that Ti+ and V+ can be distinguished through
their particular behavi or.

2.3 .3 .l . MO-complexes and dehydration

As stated above, Ti+ and V+ form MO+ ions easily (b), in reactions with
ketones. These ions are l ikely to react with neutral molecules to form MOL'+
complexes (bn). [n fact, these ions have been detected and most of the observed
products can be explained by dehydration of the MOLp+ complexes [reaction (4)]:

This mechanism could be responsible for the formation of ân, dn, en, fn ions
(see Table 111.2.2, Assignment I). For ions dz, IMOL2- 3H2O]+, and f3, IMOL3 -
4H2Ol+, the loss of all oxygen atoms is achieved.

2.3.3.2. Dehydrogenation and dehydration

lt has been reported that reaction of Ti+ and V+ with alkanes leads to the
insertion of the metal ion into a C-H bond followed by a dehydrogenation of the
complexes.30 In our experiments, the a1 ion, mlz= 166 (for Ti) and 169 (for V), is the
first complex ion being formed. i.e. before MOL+ ion. Therefore, it is not completely
satisfactory to assign the a1 ion as [MOL-HZO]+. Another possible explanation would
be the formation of the ML+ complex, immediately followed by dehydrogenation.
Thus, an ions can also be assigned as [MLn - Hz]+ as noted in Table lll.z.z.,
Assignment II.

The formation of other product (dn, €n, fn) can be explained by loss of xHZO
from these [MLn - HZ]+ ions (5):

Mo+ + nL + MoLl -+ 
[rraor-n *H2o]+ + xH2o (4 )

M=Ti ,V ;  n=1-5 ;  x=1-3 .

M++ nL -) [vn-, 
- H2]* r [vl-" 

- H2- *n2o 
]* 

(s)

M=Ti ,V ;  n= l -5 ;x= l -4 .
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From our exper iments i t  is  impossible to favor one mechanism as responsible
for the format ion of  the observed products.  I t  is  l ikely that  both mechanisms take
place, simultaneously. Both mechanisms (4) and (5), can be invoked for Ti+ and V+
reactions with acetophenone. For vanadium ion reactions, en ions seem to be the most
stable after disappearance of a1. Moreover, for later reaction steps (n > 2), with longer
reaction time (5s) ion e4 ([VL+ - HZ - HZO]+ or/and [VOL+ - 2H2Ql+), shows the
highest intensity in the mass spectra. Ti+ ion reactions yield c2 ion, as the most stable
product. The existence of this ion cannot be explained by mechanisms (4) or (5) and ir
is not observed in V+ reactions.

2.3 .3.3 . Dfurent reactions for Ti and V

Ti+ and V+ show their specific behavior even if most of the products are
formed for both cations. If we compare the summation spectrum from Ti+ reactions
(Figure 1II.2.7.a.) with that obtained by summing the V+ reaction specrra (Figure
III.2.7 .b.) the differences can be clearly seen and are described below. Two additional
pathways take place.

First, TiO+ ions easily bind H2O to form c ion [MO + H2O]+, which is hardly
detectable in the case of vanadium. With increasing reaction time, this ion can react
with acetophenone to form cn complexes, where n= 1-4, according to the following

equation:

(rio + H2o)+ + nL i [(rio + H2o)r-n ]*
n =  l -5

(6)

However, we cannot exclude the bonding of H2O to âp corlplexes to explain
the cn series. The formation of this series is very pronounced, and after a few seconds,
c2 ions ITiOL+HZOI+ remain the major product ions even after the formation of
higher order complexes (see Fig.III.2.6.). No cn ions have ever been detected in the
case of vanadium. The presence of cn ions with Ti+ and their absence with V+ may be
explained by the fact that TiO+ has only one unpaired electron, which is not favorable
for making two new bonds as required for activating another molecule. On the other
hand, VO+ has two unpaired electrons, making it more reactive.
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Figure 11I.2.7. Coadded spectra of a) the five spectra shown in Fig. III.2.5. for
Ti+ reactions, and b) the five spectra shown in Fig. III.2.6. for
V* reactions with with acetophenone with different reaction
times.

To monitor formation of titan complexes with acetophenone, especially those
with water molecules, cn, we ejected Ti+ ion, but only 48Ti+ isotope. Evidence of titan

(not becoming from oxide) containing complexes is obvious in formation of other

isotope complexes. as shown in Figure III.2.8.
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Figure. III.2.8. The ejection of 48Ti+ results in formation of orher Ti isotope
complexes.

Second, reactions of V+ with acetophenone give rise to four series (An, Bn, Cp
and Dn) of complex ions. They all contain one additional oxygen atom compared to
the previously described (IVOL1 - xH2Ol, n = 1-4; x = 0-3) series. Two mechanisms
can be considered to explain this behaviour.

On one hand, a complexation of VO2+ by the l igand could be involved (Bn =

[VOZLn]+ series). However, "bare" VOz* has never been detected. Dehydration of Bn
complexes can yield in An, Cn and Dn series i.e. in [VOzLn - xH2O]+ ions, as noted
in Assignment I, Table 111.2.2. and in following equarion:

â  l q r

E
o
cr) 16.6

o

6  ? r r
E '
c:
(  l ss

/(|.19

=. 34.55
ô
6
og, æ.er
o

€  t 7 2 8
c
f

( a.al

0.@

Ivo2r-n(uoi ).
n= l -4 ,x

nL + VO2LI -)

= 1 ,3 ,4 .

-  *H2O]*+ xH2o (7) .

On the other hand, Cn and Dn series could result from dehydration and double
dehydrogenation [YLn-2HZ-xH2Q]+ of the VLn+ complexes. ([VLn-2HZ-xH2O]+;.
This mechanism can be related to equation (5) and Assignment II in Table 11.2.2.

In the mass spectra of Ti+ reactions the peaks at mlz 206 and 308 do not
colrespond to Ti containing ions (as proved by the ejection experiment, Fig. III.2.8.)
and are left unassigned. So are the peaks atmlz 159 and 205 in the V+ reaction mass
spectra.
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2.3.4.  Oxygen abstract ion by s i l icon

The si l icon ion,  as the only non-metal  ion studied her,  shows speci f ic  react ions
with acetophenone. The mass spectrum represent ing i ts behavior is given in Figure

tr1"2.9.

lL-ol"
104

lL-oHl-
105 L* lL-H+Sil*I

60.0

,{0.0

àe
o(,
c
6
ït
c=

tt

r20

Figure 111.2.9. Ff-lCR mass spectrum of the ionic products of the reaction of
Si+ with acetophenone (L) at 0.1 s reaction time.

After a short reaction time (0.01 s) [SiL-Hl*, mlz 147, is detected with a low
intensity (8a).

Si++L+ [SiL-H]++H
-+ [L - O]* + Sio

+ [L - oH]* + SioH

+ [L - COCH2 ]+ + SioC2H2

(8a)

(8b)

(8c)

(8d )

A major product in the reaction is represented by the peak mlz lO4, assigned as
styrene ion ([L-Ol+) which results from oxygen abstraction by silicon (8b).
Abstraction of oxygen by silicon should be compared with the formation of titanium
and vanadium oxides. On one hand, ionization energy (Ei) of TiO and VO are lower
than the Ei of styrene (see Table III.2.3.) and hence the oxide will keep the charge
according to the Stevenson-Audier rule. Both, TiO+ and VO+ were detected. On the
other hand, styrene, having a lower E1 than SiO will keep the charge, as shown in
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equat ion (8b) and thus IL-Ol+ wi l l  be tormed

Table I I I .2.3.  lonizat ion energies (Ei)  of  studied species and their  oxides

Ei (M) /eV Ei (MO) /eV

Ti
V
Si

C3HsO
csHs

x - cHl, cocH3

L+ '+L+[L+H]*+[L-H] '

6.83
6.75
8.15
9.29
8.43

6.824
7.23'r

n.43

Values in table from reference 31
a taken from reference 28

A weak [L-OH]+ ion s ignal ,nxlz l03,  was also detected. We can propose an
elimination of SiOH (8c). No SiOH+ has been detected in contradiction to the reported
results concerning reactions of Si+ with oxygen containing moleculeslT. Furthermore,
we observed the formation of benzene ion, mlz78, (8d) which can be formed in the
enol-form acetophenone reaction with Si+.

2.3.5. Charge transfer and/or electron ionization

The molecular ion of acetophenone (L+'), its protonated molecules ([L+H]+ and
[2L+H]+), and some fragments (IL-COCH3I+ and especially [L-CHf]+) are detected
as byproducts of all studied reactions (except in the case of Ca+ and Ba+).

They are listed in Table Ill.2.l. It has to be underlined that the intensities of
peaks corresponding to those ions are very low in comparison with peaks belonging to
detected complexes. The exceptions are reactions with Si+, V+ and Zn+.

At least two mechanisms could be invoked for the explanation of their fornntion.
The first mechanism is charge transfer followed by fragmentation (9), or

selfprotonation (10).

L+M+ + L+ '+M+[L-X]*  +X '+M (9)

(10)

Wood et al.2l have shown that the formation of ions from neutral molecules by
charge transfer is not significant when the projectile ions are at their thermal ICR
orbits (for the ICR time scale). The low abundances of such detected ions presumably
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resul t  f ront  few ion/molecule encounters at  low pressure.  The newly formed ion may
fragment i f  a considerable t ranslat ional  energy is imparted by the col l is ion.  When rhe
project i le ions are resonant ly exci ted,  they gain k inet ic energy and the ion/molecule

encounter rate increases, as the authors observed for the Al+/acetophenone reaction.
We observed the same tendency. Thermalization of eventually produced, hot ions was
appl ied for  Al+ and In+ ions react ion by introduct ing argon gas. We observed no
significant difference in the reactivity of the metal ions with or without the buffer gas
present.

Recent ly,  Lei  and Amster32 at t r ibuted charge transfer mechanisms to
electronically excited states of studied Cu+ and Fe+ in reactions with amino acids, and
not to their kinetic energy. Since the recombination energy of studied ions in their
ground state is lower than the ionization energy of acetophenone, charge transfer is an
endothermic process. Moreover, they stated that 100 coll isions are adequate to relax
the kinetic energy of the ions, but not enough to relax the internal energy. They found
that thousands of thermalizing coll isions are necessary to quench the charge-transfer
reaction, and this quenching requires the application of quadrupolar excitation to
prevent the loss of metal ions through coll ision-induced radial diffusion.

As expected, the charge transfer mechanism is especially pronounced in the
case of  Zn+ ions because i ts reconrbinat ion energy (9.39 eV) is higher than the
ionization energy of acetophenone (9.29 eV). The formation of L+ is in this case in
competit ion with the formation of complexes which did not take place with any other
ion studied.

According to our results we assume both the reactions of ground state metal
ions to occur and the existence of some electronicallv excited ions.

A second possible mechanism is laser induced electron ionization. It is well

known that a large number of electrons is produced during the laser/matter interaction

at high inadiances (> 108 W cm-2).

M++ e

+ L+' + 2e-

(11)

(r2)

This was shown in some Time-Of-Flight mass spectrometry experiments33.
Photoemitted electrons from the metal surfaces were used to ionize incoming

molecules in the supersonic jet33a or, in another case, to ionize molecules already

laser
M+
L + e
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desorbed by another laser33b.

Our exper iments show that molecular (L* ' )  and fragmenr ions ( tL-CH31+;

detected even after a few seconds, give rise to a mass spectrum which is very similar
to the one observed for electron ionization at -10-15 eV. This effect is currentlv under
investigation in our laboratory.

2"3.6. Reactions Involving Water Molecules

ln some cases, namely for Ca+, Ba+ and Al+ reactions, species containing
hydroxyl group are formed. In the mass spectra of Ca+ or Ba+ reactions with
acetophenone low intensi ty peaks (about IÙVo of  the previous LnM+ peak )
colresponding to [LnM+l7l+, (n = 0-3 for Ca+ and 0-l for Ba+) are present. These
products result from OH incorporation and can be represented as [Ln(M2+69-;1+. 4t
reported by Wu and Brodbelt34 for the reaction of crown ethers with Mg+, the alkaline
earth metals bind hydroxide (OH-) and attain a favored +2 oxidation stare, so the net
charge of the ion is +1. According to the mechanism they propose, a monopositive ion
reacts with H2O, donating its single 3s electron and causing homolytic cleavage of an
O-H bond. Thus a hydrogen atom is released in the process, and the net product is

1V12+---OH-)+ as shown by relat ion (13).  The react ion product is rhen ef fect ively
"solvated" by acetophenone molecules,  resul t ing in [Ln---(M2+OH-)]+,  (14),  wi th
electrostatic bonds between oxygen atoms and the metal center.

ca++ Hzo + 
[ .u*---H2o] + 

[ca2*oH- ]* 
+ H

Ilncu2*oH ].

(13)

J nr-

(  l4 )

In the Al+ reaction spectra with 5 s and longer reaction times, minor peaks,
coresponding to [LZAI]+, [LZAI+16]+ and [LZAI+34]+ are observed. This can be
again compared to the results of Wu and Brodbelt,34 who observed [L'Al]+,
[L'Al+16]+ and [L'Al+34]+ where L' was a polyether. [n our case the product ions are
assigned as {L2[A13+(OH-)21-H2O]+ and IL2tAt3+1OH-Zl]+ respectively. The
proposed reaction mechanism is as follows:
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Al+ + 2H2O + H20]

(  1s)

Incorporation of OH groups is not observed for single l igand complexes.

It should be underlined that intensity of all mass peaks which correspond to the
hydroxide incorporation are always very low.

2.4. Negative lonization by Emitted Electrons

Working in negative-mode laser desorption of pure metals, we did not detect
any particular anion. Nevertheless, emission of electrons from the metal occurs as
mentioned above. After the introduction of acetophenone, anions assigned as [L-H]-
are detected. The same result is obtained for all the pure elements studied. Negative

chemical ionization by dissociative capture mechanism35 is supposed, because the

deprotonated molecular anion is detected. This result initiated a more detailed study of
negative ionization of organic molecules induced by emitted electrons sti l l  under way
in our laboratory.

2.5. Conclusions

The results presented here are in agreement with those previously observed for

the reactions of Fe+, Ni+ and Al+ with acetophenone. Additional reaction channels are
observed and other transition metal ions (Ti-Zn), the alkaline earth metals (Mg, Ca and
Ba), group IIIA metals (Al and In) and silicon ions reacted with the same molecule. A
number of different reaction pathways could be identified: i) formation of MLn+

complexes (n - 2 for M = Na, Cr, Fe, Ni, Co, Cu,Zn,ln; n=2-3 for M = Ba, Al; n=24
for M = Mg, Ca, Mn); ii) formation of M(OI-n - XJ+, where X is a ligand fragment, for

R+, Co+ and i$+, X = CQ Tr+ and V+ bind oxygen atom and dehydrogenation and
dehydration of complexes occur; iii) oxygen elimination by silicon; iv) charge transfer
and/or electron ionization of ligand and its fragmentation. More detailed studies of
mechanisms involved will be performed by CID.. Ionization and deprotonation of
acetophenone molecule by electrons emitted from irradiated metals, initiated further
studies in the negative mode.

I
I  HrO -  -A l -
t -

2 L  I  t .  r  r  l *- )  lLrAl ' * loH I  |  +Hr
L  

-  \  t 2 )  '

J - r-r2o
r r-.1-
|  1 , I  \  l '

LL2ATJ'(oH-),  
^ro 

)

'  
CID = Collision Induccd Dissociation

6 l
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3.1. Introduction

After establishing the experimental conditions and defining the processes in the
(model) reactions between ions produced by laser ablation and acetophenone, they
have been used for the ionization of polyhalogenated molecules. We started with
perfluorobutylamine (PF[BA) molecule. [n our case, PFIBA was chosen as the test
compound for two main reasons: First, it can be representative for the behaviour of the
class of polyhalogenated molecules and second, it is well known in mass spectromerry
as a standard calibrant in electron ionization experiments.

Our experiments were directed toward the following objectives:
. To determine the capabilities of different positive ions to ionize PF I'BA

molecule and to define the involved reaction mechanisms.
.  To apply ion (chemical)  ionizat ion to some other polyhalogenated

molecules.
. To find a method to use the PFTBA for calibration (that remains an

important and sometimes diff icult point) in laser induced experiments.
This requires high fragmentation of PF|BA.

This chapter begins with bibliographical data about PFIBA and about reactions
of metal  ions wi th amines in the gas phase React ions of  metal  ions wi th
polyhalogenated molecules are given after that . We present the results obtained in our
studies of the reactivity of the perfluorotributylamine with 21 laser produced elemental
ions (mainly transition-metal, alkaline, earth-alkaline). Originally, we started with

aluminium and stainless steel (Al+, Cr+, Fe+ and Ni+ ions); materials commonly met
in the laser desorption/ionization experiments. They can be present in the system as
sample support or adhesive tape (e.g. Al-tape).

For a better understanding of the mechanisms involved in positive ion/PFTBA
reactions, its hydrogenated analog tributylamine (TBA) was examined. In order to use
PFTBA as a calibrant in LD experimen$, internal ion impact ionization was chosen to
increase the fragmentation of the molecular ion. Mass spectra with many well defined
fragment ions could then be used in a calibration procedure analog to EI experiments.
Ionization by laser-produced positive ions was further applied to several other
polyhalogenated molecules. At last, to calibrate the mass spectra of those
polyhalogenated compounds, highly fragmented PFTBA was used as an internal
calibrant.
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3.2. Bibliographicaloverview

3.2.I. Perfluorotributvlarnine

A search in the Current aonr"nr, database for perfluorotributylamine molecule
provides at f irst, numerous references about its use in medical research.l 16s l9p

NMR spectroscopy uses perfluorocarbon aerosols for simultaneous analysis of lung
structure and pulmonary oxygenation patterns in vtvo.la,c,f Perfluorocarbon emulsions
(art i f ic ia l  b loodlE; are used in di f ferent studies (e.g.  l iquid- l iquid blood-gas
exchangeld..). Beside this, perfluorotributylamine remains the molecule of choice in
different mass spectroscopic studies.2 Many new techniques which has to be certified
are tested with PFTBA (e.g. high performance F|MS via single trap electrode2a, a
quadrupole mass filter quadrupole ion trap MS2d...)

PF-|BA, (C+FZ)f N, is volati le and chemically inert. So that, its vapour can be
introduced in a steady flow to a mass spectrometer, and then pumped out again rapidly
without problems due to condensation, adsorption or decomposition. PFIBA molecule
( M = 671 u ) ionizes easily and gives numerous and well defined fragments with
specific series in the positive and negative modes. Nevertheless, it was impossible to
use it directly in laser desorption/ionization experiments because this ionization
method deals with solid samples.

3"2.2. Metal ion reactivit.y towards amines

Metal ion reactions with amines have been mostly studied for the primary

amines. Few data were found about the reactivity of metal ions towards tertiary amines
and nothing at all about the perfluorinated ones.

At the end of 1984, Babinec and Allison3,4 reported the chemistry of Cr+, Mn*,
Fe+, Co+, Ni+, Cu+ and Zn+ with n-propylamine. Fe+ is the only first-row transition
metal ion that inserts into the C-N bond of this amine. Fe+ forms six products, of
which the major one is due to insertion into the CzHS-CHZNHz bond. Co+ forms three

products, and attack of the same C-C bond dominates. Ni+ forms only one product,
also due to attack at this C-C bond. Zn+ and Mn+ were unreactive. The Cu+ and Cr+
ions both induce hydrogen elimination. The correlation of ion reactivity with their
electronic configuration is already presented in III.l.

Ethylamines were shown to be the most studied amines in the reaction with
metallic positive ions.
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Radecki  and Al l ison) have studied react iv i ty of  Co+ towards mono-,  d i - ,  and
triethylamine (TEA). Ions were produced by electron ionization in an ICR experiment.
They reported that Co+ abstracts a hydride unit from amines to form CoH whenever
there is an a-hydrogen avai lable but not when there is no a-hydrogen. This is
explained as an attack of the metal ion at the u,-hydrogen, association of the resulting
metal hydride to the G-carbon, followed by elimination of the neutral metal hydride.
Further, no insertion of Co+ into C-N bond of primary and secondary amines was
observed, while TEA does form products indicative of Co+ insertion into the C-N
bond. These authors further suggested the ability of Co+ to insert into the C-N bonds
of tertiary amines.

Karrass et al.6 reported results contradictory to those in previously cited paper
concerning monoethylamine reactions with Co+. They noted the absence of oxidative
addition of Fe+ and Co+ to the N-H bond, followed by B-hydrogen transfer and
reductive elimination of H2. Their labell ing data prove that molecular hydrogen
originates exclusively from the B and y positions of the propyl chain.

The rates of hydride abstraction from mono-, di-, and trimethylamine (TMA) by
Cu+ and Ag+ have been determined by Sigsworth et al.7 in a flow reactor. Thermionic
emission was used to produce metal ions. The formation of the metal hydride,
according to the following equation:

cu+ + (cHl )3 N - H2c = N (cH3 )i * cuH 1r I

was the only observed process in the reaction. It has been shown to be fast and
exothermic. Relative to the other isomeric possibil i t ies, the quaternary immonium
sEucture given for C3H8N+ product ions in eq.(1) was thought to be quite stable.

Ground state Cu+ has dl0 configuration and is left with an empty s orbital with which
it can bound; it is therefore conceivable that l igands could bond by donating two
electrons to the empty orbital. Authors supposed the nitrogen lone pair of NR3 to be

the initial site for metalligand interaction.

The same amines were reported in reactions with laser-produced Ti+, Ni+ and
Nb+ ions.8 Once again the early transition metal ions showed the preference for C-H
activation. Ti+ and V+ gave rise to extensive dehydrogenation or losses of hydrogen
molecules together with ethane while for Fe+ - Ni+ loss of CH+ as well as C2H4 were

observed. Cr+ and Mn+ formed adducts but unspecified amounts of single
dehydrogenation were also present. Radical losses were often encountered and may
point to the production of excited states in the laser ablation/pulsed molecular beam
technique.
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Mono-,  d i - ,  and tr imethylamine (TMA) have been studied with the group 8-10
metal  ions Fe+, Co+, Ni+,  Ru*,  and Rh+. Hydr ide abstract ion was observed in
competit ion with dehydrogenation and demethanation.9

3.2.2. Metal ion reactivity towards polyhalogenated molecules

Small polyhalogenated molecules were subject of intensive studies. Most of
them were directed toward their detection as environmental pollutants (freons). Metal-
ion reactions with these compounds have not been thoroughly determined although
there are many studies on reactivity of the alkyl halides.l0

The react ions of  s ingly charged atomic nickel  ions wi th f luor inated
hydrocarbons C2F4 and CF+ were examined by using an ion beam appararus.l I It has
been observed that the cross section of reaction of metal ion with CZFq is strongly
dependent on the relative kinetic energy of the reactants. Only endothermic processes
were observed. Analysis of the thresholds for endothermic processes leading to the
formation of nickel ion carbene species led to the bond dissociation energies D'(Ni+-
CHù = 86 1 6 kcal/mol and D'(Ni+-CFz) = 47 + 7 kcal/mol. In the reaction with
CZFq, products NiF+, NiCF2+ and NiCzF3+ were detected. Furthermore, NiF+ and
CF3* were detected in reaction with CF4.

Oxidation processes dominate the chemistry of Mg+ with the CCl4 and
CHzClCH2Cl.l2 Both yielded MgCl2 neutral and a carbocation product. Similarly,
CFCIf gives MgCIF and CCl2+. These reactions refereed to be direct (in the one step).
With CHCI3, however, the oxidation clearly proceeds in a two-step process through a
MgCl+ intermediate. CH3CI, C2HCI3 and C2Cl4 were unreactive with Mg+.

ln the same work, Al+ was found to be oxidized into AlCl2+ in the reacrion
with CH2CICHZCI. Chloride transfer follows, and neutral AlCl3 and C2H4CI were
formed. Al+ has been reported to react with CClzFz by fluoride transfei.

Ti+ forms, among other products, TiF2 from CFZCIZ and TiCl2+ from di-, tri-,
and terachlorethane. I 3

Transition - metal cationization of laser-desorbed perfluorinated polyethers was
studied by means of FTMS by Cromwell et al.l4 Perfluorinated polyether(PFPE)
films were desorbed by a laser pulse and then cationized by transition-metal ions
desorbed/ionized by another laser. Two pulsed lasers were employed: a low irradiance
laser for PFPE desorption and a high irradiance laser for metal ion formation.
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Cationization was observed to occur in the gas phase above the santple surface only

for a narrow range of  ablat ion laser-pulse energies (0.25 -  0.32 mJ at  532 nm).  Al l

studied metal  ions (Cu, Ni ,  Fe, Co, Ti ,  Mo, Ta, Ag, Mn, Al)  except Au induced

cationization of PFPE. No fragmentation of parent PFPEs was observed. This result

supported the existence of an electrostatic bond between the metal ions and the parent

polymers. It is diff icult to draw any quantitative conclusions from these studies

because the kinetic energies of the metal ions were not known and the complex-

formation cross sections may depend on those energies. By comparing the cationized

PFPE signal strength to the metal ion intensity, it appeared that the 4th row transition

metals (Cr, Fe, Ni, Co, Cu, Zn) were the most efficient at cationizing the desorbed
polymer.

RESULTS

3.3. Ionization and Dissociaîion of PFTBA by Positive lons

ln our experiments, 2l elemental monocharged ions, M+, (see the periodic table

below) were produced by pulsed laser ablation (inadiance l99 - 1gl0 W cm-2) of solid

samples.

lons were isolated and allowed to react with perfluorotributylamine

lCFf(CFZ)tlfN (PFTBA = L) molecules. PFTBA was introduced into the FTMS

chamber by pulsed valves or directly by a batch inlet system, to a pressure of about l0-
7 Torr. There are no significant differences in the results obtained using both
introduction methods
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On the contrary to acetophenone reactions, t ime does not seem to be an
important parameter in the case of PFTBA. The increase of the reaction time,
generally does not lead to the formation of new products. All products are formed
during the first hundred mill iseconds of the reaction. Their relative intensities increase
within one second while those of projectile ion decrease.

Various reaction products have been detected depending on the orojectile ion.
No PFTBA molecular ion (m/z 671 ) was ever detected. The peak corresponding to this
molecular ion was searched for extensively at different laser fluences, at different
wavelengths, and of course with different projecti le ions. Its non-detection is not
surprising, since ionization of PFTBA molecule by a charge-transfer mechanism
requires an energy higher than 1 1.3 eV. Not any of the studied ions has such a high
recombination energy.

In almost all reactions, peaks corresponding to PFTBA fragments have been
observed" Beside them, several metal-containing ions have been detected as well. To
give an overview of the reaction products, we wanted to l ist all of them all in a
common table. As for some reactions there is a long list of detected fragment ions
(listed later in Table III.3.1), we selected all product ions that contain a metal arom,
and some "high"-mass-fragment ions, that can be relevant for reaction mechanisms.
They are gathered in Table III.3.1.

No clear periodic trend can be drawn out from those results. Thus, we can rather
group the results according to plausible reaction pathways:

i) common fragmentation ;

ii) formation of LM+ complexesl

iii) abstraction of fluoride by metal;

iv) formation of [L - FZ]+. ;

v) formation of LMF+ complexes I

vi) formation of ILM - F]+;

vii) formation of IL-CAH9 + M]+ .

Each of them will be displayed separately.

69



(n
C

.l

s
c-

NN
æôl

('-
û

ô.1
o\

z
|r)

a1
ôl

tnrir
c1

é)
o\

(1
II

r
1

c-
c1

clôl
æ

o\

rr-)

c-
c!

cl
t-'

F
t\.1
s

t-'

E

(tt
N

æ
æ

o

=
clô.1

o\
ôl

cl
(J

rn
ç

$
s

th

èo
û

(1
rr

fl
cî

.o

v
æ

rô
.t)()

tg
z

s\o
r-o

cr\o

I

o
F

-
ôl

r^
co

()N

++J

L+:J

++tJ

ôltô\oN

+

+N
I

+J

(1(1\oN

+(\J

ç\of(')J

u.)
o\rôN

+çJ

c\tr1N

+c-(1I

tsN

+frçO
I

il

+,1s+g

+tr+

caqJU
.

7
0

lll.-t. P
I:T

IJ,\
C

lru
ltte

r I I l. ... P
o

s
iîit'e

 io
tr rc

u
<

'tio
rt.ç

 
....

o)

U
)

(.)
(.)

o)!'tkooo)ôo
.

L0)()L(g 
(,

ô
=

o
1

'=
 

-a

F
<

()t{

fi 
lI.

6
À

H
I

,^
+

É
>

a
o

=
'r

€
c

)
a

>

É
A

rD
X

(
J

a
(u

tr
(l)v
a

&
-:do.ofil

F



Cltapter i l1. ...Po.sit ivc ion reoction.s .... III.3. PF'TBA

3.3.1.  Comnron Fragnrentat ion

For  a lmost  a l l  p ro jec t i le  ions  (except  c r ,  ca  and N i ) ,  p roduc t  ions
corresponding to PFTBA fragments have been observed. lons Ti+, V+, Si+ and B+
induced the most intense fragmentation of PFTBA molecules. The resulting specra are
shown in Figure I I I .3.1.
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Ion IL-C4F9-FZl+ mlz 414 is the main product in those react ions.  Ti+ and V+

induce strong fragmentation with formation of many different ions. Most of them are
character ist ic for  posi t ive EI ser ies of  PFTBA fragments (see fol lowing t i t le) .
Nevertheless, some of the observed ions (e.g. [L-2F]+', mlz 633, and [L-4F)+' rnlz 595,
have never been observed (up to our knowledge) in EI experiments. For four of the
studied ions, (B+, Si+, Ti+ and V+), the ion [L-f ' l+ ion producr has been detected,
which had not been observed either in classical E[ mass spectra. All PF|BA fragment
ions detected in ourexperiments are grouped in Table III.3.2. Spectra were calibrated
using the fragments commonly found in EI spectra of PFTBA ( marked with an
asterisk*), other peaks were assigned according to this calibration. The relative mass

error was typically less than 3 ppm.The ions marked in bold were the most frequently

observed irrespective of the projectile ion.

Table 111.3.2. Assignation of detected PFTBA fragment ions.

tttlz Assignation nt lz Assignation

652

633

614

602

595

576

5s7
552

545

533

526
{'502

476

469

464

426
*4r4

402
39s
376
*364

352
326

3r4
295

281

269
*264

255

250

231

226
*2lg

2r4
r97
2m
181

r76
x 169

r64
* 13l

l t9

114

100
*69
50

C 12F26N+

C12F25N+'

C12F2aN+

Cr rFZaN+

CrzFzlN+'
C12F22N+

CrzFzrN+'
C16F22N+

C11F21N+ '

C1gF21N+ '

C11F2gN+

C9F2sN+

C19F1gN+

C11F17N+ '

C9F1sN+

C9F16N+

CsF16N+

C7F16N+

C3F15N+'

CgFlaN+

CzFr+N+
CoFr+N*
CzFrzN+

cdrzN+
C6F11lrt+'

coFr r*
csFt r+
C5F16N+

czFg*
C5F19+'

csFg*
C5FgN+

CoFg*

CaFgN+

?
C4Fg+'

cqFr+

C4F6N+

clFz*
C3F6N+

clFs*
CzFs+
C2FaN+

C2F4+'

CFr*
CF2+'
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Dif ferent mechanisms are involved in the format ion of  the detected ions.
Mechanisms induced by metal ion reaction (l ike fluoride abstraction) wil l be explained
later. Some listed ions may be produced by direct fragnrentation of the molecule, but
some can resul t  f rom rearrangements.  I t  is  worth not ing that perhalogenated
compounds resemble hydrocarbons in their mass-spectral behavior, including a high
tendency for rearrangement. I 5

For K, B, Al, Si, Ti, V, Mn, Fe,Zr, Mo and In, ions marked in bold in the table,
and some of their further fragments are the main yielded products. No complex ions
containing those atoms were detected. The intensity distribution of the product ions is
not the same for all regent ions as can be seen from Table III.3.l. Ion [L-F]+, mlz 652,
is the major product for the reactions involving K, Al, Fe and Zn. lons Ti+, Si+, V+,
B+,Zr+ and Mo+ mainly produce the [L-C+Ft l l, mlz 414, ion. In+ mainly induce the
formation of mlz 502, LL-CIFZI+.

3.3.1 .1. Compartson with EI spectra

The results displayed in the previous paragraph, where PFTBA was ionized and
highly fragmented by Ti+, Si+, V+, B+, Z1+ or Mo+ ions (Fig. 111.3.2.) can be
compared with the standard Electron lonization (EI) spectra of PFTBA. Spectra
obtained by electron ionization were recorded on the FTMS 2001 instrument in
Zagreb.

For the detection of the molecule ionized by EI, short delays between ionization
and excitation/detection events are commonly used. A representative mass spectrum is
in Fig. 111.3.2.a. [t was obtained at20 eV electron energy and it does not differ a lot
from a classical 70 eY E[ spectrum recorded after a delay of 0.1 ms (Appendix B). The
series of fragment ions is dominated by CF3+, mlz 69, and the highest-mass ion is
NC12F24+, mlz 614 detected with a low intensity.

But, if ions produced by E[ are trapped for a longer delay before broad band
excitation, higher mass ions can be detected. The spectrum obtained after I s delay is
displayed in Figure 111.3.2.b. The abundance of CF3+ (mlz 69) ion, decreases while,
for higher mass fragments ( e.g. mlz 264,414, and 502), the intensities increase.
Moreover, new high mass fragments are formed; in our case, ions with mlzhigher than
614" Using a I s delay, even the [L-F]+, mlz 652 ion has been produced. This ion,
which has not been observed with short delays, has never been listed in any standard
list of PFTBA fragments, not even in low abundance. l6 Thus, low mass ions, which
are formed first, induce the formation of "high" mass fragments. Post chemical
ionization ( self CI) of neutral molecules by fragment ions occuned.
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In the laser produced posi t ive ion (Al+,  Fe+)ÆFTBA react ions,  IL-Fl+ was
detected already after l0 nrs. It is much shorter than the time that low mass PFTBA
fragments need to ionize (setf-Cl) neutral PF-IBA and form IL-F]+ (ls).

nlz

Figure III.3.2. EI mass spectra of PFTBA at 20 eV; a) 0.1 ms delay, b) I s
delav .

Spectra obtained after ionization of PFIBA by ions produced by laser ablation
the case of Si, Ti, V, (Figure III.3.l.) resemble to one obtained after ls reaction
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delay af ter  EI.  Nevertheless,  there are sonte peaks (nt lz 633.595, [L-2nFl+,  n = 0,1:
that  are not observed ei ther in long delay -  posi t ive mode EI.  That indicates special
metal-ion/molecule interactions (more detailed, further in the text).

Thus, we can affirm that the ionization by laser-produced ions is much softer
than EI even at very low electron beam potentials. observed ion/molecule phenomena
can be estimate to be driven below 5 eV.

3"3.2. Formation of LM+ complexes

Li+, Na*, Cr+, Co+, Ni+, Cu+ andZn+ form adduct with PFTBA Ions [M+L]+
are the most abundant ions for Li+, Cr+, Co+, Ni+ and Cu+-reactions. The example of
Cu+ ion reaction is shown in Figure III.3.3.

Figure III.3. 3. Mass spectrum Cu* + PFTBA

Ground state Cu+ has a dl0 configuration and is left with an empty s orbital
with which it can bound; it is therefore conceivable that ligands could be bonded by
donating two electrons to the empty orbital. Thus, one might expect the nitrogen lone
pair of NR3 to be the initial site for metal/ligand interaction.

The Cr+ (3d5;, Co+ (3d8), Ni+ (3de;, and alkaline ions have also the possibitity
to accommodate two nitrogen lone pair electrons in a free s orbitale. So, it was not
surprising to detect their adduct ions. Zn+ with dlO4sl differs in electronic
configuration and the formation of its adduct with PFTBA is accordingly less
pronounced than the formation of rhe [L-F]+ producr ion ( see Table III.3.1.).
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3.3.2.1. Fonnation of ILM-F2l+ complexes

Elimination of F2 frorn adduct complexes is observed for Li, Cr, Co, Ni, Cu and
Zn. Ions ILM - F2]+ were observed, as shown in the case of copper (formation of mlz

734, see Figure III.3.3.) and in the case of nickel ions ( formation of m/z 729, see
Figure I I I .3.4.) .

100.0

80.0

60.0

&.o

20.o

Figure III.3.4. Mass spectrum Ni+ + PFTBA

In the mass spectrum shown here, the main product is the adduct NiL+. Its

formation is followed by the elimination of F2 leading to the [LNi-f21+ ion, mlz 691.

Such adduct formation was observed for alkali-metal ions, as expected, and for the

following first row transition metal ions: Cr+, Co+, Ni+, Cu+ and Zn+. Often in LD

spectra (L+M)+ ions, were M is alkali-metal atonl, have been reported. Moreover,

alkaline salts are added to allow adduct detection.

Subsequent elimination of F2 from the complex occurred for Li, Cr, Co, Ni, Cu

andZn ions. In the case of Cu, this is in agreement with previously found dissociative

attachment mechanism. 17

3.3.3. Abstraction of fluoride by metal

The formation of [L-f]+ ion has been observed for reactions with all the studied
reagent ions. However, few of the projectiles (Mg, Sn and Cr) had to be resonantly
excited in order to induce this fragmentation. [L-R]+ is the main product for reaction of
K+, Al+, Fe+ and Zn+ with PFTBA. The spectrum of Fe+ - PFTBA is shown in Figure
ru.3.5.

0.0

LNi*

[LNi-F2]*
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Fe+ with PFTBA.

400.0
mlz

Figure III .3.5. Mass spectrum obtained after reaction of
Reaction t ime is ls.

To explain the origin of the [L-R]+ ion, we propose a mechanism of f luoride
absrraction by the projectile ion:

M-+L- [L -F ] '+MF ( l )

Several primary (reagent) ion, with very different behavior towards PFTBA, led
to the formation of the [L-p'1+ fragment. They are grouped in table III.3.3. according to
their general reactiv ity.

Table III.3.3. Groups of metal ions that induce L-n+ formation.

Ions for which: M

A ML+ was detected Li, Na, Ni, Co, Cu,Zn,
B No ML+ was detected Al, Fe, Mn, Ti, V, Si, B, Mo, Zr

C ML+ was detected
(M+ excited to form IL-f1+;

Cr, Ca

D No ML+ was detected

(M+ excited to form tL-q+)

Mg, sn

E MF+ detecred Ca, Si, (Mg, Sn)

We suppose that for the metal ions which form detectable ML+ (group A in
Table III.3.3.) the complexation occurs on the N atom (lone electron pair). From such

600.0 620.0
mlz

414
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complexes ,  abs t rac t ion  o f  f luor ide  (e l im ina t ion  o f

abstraction by Cu+ reported by Sigsworth et CastelmanT

III.3, PF'I 'BA

MF), analogous to hydr ide

, can occur:

M* * *-[-,i*, + 
[--t 

i-,] -> 
[-,itfr.,]F

l -++. l
+ | 

R'-C-NR2 + *'-1:**r 
l+ rr 'n

LFFI

R = CaFs

Figure III.3.6. Formation of [L-F]+ (mlz 652) ion.

R' = C3Fz

In order to support this mechanism, we isolated CuL+ and tried to monitor their
unimolecular decay. However, detectable CuL+ ions seemed to be stable and gave no

significant rise in fragment ions.

The formation of [L-n]+ ion is the most strongly induced by metals for which
ML+ was not detected (group B in Table III.3.3.). These ions seem to be very reactive.
Considering their 4sl electronic configuration Ti+, Fe+, Mn+ and Zn+ are able to form
one o bond. Comparing the promotion energies for the formation of 4s 1 configuration

of first row transition metals, the order (of promotion energies, see Table III.1.l.) is as
follows:

Fe+ _ Mn+ _ Zn+ _Ti+ < V+ < Co+ < Ni+ _ Cr+ < Cu+

The lower the promotion energy, the higher is the reactivity of the metal ion.
For first row transition metal ions, the reactivity follows this order. Fe+ and Zn+
produced mainly [L-f1+ (fluoride abstraction). However,the ions Mn+, Ti+ and V+
produced in addition to [L-F]+ a large number of fragment ions. tJ/hile moving to the
right side ( Co+, Ni+, Cr+ and Cu+) more of adducts were detected. Thus, we cannot
eliminate the possibility of M-F bond formation before the abstraction of fluoride.

For both proposed mechanisms (for group A: complexation on the lone electron
pair of nitrogen; and for group B: attachment to F atom), the complex ML+ should
exist. [t has been detected for group A ions only. For the reactions of B, C, and D
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group ions,  we can postulate the existence of  a "short  l ived" t ransi t ion state complex
ion .

According to the Stevenson-Audier rule, MF has a lower ionization energy (81)
than the [L-F] fragment if i t takes a charge during the fragmentarion of the transition
complex.

Table I I I .3.4.  Ionizat ion energies (Eù of  studied elemenrs and rheir
fluorides.lS

Metal IE(M) / eV IE(MF) /  eV IE(MFz) / eV IE(MFI) /  eV

AI 5.986 9.73  !O. r 8. r 15.45

Li s.392 r 1.3 n.d. n.d.

Na 5 .1  39 n.d. n.d. n.d.

K 4.341 n.d. n.d. n.d.

Mg 7.646 7.68 03.40) n.d.

Ca 6 .1  13 5.82- .7.0 n.d. n.d.

Ti 6.82 n.d. r2.2! 0.5 n.d.

V 6.74 n.d. n.d. n.d.

Cr 6.766 n.d. 10.6t 0.3 12.5 !  0 .3

Fe 7.870 n.d. I  L3j 0.3 12.5 !  0 .3

Mn 7.435 8 .3L  2 I1 .38  t  0 .2 t2.57 ! 0.2

Co 7.86 n.d. n.d. n.d.

Ni 7.635 n.d. n.d. n.d.

Cu 7.726 10.15 t  0 .02 r  1 .3 -13 .3 n.d.

Zn 9.394 n.d. 13 .5 n.d.

B 8.298 r  L l2 t  0.01 (e.4) r5.56 t 0.03

Si 8 . r51 7.28 10.78 t 0.05 (e.3)
Sn 7.344 7.U ( r  l . l ) n.d.

In 5.786 9.6 t 0.5 n.d. n.d.

Zr 6.634 n.d. 12 .0  t  0 .15 n.d.

Mo 7.092 8 .010 .3 9.0 t  0 .15 r0.2 ! 0.5
n.O. = nO

In the reactions of Ca+, Si+ ions, SiF+ and CaF+ are detected. Very few MgF+,
and SnF+ (when Sn+ ions were excited and then reacted with PFTBA) were also
detected. From available data for ionization energies of MF (see Table III.3.4.) Ca, Sn,
Si  and Mg f luor ides have the lowest  IE (  5 .82-7.0;7.04,7.28 and 7.68 eV,
respectively). From our results (and with respect to few data available), the ionization
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energy of [L-Fl can be estimated within the range from

of 8.0 eV is the Ei  of  molybdenum f luor ide,  and in

MoF+ was detected.

ti l .3. PF'|?A

1.69 to 8.0 eV. The upper l imi t
Mo+ react ion wi th PFTBA no

We can summarize, that the abstraction of fluoride from the PF-TBA molecule
(format ion of  [L-Fl+) is one of  the dominate processes in posi t ive ion/PFTBA

reactions. At least two different mechanisms are involved: i) f luoride abstraction by

the metal attached to the nitrogen lone electron pair and ii) fluoride abstraction through

M-F bond formation. Moreover. for Fe+ ion" the insertion in a C-F bond cannot be

excluded, too.

3.3.4. Formation of [L-FZ]+' ion

In the reactions of Mg+ and Sn+ ions with PFTBA, [L-Zf]+ ion (mlz 633) is

mainly produced. lts negative analog is the main product in negative -laser induced-

electron ionization of PFTBA (chapter IV). The spectrum resulting from Sn+ÆF IBA

reaction is shown in Fgurelll3Ja(the Mg+/PFTBA spectrum is given in Appendix B)

zOO.0
|iltlz

Figure. III.3.7. Mass spectra of Sn+ÆFTBA reaction: a) standard reaction,
b) 1205n ion was excited prior to reaction with PFTBA (see
III.5) and thus [L-F]+ ion was formed. lnsets show isotopic
distribution of Sn+ and formed SnF+ ions.
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Beside Mg+ and Sn+ ions,  Ti+,  V+, Mn+ and Fe+ produce [L-F2]+ ion as wel l ,
but  in much lover abundance. The Fe+ ion induces fornrat ion of  [L-n21+ions beside
mainly produced [L-p'1+. Continuous ejection of IL-Fl+ in Fe+ reaction, proved that
[L-n21+ is not its daughter ion. Formation of [L-F2l+ is f lagrant process for Mg+ and
Sn+ reactions with PFTBA. we suppose formation of MF2 neutral product:

M++l - -+ [ t - -Fz ]*+MF2 M = Mg, Sn, Ti, V, F and Mn.

Oxidation process was already found to dominare the chemistry of Mg+ with
some organic chlorides. Upall et al. t2 reported formation of neurral Mg(II) products in
the reactions with CCla and CH2ClCH2Cl. Ti+ formed TiF2 in the reacrion wirh
CC!2F2.t3

To explain formations of [L-F2]+ and tL-nl+ ions for the certain ion reactions.
we compared the enthalpies of formation of gaseous MF and MF2.

Table I I I .3 .5.  Enthalp ies of  format ion (ÂçH) and the Gibbs energy of
formation (AfG) of metal fluorides.19 1n.d = no dara found)

MF MFz MFr
M LIH

(kJlmol)
AfG

(kJlmol)
LIH

(kJ/mol)
^fG

(kJ/mol)
LTH

(kJimol)
AfG

(kJ/mol)

Li -340.9 -361 .7 n.d n.d n.d n.d

K -326.7 -344.8 n.d n.d n.d n.d

Na -290.4 -309.8 n.d n.d n.d n.d

Ca -272.3 -298.2 -784.5 -793.3 n.d n.d

AI -265.7 -291.2 -69s.0 -7U.8 -1209.3 -n92.7
Mg -236.8 -262.8 -726.8 -733.0 n.d n.d

In -r93.t -216.7 -477.5 -486.8 -857.7 -842.2

B - l 15 .9 -143.7 -589.9 -601.4 r 136.6 I  l 19 .9

Sn -95.1 -121.6 -483.9 492.3 n.d n.d

Ti -66.9 -98.3 -688.3 -694.9 l 188 .7 1175.7

Si -20.r -5 r.6 -s87.9 -598.3 -1085.3 -1073.2

Cu -12.5 -39.9 -266.9 -276.2 n.d n.d

Ni 104.6 72.3 -335.6 -347.6 n.d n.d

Zn n.d n.d -494.5 497.5 n.d n.d

v n.d n.d n.d n.d -t297.0 -1226.7

Co n.d n.d -356.477 -369.947 n.d n.d
Fe n.d n.d -389.53 400.055 -820.90 -812 .8

Mn n.d n.d - -531.368 -542.599 n.d n.d
8 l



Chantcr I l l . ...Pct.çit ivc ion rcacthn.s .... ut.3. PF't?A

The entha lp ies  a re  l i s ted  in  the  Tab le  I I I .3 .5 .  For  the  Cr ,  no  da ta  were
disponible.

The enthalpies of MF and especially MF2 formation i lre very negative and
formation of those product is very exothermic. Nevertheless, the formation of all
products and differences in ion reactivities cannot be completely explainable from this
data.

Beside the basic ion [L-F2]+ ion, m/z 633, its daughter fragment [L-2FZ]+ ion
mlz 595, has also been observed. Its abundance is very weak and it appears vic
defluorination of the [L-F2l+ ion:

It -pr]*' r lt -zrr]*' * Fr.

Excited (cyclotron motion) Sn+ ion produces some [L-n]+ and SnF+ ions. There
is a competition between [L-fl+ and SnF+ to keep the charge (see the end of 3.3.2.)

3.3.5. Formation of LMF+ complexes

For the calcium ion reactions with PFTBA, [L+CaF]+ ions were detected. The
corresponding mass spectrum is displayed in Figure. IIL3.8.

ILCa-CoFn]
492

r00.0

80.0

60"0

'm.0

20.0

0"0
100.0 2æ.0 300.0 400.0 5m.0

n{z
600.0 7æ.0

Figure III.3.8. Mass spectrum of Ca+ reaction with PF|BA
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Calc ium ion  has  qu i te  a  par t i cu la r  reac t iv i t y  w i th  PFTBA.  [ t  was  a l ready
ment ioned in3.3.2.  that  ions CaF+ were detected. According to their  low ionizat ion
energy, they keep the charge during the fragrnentation of the unstable CaL+ cornplex.

CaF+ subsequent ly reacts wi th the neutral  molecule to form the CaFL+
complex:

CaF++L+CaFL+

This mechanism was confirmed by continuous ejection of CaF+: no adduct was
observed"

3.3.5.1. Formation of ILM - F]+

Calcium is the only studied ion which in the reaction with PFTBA produced

[LM-RI+. The formation of this ion can be explained by elimination of F2 from the
CaFL+ complex:

CaFL+ -+ 
[Can'l- 

- Fr]* + Fz .

3.3.6. Formation of IL+M-CaF9]+

The remaining metal containing ion in the Ca+ spectrum is [L+M-C+F9]+. Such
ions were detected only for Ca+ and Co+ reactions with PF|BA. The mass spectrum
resulting from reaction of Co+ with PF TBA is displayed in Figure III.3.9.

100"0

80.0

60.0

+

LCo.
7æ

20.0 [LCo-Fr]

652 692

Figure III.3. 9. Mass spectrum Co* + PFTBA

The reaction leading to this product should involve metal insertion into a C-N
bond. In a previous study of Co+ reactions with amines,5 the authors have found that

83
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Co+ does not insert  in C-N bond of  pr imary and secondary amines,butdoes insert  into
C-N bond of the tertiary (trietyl) anrines. This mechanism can be involved in our case:

co*+ *-f-**, -+[--t-[-,] + 
[--lr*-,].

m/2730

R = CoFe R'=  C lFz  i co:frR, + R
m/2492

ion in the C-N bond.Figure III .3. l0. Mechanism of insert ion of a metal

3.3.7. Reactions of metal ions from an allov

Stainless steel (Fe, Ni, Cr) was used as a laser target for the simultaneous
production of Cr+, Fe+ and Ni+. Those ions were left to react with PFTBA. The
resul t ing spectrum is shown in Figure I I I .3. l  l .

Figure III.3.l l. Mass spectrum after reaction of stainless steel ions (Cr+, Fe+
and Ni+) with PFTBA.
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The rnetal  ions kept their  indiv idual  react iv i ty.  Ni+ and Cr+ form mainly adduct
ions,  whi le Fe+ induce format ion of  IL-Fl+ ion.  In the al loy exper iment,  the in i t ia l
quant i t ies of  ions were not the same and thus i t  is  not  surpr is ing that the highest
abundance ion is an Fe+ induced product.  But,  i t  is  interest ing that even i f  we coadd
the spectra obtained after their individual reactions, the resulting summing spectrum is
very much alike the presented one. [t means that for a same starting quantities of ions
and neutral molecules, and the same given reaction time, Fe+ will produce more of the
detectable products than nickel and Cr+. Abundance of Cr+ products is lower than that
of Ni+ products. Those results (qualitatively) support the order of reactivity (Fe > Ni >
Cr) established by All ison and Radecki 3 toweuds primary amines (l l l .1).

3.4. Conclusion

Studied positive reagent ions react differently with PFTBA. Some of observed
mechanisms (adduct formation, f luoride abstraction...) can be explained with their
promotion energies (concerning transition metal ions).

Ti+, Si+, V+, B+, Zr+ or Mo+ ions induced high fragmentation of PFTBA. We
cannot exclude that produced ions were kineticatly excited.

Earth -alkal ine metal  ions (Mg+ and Ca+) did not form the same type of
product, as it was the case in the reactions with acetophenone. Sn+ is found to react as
Mg*, while for the reactions of Co+ with PFTBA the same type of ions was observed
as for Ca+ ions. Enthalpies of formation of [L-p']+ and [L-FZ]+ are negative for most

of ions and thus reactions are exothermic.
There is still need for a better understanding of involved mechanisms in positive

ion- PFTBA reactions.

References are on the page 103, after chapter III.7.
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I I I .4.  React ions wi th Tr ibuty lamine (TBA).  Comparison with PFTBA

For a better understanding of PF-[BA reactions with different elemental positive

ions, comparat ive react ions wi th i ts hydrogenated analog, t r ibuty lamine (TBA,

[CHf(CHZ)f ]fN) have been studied.

Preliminary results have been obtained. In these experiments, the following

elements were fested: Al, V, Ti, Mg, and Sn. The resulting ions are grouped in Table

Irr.4.1.

Table II I .4. l .  Approximated relative intensit ies of products of Al, Ti, Mg,
and Sn (M) ions with TBA (L).

Al+ Mg+ Sn+ *Ti+

Short reaction time products

LM+ 90

lL+Hl+ 20

L+

IL-H]+ 100

100

5

95

80 100

l 5

50

5

80

20
5

Long reaction time products

LM+

[L+H]+ 100 100 r00
5

100

r00

2035

L+

lL-Hl+ 30
*For the Ti+ reaction ion mlz 171 that contain Ti is the basic detected product.

In this case, and unlike what was observed in PFTBA reactions, the reaction

time plays an important role. At short reaction time adduct ions are detected. With

longer reaction time the formation of [L+H]+ becomes dominant. The molecule has a
high proton affinity (982 kJmol-l;.

3.4.1. Charge transfer

TBA has lower ionization energy Q.a eV) than most of the ions studied in

PFTBA experiments. Thus, charge transfer is expected to be primary ionization

mechanism for the ionization of the molecule. This was indeed observed in Mg+ -TBA

reaction (Ei(Mg) = 7.5 eV) as can be seen on the spectrum from Figure III. 4.1.

However, other ions studied in the reactions with TBA have lower Ei than TBA (see

Table III.3.4.
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Figure III.4.l. Mass spectra after reaction of Mg+ with TBA: a) delay 0.2 s;
b) 10 s.

The molecular ion is the main product. Besides, an adduct ion LMg+
detected. With longer reaction time, formation of protoneted species [L+H]+
favored.

3.4.2 Hydride abstraction

Hydride abstraction from TBA by all studied ions has been observed. In the
case of Al+, peak that corresponds to he [L-Hl+ ion appears in the spectrum after l0
ms. A,t a reaction time longer than I s, [L+H]+ ion always becomes dominant. Ion
LM+ disappears. The process is obvious from the mass spectra in Figure 111.4.2.

3,4.3. Other reactions

Cationization by metal ion (formation of adducts) occurs immediately, as one of
the first processes, at the same time as [L-H]+ formation.

Protonation of TBA molecule becomes the main process with longer reaction
time"

i s
is
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Nz

Figure.t l l .4.2. Mass spectra of AI+-TBA reactions: a) reaction delay 0.2 s,
and b)  lOs delay.

3.4.4. Conclusion

Reactions of PFTBA cannot simply be compared with TBA reactions. Even if
amino aspect of molecule should play certain role in involved mechanisms, there is big
difference between H and F. Reactions of TBA should been done with some more
representative ions.
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Chapter IIL ....positive ion reactions.....

I I I .5. Internal lon Impact Ionization

I [ 1.5. I ntcrnal I on I mpoct Ionizution

(2)

In chapter I I I .3.  we have shown that di f ferent levels of  PFTBA molecule
fragmentation were observed for different projectile ions. It would be desirable to have
a possibil i ty to control the fragmentation of the molecule. A classical method to
fragment ions is collision-induced dissociation (CID). To perform CID in F-[-ICRMS,
it is advisable to isolate a parent ion from other ions in the trap. Once selected, the
parent ion may then be excited to a larger ICR orbit to speed it up and increase its
likelihood for dissociation. The total radial (xy) kinetic or translational energy, T(J), of
an ion is given by equation Q120-22

T:La2r2-q1n2 rz ( l )
2 2m

in which z is mass of the ion, {D is the cyclotron frequency, r is the radius, q is the
ion's electrostatic charge and B is the magnetic field strength. From eqn (l), a singly
charged ion of m = 1000 u in a 3.0 T magnetic field at a radius of lcm has 43 eV of
translational energy. However, only a small fraction of this energy is available in the
center-of-mass frame, E (c.m.;23

E(c .m.  )  =T  mt

mp+mt

in which ms is the mass of the target collision CID gas and mp is the mass of the
excited parent ion. Thus, for CID of a singly charged ion of 1000 u with argon gas, the
center-of-mass frame energy is only 1.7 eY . Such a low center-of-mass frame energy
is too low to produce extensive fragmentation. Thus, as a consequence of equat. (l)
and (2), collision-induced dissociation is limited in conventional F-[MS because only
relatively low laboratory-frame and center-of-mass frame energy can be accessed by
heavy singly charged ions (> 500 u), compared to sector instruments.24 Another
disadvantage is the increase of pressure with introduction of collision gas. This can be
especially inconvenient for a possible calibration experiments, where sample should
be in the chamber at the same time as the calibrant (PFIBA).

Schweikhard et aL25 proposed a method for accessing very high translational
and center-of-mass frame energy by means of excitation of the cyclonon motion of
high cyclotron frequency (low mass-to-charge ratio) ions in the presence of neutral
species. They proposed that the low mass-to-charge ratio ions formed by any standard
ionization technique (EI, CI, LD) could act as projectile to ionize the neutral species
while depositing considerable energy leading to dissociation. They called this
technique "lnternal lon lmpact lonization" (llII) (Figure tll.5.l).
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a)

Ill.5. lntcrnal Ion Impact lonization

b)

@ erolectile lon iii...Ï: l'teuttal Molecule

Figure III.5.l. Pictorial representation of internal ion impact ionization
process. a) Projectile ions (M+) formed by LD are in rheir ICR
orbits, b) the cyclotron motion of the projectile ions is excited,
ionizing neutrals in the trap. (adapted from ref .24)

According to eq.(l), an Al+ projectile ion (27 u) excited to a cyclotron orbit of
1.0cm in a 3.0 T magnetic f ield has a translation energy of - 1600 eV. The kinetic
energy in the center-of-mass frame in a collision between Al+ and a neutral species
(671 u) is - 1540 eV, because the projectile ion has a low mass and the target neutral
high mass. Projectile ions with excited cyclotron motion, thus, serve for an ionization
and subsequent dissociation of neutral molecules in FTMS. The technique is similar to
the original ICR technique of pulsed ion double resonance26 larcr extended to FT-
ICR-MS27,28, in which ions are excited in presence of neutrals to induce endothermic
ion-molecule reactions.

ln our case, similar experiments were performed with all projectile ions which
have not produced significant fragmentation of PFTBA molecule. Those are Al, Mg,

Ca, Cr, Mn, Fe, Co, Cu, Zn and Sn ion. The results of the excitation of Al+ ions and

subsequent ionization and fragmentation of PFTBA molecules are shown in Figure
111.5.2. The specna resulting from other ions are given in Appendix B. The fragment

ion with lowest mass-to-charge ratio detected in Al+ - PFTBA reaction (without Al+

excitation) is around mlz250 (Figure III.5.2.a). The main product is [L-F1+ ion. There
are some low intensity fragment ions as well.

In next experiment, isolated Al+ projectiles were excited at their cyclotron
frequency (1.731 MHz) with an RF amplitude of I l0 Vpp, for 8 ms. The delay period

after excitation was I s. Excited aluminum ions passing through clouds of heavy

neutrals or ions induce their ionization and significant fragmentation. The resulting

spectrum is shown in Figure III.5.2.b.
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Figure 11I.5.2. Positive ion FT-ICR mass spectra of the products of the Al+
reaction with PFTBA (L), a) without prior Al+ excitarion, b)
with excitation of cyclotron morion of rhe projectile Al+ ions.
Delay before broadband excitation was 1.0 s in both cases.
Assignation of fragment ions is given in Table III.3.1.

Even better example of control of the fragmentation rate of PFTBA can be seen
from Ca+ experiment shown in Figure III.5.3. The ions resulting from the reaction of
Ca+ ions with PFTBA without prior excitation of Ca+ cyclotron motion are mainly
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metal containing ions and almost no PFTBA

thnntpr  l l l  nnci t ivp inn renct ionç I l l .5 [nrcrnal Ion Impact lonizution

fragment is detected (Figure tI1.5.3.a.).
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Figure III.5.3. Mass spectra of Ca+-PFTBA I s reaction prducts, a) no
excitation of Ca*, b) "soft" excitation of Ca+ and c) "hard"
excitation of Ca+ ions.

If the cyclotron motion of Ca+ ions were excited prior to reaction with PFTBA.
(1.16932 MHz) with an RF amplitude of 0.1 Vpp, for 100 ms, product ions shown in
Fig b were detected. The metal-atom containing ions are still present, and the PFTBA
fragment ions appeared as well. When the ions are excited "strongly" (RF amplitude of
I l0 Vpp, for 8 ms), only PFTBA fragments were detected. We can see that by tuning
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the  cond i t ions  o f  exc i ta t ion  o f  the  pro jec t i le  ion ,  a  s t ronger  f ragmenta t ion  was
induced.

In the cited work,24 NZ was ionized by EI in a cloud of PFTBA. Surprisingly
few low mass PFTBA fragments beside the N2+ ion were detected. After the isolation
of N2+ projectile ion and the excitation at its cyclotron morion, more PFTBA fragment
ions were produced as shown in Figure III.5.4. copied from the cited reference.

200 ^/r 4oo 600

Figure III.5.4. (a) EI of PFTBA and air in source trap at 5 lOE Ton. (b) all
ions below 1.55 MHz are ejected from the trap by double-
resonance, leaving N2+ ions. (c) Excitat ion of cyclotron
motion of the projectile ions thorough a cloud of PFTBA
ionizes PFIBA by the illl process (from ref.24)

Comparing these results with ours, we can conclude that ionization and
fragmentation of neutral molecule can be well controlled in the case of projectile ions
produced by laser ablation. Without changing pressure conditions a molecule can be
"softly" ionized or very "hardly" ionized and fragmented. Mass spectra containing
known adduct ions (ML+, up to mlz 740) and well defined PFIBA fragment ions as
well as some metal ions provide a mass range (mlz - 20-740) for calibration even
broader than PFTBA in EI experiments( mlz 69-502).
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I I I .6. Application of Posit ive lon CI to some other polyhalogenated
compounds

From the studies of PFTBA reactions with primary positive ions, we learned

that the molecule can be ionized in different ways depending on the reagent ion.
Different processes, from cationization to strong fragmentation were observed. In the

case of PF-IBA, information from detected ions kept specificity of the molecule. Thus,
we wanted to enlarge our study by applying the (chemical) ionization by laser-plasma

generated positive ions to some other polygalogenated molecules, namely: halothane,

dichlorodifluoromethane and endosulfane. The nrolecules difer in their size, ttreir physical

state, butall are$fficientlyvolæileinourexperimental conditions (ultra high "vacuum").

Table III.6.1. Studied compounds and some experimental conditions

Molecule À/nm Projectile ion Vapor pressure/kPa

C!2CF2
BTCHCICF:
CqHoSOlCle

355
355

Al, Na, Cu

AI,  NA

AI

65 r .0 (25"C)
39.9 (25"C)
0.0012 (80'c)355,248

6.1. Positive ion CI of Dichlorodifluoromethane

Sodium chloride, metal aluminum and copper samples were irradiated by 355

nm laser beam (E = 108 W cm-2) for the production of projectile ions. They were
isolated and dichlorodifluoromethane (CIZCFZ, Mw = 120 u) was introduced in the

chamber.  The mass spectrum obtained af ter  Al+ ionizat ion (react ion) of

dichlorodifluoromethane is shown in Figure III.6.l.

[L-F].
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Figure III.6.l. Mass spectrum of CCIZFZ ionized in reaction with Al+
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Chaptcr i l1. ....Positive ion rcactions ll l.6. CI of pollhalogcnated compounds

The ions detected in reactions with the three selected reasent ions are listed in
Table 111.6"2.

Table 1I1.6.2. Relative intensit ies of detected products in ionization of
dich lorodifl uorometh a ne (in Vo)

M L+ tl,-rl+ tl_cll+
mlz 120 rnlz l0I mlz 85

Ar - 100 50
Cu - 50 100
Na-5100

A,s it can be seen from the table, no molecular ion was ever detected. The

observed fluoride transfer in the case of Al+:

Al+ + C!2CF2+ CI2CF* + AIF

is in agreement with expectations based on the relative fluoride affinities. Bond

strengths and enthalpies of formation MX are l isted in Table III.6.3. They can be

compared with dichlorodifl uoromethane bond strengths (Table III.6.4.).

Table III.6.3. Enthalpies of formation and bond strength of MX (M = Al, Na,
Cu;X=P,ç1 ;18

AlCl AIF NaCl NaF CuCl CUF

^fFV kJ mol-l
(ze8.lsK) 

-51.5 -265.7 -181.4 -290.5 91.2 -12.6

Do(M-x) /kJ mol-l 448 663.7 412.7 519 3lzs 4r3 + 13(298.15K)

Table III.6.4 Bond strengths in C!2CF2 L7b

Bond Do298 / kJmol'l

F-CFClz 460 !25

Cl-CClFz 318 a I

The same tendency was expected for Cu and Na as well but formation of CuCl

and NaCl domin ated over NaF and CuF formation. Nevertheless, aluminum has the

highest affinity towards F.



Aluminum and NaCl were used as targets for a formation of Al+ and Na+
projecti le ions (À = 355 nm, E = 108 W cm-2 ). After the introduction of halothane
(BrCHCICF3, Mw = 198 u) molecules,  and their  react ion,  the posi t ive ions were
detected. Representative spectra are presented in Figure 111.6.2.

In the case of Al+, molecular ion of halothane is the main product. When Na+
was used as reagent ion, L+ was also detected but in lower abundance. The main
product was [L-Br]+.

Chanter I[[. ....Po.çit iv'e ion reaction.s

6.2. Positive ion CI of Halothane
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Figure 111.6.2. Mass spectra of halothane ionized by a) Al+ and b) Na+.

There can not be simple charge transfer from Al+ and Na+ to halothane
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molecule s ince their  ionizat ion

rrr.6.5).

I I I  6 Cl  nf  nnlvhrt lnçnnaler l  cnmnnundc

potent ia ls are much lower than halothane Ei  (Table

Table I I I .6 .5.  Ion izat ion energ ies (Ei )  o f  ha lothane and reagen, .1. r .n1r l8b

BTCHCICFT

Ei leY 1 l 5.986 5.1  39

Br-C is the weakest bond in halothane (274.916.3 kJmol-l;CRC and is easily
broken. Br- and [L-n11+ are the most abundant detected fragments in negative and
positive mode, respectively. Comparing the relative intensities of detected [L-F]+ and

[L-Ct]+ ions in dichlorodifluoromethane and halothane spectra, we observe that Al+
induces more of [L-F]+ formation, while Na+ induces more of [L-Cl]+. Bond strengths
of diatomic molecules are listed in table III.6.6.

Table II I .6.6. Bond strengths in diatomic *o1".u1s5.18b

D'298 / kJmol- l

NaAI

C-C

C-CI

C-Br

C-F

C-H

607 !21

397 !29

280 !21

552

338.32

6.3" Fositive ion CI of Endosulfane

Endosulfane powder sample was deposited on a part of the solid sample probe.
After the introduction of the probe inside the spectrometer, endosulfane evaporated
continuously. The pressure in the chamber was 3.10-8 Torr. Endosulfane was then
available in the gas phase for reaction with the laser-produced ions. On another part of
the sample holder, an aluminum sample was mounted. Aluminum was irradiated by
355 nm laser beam (E = lQ8 W cm-2) to form projectile ions. The spectrum detected
after ls reaction time is shown in Figure III.6.3.a.
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Figure III.6.3. Spectra obtained after Al+ reaction with endosulfane: a) in a
standard reaction; b) in reaction with excited Al+ ion.

From the spectra we can see that "standard" reaction produce more important
quantity of adduct ions, while reaction with excited ions yielded more molecular
(protonated) ions.
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Table II I .6.7. Assignation of some detected posit ive ions in mass spectrum
of  endosul fane (L) .

mlz Assignation Elemental composition

431-449 [L+Al]+ [CeH6SO3CloAl]+
405-413 [L+Hl+ [CeHTSO3Clo]+
404-4t2 L+ [CsHoSOrCte]+
369-377 [L-Ctl+ [CeH6SO3Cls]+
305-311 [L-CI-SO2]+ [CqHaOClsl+

The ions were assignated after the calibration with PFTBA as internal calibrant,

which is explained below.

6.4. Conclusion

Volatile organic polyhalogenated samples (either solid, liquid or gaseous) were

ionized by positive ions produced by laser ablation. Halothane and endosulfane

yielded molecular ion, while dichlorodifluoromethane reacted by halide transfer

mechanism.

99



Chapter [i l . ...Positive ion reaction.ç ....

lII.7. Calibration with PFTBA as internal calibrant

IIL7. Calibration

For precise assignation of detected organic molecular and fragment ions an
internal calibration procedure is recommended. We searched for a calibrant adapted to
halogenated molecules that can be used in laser induced experiments.

PFTBA molecule (as already well known calibrant in EI MS) with its well
defined fragments could be used in internal calibration of halogenated molecules. We
have shown in III.5. that PFTBA molecule could be ionized and highly fragmented by
internal ion impact ionization with Al+ ion produced by laser ablation (Figure III.5.2.).
This method has been further applied for internal calibration of endosulfane sample.

Simultaneous ionization of studied molecule and PFTBA molecule should be
achieved. [t was important to introduce adequate amount of PFTBA molecule in the
chamber: sufficiently to produce PFTBA signals, and not to much to allow ionization
of endosulfane. Endosulfane sample was evaporating from the solid sample in the
chamber and PFTBA was introduced by the batch inlet to a pressure of 5.10-8 Ton.
The laser pulse was directed to an aluminum target, the cyclotron motion of Al+ ion
was excited and during a delay of 100 ms both molecules were ionized and
fragmented. The spectrum resulting from this experimental sequence is shown in
Figure I I I .7.1.

Figure III.7.l. Mass spectrum of positive ions of endosulfane with PFTBA as
internal calibrant. PFTBA fragment ions are marked with *.
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Series of well known PFI'BA fragments and ions have allowed the calibration
through the mass range of endosulfane sample. Calibration accuracy of l0 mu (ca.
4 ppm) has been achieved. Assignation of detected peaks is already given in the Table
IIL6.6. Calibrated spectrum has allowed the assignation of endosulfane signals.

Those results show that PFTBA is an adequate calibrant for polyhalogenated
molecules ionized by laser produced metal ions

Conclusions

We have shown that PFTBA can be ionized by laser-produced positive ions.
There are different products and mechanisms in the ion-PFTBA reactions. PFTBA can
be cationized by Li+,Cr+, Co+, Ni+, Cu+, Na+ and Zn+ ions. Subsequent elimination
of F2 from the formed complex can be observed. Al+, Fe+, Zn+ mainly abstract
fluoride from the molecule. Mg+ and Sn+ ions induce elimination of F2 from the
molecule. Strong fragmentation has been achieved by B, Si, Ti, V, and some less
strong with In, Zr and Mo ions. For Co+, an insertion in a C-N bond is supposed
according to detected products. Ca+ reacts in specific way with PFIBA. Abstraction
of f luoride produced CaF+ which subsequently reacts with neutral molecule and
CaFL+ complexes are detected.

Bracketing of ionization energies of detected and non detected MF+ ions has
allowed us to estimate the ionization energy of [(CaF9)2N=CFC3F7] in the range
between 7.69 and 8.0 eV.

Reactions of PFTBA cannot be simply compared with TBA reacrions. Even if
the similarity of the functional group (i.e. amine) should play a common role in the
involved mechanisms, there is large difference between H and F.

Excitation of cyclotron motion of projectile ions induces high fragmentation of
PFTBA molecule. The control of experimental parameters allows the conrol of the
fragmentation. Mass spectra containing well known adduct ions (until mlz 740) and
well defined PFTBA fragment ions as well as some metal ions give a mass range (mJz
20 - 740) appropriate for calibration even broader than spectra of PFTBA in EI
experiments( m/z 69-502). Such obtained series of ions are useful for usual instrument
calibration.
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Other polyhalogenated molecules:  d ichlorodi f luoromethane, halothane and
endosul fane were ionized by (chemical)  laser produced posi t ive ions.  The main
detected products are l isted in Table III.8.l.

Table III.8.I Detected molecular and quasi-molecular ions

Molecule Detected positive ions

PF|BA (C+Fg)rN ML+ [L-n]+
TBA (C4H9)3N MLn+ [L+H]+ L+
Dichlorodifluoromethane [L-f']+
CLZCFZ [L-Ct1*

Halorhane L+ [L-B11+
BrCHCICF3

Endosulfane ML+ [L+H]+ L+
CgHoSOgCle

Defined ionization and fragmentation of the PFIBA molecule was successfully

used for an internal calibration procedure of endosulfane mass spectra. It opens
possible application to other polyhalogenated molecules.
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l . Introduction

This chapter is devoted to the Negat ive Chemical  lonizat ion (NCI) induced by
laser desorption/ab lation products.

We shall distinguish between "Negative" Electron Chemical lonization (NECI)

and Negative lon Chemical lonization (NICI) depending orr the ionization source.

NECI applies low energy electrons and Electron Capture Chemical lonization (ECCI)

takes place. There are several mechanisms involved in this ionization method. NICI

involves negat ive ions to ionize substrate molecules.  In our case those project i le ions

are produced by laser desorpt ion/ ionizat ion.  Moreov'er.  ECCI can induce dissociat ion

of fragment halide ions from the substrate molecule. Such ions can be used to ionize

remaining neutral molecules. This method wil l be referred to as "Self NIC[".

Our objective was to ionize and detect volati le polyhalogenated molecules by

means of laser desorption/ablation. Those molecules have a hi-eh propensity to form

negat ive ions.  In order to enable an unambiguous determinat ion of  products.  an

internal calibration process was searched. Results tiom positive and negative chemical

ionization could give complementary information about the molecules.

Ft-lCR- mass spectrometer is well adapted for the analysis of negative ions. [t

is easy to switch from positive to negative mode function. it requires only the chan-se

in trap voltage. Working at quite low pressure allows high sensitivity in the detection

of negative ions.

In this chapter. a short bibliographic review of Negative Chemical lonization is

_qiven. Mechanisms of  negat ive ion format ion and methods for project i le ions

production are explained for both "negative"-electron and negative-ion chemical

ionization. Laser induced production of electrons and negative ions versas standard

chemical ionization sources is described. Chemical ionization of polyhalogenated

organic molecules is briefly reviewed.

After this. our results are presented with respect to ionizing methods ( electron

caprure chemical  ionizat ion,  negat ive ion chemical  ionizat ion and sel f  negat ive

chemical ionizationl applied to polyhalogenated molecules.
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2. Negative Chemical lonization

The abi l i ty  to fbrm negat ive ions is useful  in any analyt ical  technique since the

negat ive molecular ion may have a greater stabi l i ty  than the correspondin-e pc-rs i t ively

char,ged ion and may provide complementary structural intbrmation through dift 'erent

fragmentation processes. During an ionization process, such as electron ionization.

negatively as well as positively charged ions are formed. But, it was not before

chemical ionization (CI) ion sources and quadrupole instruments, which allowed an

easy switch fiom positive to negative ionization. appeared on the market that negative

ion (NI)  mass spectrometry became recognized as a useful  addi t ion to the MS

resources.l

ln contrast  to the case of  ionizat ion under convent ional  e lectron ionizat ion

conditions" low energy electrons are readily captured by many organic compounds

without inducing extensive fragmentation. A resurgence of interest in negative ions

began with the development of a simple and convenient means of generating a large

population of electrons with near therrnal energy in the ion source. This was achieved

by Hunt et al.2 following earlier work by Von Ardenne et al.3 and Dougherty and

Weisenber-eer4 by the simple expedient of using the reagent -eas in a conventional

chemical ionization soLtrce as a moderator fbr the init ially energetic electrons.

Negatively charged reagent -qas ions may also be generated in a chemical ionization

source, providing a fur ther extension to the exper imental  control  of  analyt ical

information available under CI conditions.

Negative ion formation is not limited to CI operation since most of the recent

ionization techniques (laser desorption, for example)5 also operate readily in this

mode. The analysis of labile molecules is common with techniques such as fast atom

bombardment6 and thermospray ionization,T where ion/molecule reactions are

involved in the formation of analyte-related ions in the negative ion mode just as in the

positive ion mode.8

A CI source permits interaction of electrons with inert gas molecules so that the

electrons are readily thermalized. In addition, negative plasma ions can be produced in

C[ sources which react specifically with substrate molecules.

Thus. under CI conditions. negative ions from the sample molecule may be

produced by :
- the interaction of electrons with neutral molecule. or
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-  the react ion of  o ther  ions wi th  neutra l  molecules.

Dift 'erent mechanisms are involved in ne-gative ion fbrmation. either in clecrrorr
induced. or in ion induced negat ive chemical  ionizat ion as shown in Figure IV. l  .

Electron
Attachment

Dissociati l 'e
Electron
Attachment

lon Pair
Formation

Associative
Attachment

Nucleophilic
Displacement

Proton
Tlanstèr

Charge
Exchange

Association
Reaction

Fieure IV. [.  Mechanisms of nesative ion tbrmation bv NCI methods.

The mechanisms wil l be described further in the text. [n both cases. different

methods fbr production of interacting electrons and ions can be used. We will talk

about "standard" chemical ionization sources and laser induced electron/ion tbrmation.

2.1. Negative ions produced by the interaction of electrons with neutral
molecules

Electron Capture Chemical  lonizat ion (ECCI) is a "sof t"  ionizat ion technique

which takes advantage of the interactions between thermal (low energy) electrons and

e lectrophil ic molecules.

2.L.1. Modes of electron-induced negative ion formation

Depending of the energy of the electron and the nature of the molecule. one of

three basically dift 'erent processes can occur. For molecule AB these processes are

t07
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convent ior ta l ly  c lass i t ' icd as t i t l low's  : ' ,

( i )  Elet ' t rot t  ut tu( ' t t rctr t ;

AB+e-  r  AB-

D i.s s oc' i u r i v e e le c t ron ut tctc hrne nt :

AB+e -+A-+B'

+  A '+  B-

( i i i )  Ion puir Jitrtnlt ion:

AB+e -+A-+B*+e-
-+A++B-+e-

Processes (i i) and (i i i) may involve the breaking of one or more bonds.

( i  )  Resonance electron at tachment produces a molecular ne-sat ive ion (AB- ' )

and occurs at  e lectron energies near 0 eV. l0,  I  I  Electron at tachment does not

necessarily lead to the tbrmation of stable molecular or high mass tiagn-rent ions tbr all

kinds of compounds.l2 However, most persistent organic environmental contaminants

are hi_ehly aromatic and/or halogenated, and these factors facil i tate the electron

attachment process.

Upon capturing an electron, a long-lived complex is formed. which may exist

for 10-6 s or more before reverting to the neutral molecule and a free electron

(autodetachment). lons with long lifetimes tend to be generated from molecules with

positive electron affinit ies (often conjugated systems bearing electron-attracting

substituents) and from large molecules where the excess energy imparted by the

electron can be distributed among many internal degrees of freedom. During its

l ifetime. the molecule-electron complex can undergo coll isional stabil ization (if there

is suf f ic ient  gas densi ty)  and give a stable molecular anion detectable by mass

spectrometry. When this process proceeds with high efficiency. it is ideally suited tbr

the quantitation of or-eanic molecules. l3

For electron attachment. two cases arise depending on whether the electron

atfinity of AB is < 0 (Figure 2a) or > 0 (Figure 2b).14 Electron affinity (EA) is detîned

( i i )
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as the ener-gy oI  the -qround state neutral  species and an electron at  inf in i te distancc
nt inus the ener-ey of  the -sround state of  the negat ive ion.  When the EA is <0. a Franck-
Condon transi t ion leads to an unstable molecular anion AB- ' r '  which may disappcar bv
autodetachment :

AB- * --+ AB + e-

or,  i f  above the dissociat ion l imi t .  may dissociate to A. + B-.  Autodetachmenr.
in th is s i tuat ion,  is  usual ly very rapid and occurs wi th in a v ibrat ional  per iod leavinq
I i t t le possibi l i ty  tbr  col l is ional  stabi l izat ion of  AB-* unless the pressure is very high.
Stabi l izat ion by radiat ion emission is also possible but not probable.

( i i )  Resonance  a t tachment  o f  e lec t rons  may  a lso  lead  to  d issoc ia t ion
(un imolecu la r  decompos i t ion) .  D issoc ia t i ve  e lec t ron-a t tachment  reac t ions  arc
observed tbr electrons with energies between 0-15 eV. l5 '16 gevvever.  the opr imunr

electron energy (the energy at which the cross-section fbr the reaction is maximurn)
var ies f iom compound to compound. l4-16 ths process wi l l  occur (Fig 2c) i f  the

capture of an electron leads. by a vertical Franck-Condon transition. to a repulsive

s ta te  o f  AB-  wh ich  d issoc ia tes  to  to rm A.and B- .  w i th  a  poss ib le  excess  o f  k ine t ic
gnsr . ' y . l 7 . l8

b )

AB\ rÔB- A+B

\ \  I  A+B-

V,r-\_./

AB\ 'AB' .
\  \  A-+B-
\ f=-
\  l l  A+B
\ i ; ' 1
\ l  i '\t/

d )c )

Figure IV.2. Potential energy
fronr l4).

curves for negative ion formation (adapted

( i i i )  [n ion pair  tbrmat ion.  Figure 2d. the electron provides the energv

necessary to tbrm an exci ted molecule which dissociates (or predissociates) to s i \e a

pt.rsit ive and a negative ion. The thresholds for such processes usually l ie above l0-l-5
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cV clectron ener ' -qy,  and the cross sect ion increases approxlmately l inear lv wi th thc
cxccss ùnel-qy to an energy roughly three t inres the threshOld energy' .  Ne_uat i r ,c i0rr
l 'or tuat iot t  by ion-pair  format ion does not appear to be part icular l l , important under Cl
conc l i t i uns . l4

The re la t i ve  ra tes  o f  these compet ing  processes  depend on  the  energ) '
d istr ibut ion of  the electrons (Table IV. l . ) .  and the energi /  d istr ibut ion depends in turn
on the reagent gas. on its temperature, and on its pressure. as well as on the potentials

in the ion source and on the energv of the primarv electrons.

Tab le  IV . l .  E lec t ron  energy  ranges  in  e lec t ron  capture  chemica l
ionization.9

Modes of negative ion formation Energy / eV

Diff-erent authors -eive different respective energies tbr these processes.

2.L.2. Production of (low energy) electrons for NCI

Ideally. one requires a beam of monoenergetic electrons with near thermal

energies tbr the formation of negative ions by electron capture.

2. 1.2. l. Stantlurd CI techniques.fbr electron .t'brmation

High energy electrons emitted from the filament of an electron-ionization ion

source can be thermalized by a buffer gas at a pressure of about I Torr. The

thermalization occurs by inelastic coll isions and by ionization processes. Different

gases have been used for the enhancement gas in EC-MS. but methane is the most

common. Bombardment of methane with 100 eV electrons (fiom the filament of an EI-

MS instrument) produces positive ion in high abundance:

CHa+e +CHÏ  +2e-  +CHi+H+2e-

Resonance electron attachment

Dissociative electron attachment
Ion pair formation

0
0 -15  rup toca .5eV l )

>10

that is produced, a low energy secondary electron is also

ionizat ion of  methane removes about 30 eV from the
For each positive

generated. ln addi t ion.

ron

the

u0
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pr imary L ' lectron. The ener-qy of  the electron is fur ther redLrcc-d by'col l is i r )ns \ \  i rh () thcr '

neLl t t 'a l  ntethane molecules.  Thcretbre.  operat ion of  a tnass spectrontctcr  uncler hrgh-
pressurc condi t ions wi th methane produces a populat ion of  e lectrons having Lln cncrs-\
distr ibut ion c lose to thermal values. [n fact .  Hunt and Crow' fbund rhat about -509/r  ot
these electrons have enersies c lose to zero. l9

The ideal buffer gas should just produce thermal electrons with a well definecl
energy distribution close to zero energy. Moreover. it should not intert 'ere with rhe
ionization process nor react with the substrate molecules.l None of the reagent gases

su,egested in the l iterature come close to this ideal. and, therefore. the appearance ol'
the NCI spectrum of a given compound in extreme cases can chan-ee with the _eas used
as well as with experimental parameters. For any buffer gas. however. ion source
pressure has been tbund to affect sensitivity and relative ion abundances.20

The manner in which the ion-source pressure at-fects abundances is somewhat

complex. lncreasin-e the pressure increases the de-gree of electron thermalizarion and

lowers the mean electron energy. thus producing a more suitable ener-sy distribution

for resonance electron attachment. lncreasing the buffer gas pressure also increases the

stabil ization of excited molecular anions by coll isions. This stabil it_v ult imately results

in extending the l i t 'et imes of  the negat ive ions wi th respect to autodetachment.

Stabi l izat ion of  the molecular ions may also suppress other electron-molecule

reactions such as dissociative electron capture. However. when the ion-soul'ce pressure

becomes too high. the transmission of ions out of the source is reduced.

The rate constants for electron capture depend on:

(a) the electron affinity of the substrate molecule.

(b) the activation energy for the anion formation.
(c) the collision cross-section,
(d) the decomposition (autddetachment ) rate of the anion formed.

The most important factor here is the coll ision cross-section. For organic

compounds it varies over a range of six orders of magnitude. At most favorable

circumstances (polyhalogenated compounds) the rate constants for electron capture

may reach values several t imes l0-7 cm3 s-1.[4 This selective ionization favors the

formation of stable negative ions from most halogenated environmental contaminants.

such as polychlorinated biphenyls and chlorinated pesticides.
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2.I.2.2. Lu.ser int lut 'et l  eencrution of elr:r ' tron.s

I t  is  wel l  known from exper imental2l  and theoret ical  studies22 that rwo l inr i t ing
cases of  laser ionizat ion exist :  they can be dist inguished by the amounr of '  encr_sv
which is deposi ted per uni t  area on the target by a s ingle laser pulse.  The processes

-eenerated by a low power t lux laser pulse are usual ly c lassi f ied as laser desorpt iorr
whi le the hi-eh power densi ty l imi t  is  ref 'erred ro as laser plasma ionizat ion.  (L i_rrht

power f lux is measured in uni ts W/cm2 and used as a synonym of l ight  inrensi tv ancl
named irradiance).23

When photons with an energy higher than the work function (the energy
required fbr an electron to escape a solid surface) of metal hit it, a swarm of electrons
instantaneously leaves the surface according to the photoelectric effect.24 In -eeneral
there are three ditferent \À.ays c'lectrons can be ejected from the target:

i - photon-induced electron emission (photoelectric etfect):

i i  - electron emission due to a high target temperature. ( - plasma ignition I
i i i  -  f ie ld emission

i) The photoelectric effect is due to the absorption of photons by e. _e.. rhe
surface of a metal.25 The energy of the impinging photon is used to emit an electron
out of the metal. The excess energy. i. e. the difference between the photon ener_sv hv
and the work function Wn of the tarset. is transfbrmed into the kinetic ener_sv of the

electron correspondin_e to the tbllowing equation:

r ' )
/ rV=Wa+fmv"

This equation shows that if the applied wavelength is short enough and thus the

applied energy exceeds the work function of the target, the electron kinetic energy
spreads over a wide ran,9e between 0 eV and the value hv -Wa. The electron work

functions of target substances that were studied in this work are l isted in Table IV.2.

However, tbr MS investigations in general the kinetic energy distribution of the

electrons should be as niurow as possible in order to define the internal energy of the

molecular ion as exactly as possible. Therefore, the wavelength of the photons should

be adjusted in such a way that the photon energy equals the work function of the

tar-qet. Then. electrons are emitted with nearly no kinetic energy and. after acceleration

in an electric f ic' ld. their kinetic ener_uy distributi<-rn is rather sharp.

ul



t  l t , , t , t t ,  l l

Tab le  IV .2 . (Wa) ,  i on i za t i on  ene r_s ies  (E t )  anc l
r l f  t a rgc t  su t r s ta r r ccs .  { r  a lues  t ' r o r1 r

Elect ron work funct ions
e lec t ron  a f f i n i t i es  (8 . , ,  )
re f.26 t

Element Wa / eV Ei I eY E.o / eY

Mg

Ca

AI

Ti

V

Cr

Mn

Fe

Co

Ni

Cu

Zn

In

S i

Sn

Pb

Zr

Mo

3.66

2 .87

4 .28

4 .33

4 .3

4 .5
A I
+ .  I

4.5

5 .0

5 .5

4 .65

+ . J J

A  l 1

4 .85

4.42

4 .25

4.05

4 .6

7.646

6 . i l 3

5 .986

6 .82

6.74

6 .766
7  4  ? S

7.870

7.86

7.635
7.726

9.39.1

5 .786

8 . t51

7.34.1

7 .116

6.84

7.099

not stable

0.0 t 8.1

0 .441

0.019

0 .5 t5

0.666

not  s tab le

0 .151

0.662

t . r56
l . l3 -s

not stable

0 .3

l ._ r85

l . l t l

0.364

0.426

0.746

ii) - Electron emission due to a high target temperature

lncreasing the laser irradiance on the target eventually leads to saturation
eff-ects. The number of electrons no longer suffices to absorb all the photons hitting the
target. Hence the excess photons are absorbed by the target, now heating the target
itself. Raising the temperature of the target eventually leads to the thermal emission of
electrons according to the Boltzmann factor k6T. Eventually, even the atoms from

metal target may be desorbed. Thermal emission process leads to electrons with a
broad kinetic energy spread according to the Maxwell velocity distribution. This
distribution is even broader than that of photon-emitted electrons. Thermal electrons
are emitted over a longer period of t ime than photoelectrons. The time scheme tbr
laser induced generation of electrons is shown in Figure. [V.3.
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Photoenr iss ion

Thermal  c l l r rss ion

Fi-gure IV.3.  T ime scheme for  laser- induced generat ion ot '  e lecrrons
(Accordins to 24)

i i i) - Field emission

The work function of a sample is strongly influenced by electroma-snetic f ields.
Thus" applying electric f ield to the metal. the work function can be lowered leadin_s to

an increased probabil it l  tbr electron emission due to tunneling eftècts. Comparativelv

low vol tases are suf f ic ient  to lead to l ie ld emission i f  there are sharp ed_ges or t ips
producing high electric f ield strengths. Field emission being a continuous process. thus

producin_e ions not at f ixed short t ime but continuously. results in a decrease in mass

resolut ion.

Some applications of positive mode ionization by electrons emitted by metal

surfaces i r radiated by laser beam. have been shown in Time Of Fl i -eht  mass

spectromety24'27'28. Photoemmited electrons from the metal surfàces were used to

ionize incoming molecules in a supersonic jer2q or. in other case. to ionize molecules

already desorbed by another laser28. [t was shown that plasma electrons induce

compet i t ive ionizat ion of  ablated tetraphenylporphir in in posi t ive and negat ive

mode.29

2.2. Negative ions produced by the reaction of neutral molecule with
other ions

Negative ion chemical ionization (NICI) can be defined as a reaction between

some negative ion and the neutral molecule (atom) under study to produce a negatively

charged species derived from the neutral.
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2.2.I. NIodes of ion-induced negative ion fbrmation

These t 'eact ions can convenient ly  be -erouped in to f i r , 'e  major  categor ies: l f

( i ) A.s.soc' icilive Detuc'htnent Reac'tiort.s

Negative ions rnay disappear t iom system by associative detachment reacrion :

X-+AB-+ABX+e-

where AB is a neutral  species.  Such react ions have been studied pr imari lv in
simple svstems. The prevalence of  associat ive detachment react ions in more conrplex
systems appl icable to chemical  ionizat ion has not been studied. However.  i t  is  a
compl icat ion which should be borne in mind since i t  can lead to a decrease in
sensi t iv i tv.

( ii ) Displac'ernent utttl Eliminatictn Reac'tions
( t t r N rrc' I eo phi I i c' tli s pluc' e nte n t )8

The displacement reaction:

X-+AB-+AX+B-

is the gas-phase equivalent of  the S512 react ion so extensively studied in

solution. Displacement reactions generally are observed if they are exothermic and if

there is no easy proton transfèr process from AB to X-.

(iii) Proton Transfer Rectctions

M+X- r (M-H) -+HX

The tendency for an anion X- to accept a proton from a particular analyte

molecule may be assessed from a knowledge of proton affinity values for the anions.

The proton affinity of the anion X- is the negative of the reaction enthalpy:

XH +  X-  +  H*  Epu(X) -  =  ArH

l t 5
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ThLrs.  the observat ion of  the react ion

X-+HY-+HX+Y-

inipl ies that  PA(X-) > PA(Y-),  i .e.  the react ion is exothermic.

Table tV.3.  Proton af f in i t ies (PA) oi  hal ide ions and electron af f in i t ies
(EAt of  the corresponding atoms. l4

Anion (X-)  PA (X-) /kJ mol- t  EA(X) , /kJ mol- t

F-

ct-
Br'-

1554

r 395
I 354

328

349

.r24

Analyte anions produced by proton transfer have very I i t t le excess internal

energy.  As can be seen from the last  equat ion,  no new'bonds are involv 'ed in the

fbrmation of the analyte anion so that most of the excess ener-sy resides in the neutral

derir, 'ed ti 'om the reagent gas ion. As a result. negative ion proton transt'er spectra

_uenerally contain abundant quasi-molecular ions but very tèw fiagment ions.

Anions with lower proton affinity such as Cl- are of a l imited value for the

production of analyte anions by proton transfer, although they wil l form hydrogen-

bonded complexes with more acidic molecules.  These same hydro-sen-bonded

intermediates may alternatively react by elimination of a small neutral molecule such

as HF. HCl.  or  H26.30

(iv) Çllorfe Exchange Reactions

The charge exchange reaction:

A-+B+B-+A

will be exothermic provided that the EA of B is greater than the EA of A. Negative ion

charge exchange reactions will occur if the electron affinity of molecule B is greater

than that of molecule A.

Char-ee exchange also provides a mechanism tbr the loss of analyte ions.S l For

cxanrple. t luorine radicals. f lormed when freon reagent -uas is used as a source ot

i l6
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chlor ide ions.  have such a h igh e lect ron af f in i ty  that  they readi lv  renro\c  analyrc  ion\ .
rcsul t ins in  a reduccd scnsi t iv i ty  lbr  e lcct ru ln  captur in_g mater ia ls :

M- - rF '+M+F-

1 yt 1 rt.s.sot' iutirttt Reuc't i rtrt.s

( N ucleophilic trltlition )8

M+X-_> lv lX -

Stable addition complexes may be formed by nucleophil ic attack with anions of
low proton affinity. such Cl- and O2-'. which cannot usually react by proton rransfèr.

The chloride aniôn formed by electron bombardment of dichlorodifluoromethane
(Freon 12132 forms stable hydrogen-bonded complexes which account for the majority
of the ionization in the spectra of a number of acids. amides, aromatic amines. and
phenols.33 The chloride anion also forms stable (M+Cl)- complexes with a ran-qe of
other compound types and has been used in the analysis of polychlorinated aliphatic
compounds.34

2.2.2. Production of reactive negative ions for NICI

2.2.2.l. "Clctssical" Chemical ionizcttion reagents

There are many specific reagent gases that yield ne_qative ions which can be

reagent for ionization of substrate molecule. Usually they are formed by electron
ionization. H- from H2: O-'. O2-', 03-'from 02; O-, NO- from N2O; NHz- from NH3

and many others.l

Halide ions are yielded from many reagent gases as well. CHF3, CF4, NF3, and

occasionally SF6 or SO2F2 give rise to F- ion. [t has been used comparatively rarely as

a reagent ion. Typical reactions involved are formation of [M+F]-, [M-H]-, and Sp. [t

is not a strong Bronsted base and is not capable of abstracting a proton from alkanols.

amines. alkanes, alkenes, or most nitri les.

The Cl- ion is readily formed under CI conditions by dissociative electron
capture by CH2C|Z, CC|ZF2, CCla,. CCI2F-CCIF2, CHClf . (In the case of CCIZF:

reagent gas at 2OPa and 200oC there is 99Va of Cl- produced and l%o of F- reactive

anionsl  ) .  The main appl icat ion of  Cl-  as a reagent gas ion has been in analvt ical

I  t 7



(  l t t t ! t t r t  l l , \ ' t ' u t t t i t t '  ( ' l t c t r r i t t t l  l o n i : t t t i o t r

proble nrs (r t to lecular w'ei-sht  determinat ion) as.  c.-q. .  in thc ident i l ' icat ion () t 'eotupounds

in envircnmental .  b io logical .  or  indLrstr ia l  mater ia ls.  The Cl-  is  a weak Bronsted base
ancl  wi l l  abstract  a proton only f rom very acidic compoLrnds. In the absence of  such

acidic h;-dro-eens. IM+Cl l -  at tachment ions t ' requent ly are t 'ornted. Compounds which

can tbrm strong H-br idges give r ise to abundant [M+Cl l -  ions.  Hvdrocarbons. terr iarv

ani ines arrd ni t r i les -s ive no IM+Cl]- .  Thus. Cl-  may be used as a selcct i \ , ' r '  feugcnt ion

tirr a trace analysis of compounds in matrices which are not ionized bv Cl-.

The Br- ion, which can be prepared by dissociative electron capture by CBrF3.

CHBrr,  CH2Br-CHZBr.  is  an even weaker base than CI-  and reacts wi th substrates

containin-u a modestly acidic hydrogen by formation of [M+Brl-.36

) ) ) 2. Luser clesorption /iotti:.cttion prctcluc'etl irnt.s.fbr CI

Laser ablation is much more used for the production of the positive reagent ions

than for negative reagents. Byrd, using the LD/l method. produced copper anions trom

copper36. However, he concluded that the quantity of Cu- was insufficient tbr ion-

molecule react ions to be studied. In contrast ,  gold anions were formed in high

abundance in the work of Weit et al. and their reactions with alcohols were studied.37

Neverthless.  e lectron impact ionizat ion remains the method the most used for the

fbrmation of negati 'u'e reagent ions.38

Laser ablation/ionization of alkali-metal halide salt produces halide anions that

can further ionize substrate molecules.39 There is a minimum energy required for the

tbrmation of X- ions, which depends on the crystal latt ice of the salt. As the laser

fluences increases, ions and electrons are emitted and a laser-induced plasma is

eventually created. In general. the ignition of the surface plasma marks the transitions

flrom desorption to the ablation regime and occurs over a wide range of materials,

pulse len-eths and wavelengths near an intensity threshold of ca. 2 x 108 - 109 Wcm-
241

2.3. Negative Chemical lonization of Halogenated Organic Molecules

The high elecrron atfinity of polyhalogenated organic compounds makes NCI a

very sensitive method for qualitative and quantitative analyses of different pesticides,

fieons. and similar compounds in biological and environmental samples. The majority

of publications deals with work-up procedures, suitable standards, standardization of

MS proceclure. reproducibil i ty and detection l imits.42

i l8
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The major fra,enientation pathway of alkyl and aryl halides ar borh 70 ancl ncar
0 eV is the tbrmat ion of  X-;  a resul t  expected because of  the hi_eh electron af f in i tv ot '
the halogen atoms (Table IV.3.) .  The energet ic of  format ion oi  F- and IM-Fl-  iens
from tluoroakanes have been studied.43 Parent negative ions are detected at tbrnratiorr
energ ies  o t '  0 - l  eV fo r  a  number  o f  spec ies  inc lud ing  per f luoroc lc lobutapg. - l J
perfluorocyclobuten.,45 perf1uorobenzens,45,46 and perfluorotoluene. Alky14T and
aryI45,48 chlorides produce Cl- and tM-Cll- ions at both 70 and near 0 eV.

Dispert  and Lacmann49 were the f i rst  who detected the molecular ion of
CF2C|2 molecule but in a small amount of stable parent ions. A potassium atom beam

in the ener-qy ran-qe l-30 eV have been used to induce electron transf'er in coll isions
with halogenated methane molecules CF4, CF2CI2, CHCI3 and CCI+. They def ined
electron affinity of 0.4 t 0.3 eV tbr CFzClz. The difference between the appearance
potent ia ls of  the parent ion and Cl-  is  equivalent to the dissociat ion energv of  CFZCI-

Cl- and amounts to only 0.1-0.4 eV. This small bond energy of CFZCI2 is reflected in

the smal l  re lat ive ion y ie ld of  only 0. l%o.I t  is  known from thermochemical  data that

the tluorine atom is much more strongly bound to the central C-atom than chlorine.

Therefore. the abundance of F- is onlv about 4Vo of that of Cl-.

Hasemi et al. have studied electron capture induced processes in CFfCl. CF+.

CzF+. and CF3CI/H2O.5O The react ion of  negat ive ions wi th halomethanes is the

subject of several studies in Nibbering's group.5l

Methane/NICI has been used for the analysis of halogenated hydrocarbons52.

chlorophenols,53 chlorinated dibenzofurans54 and iso-butane for polychlorodibenzo-p-

dioxins.55

ECCI gave rise to molecular ion of endosultàne molecule.56 and many other

polyhalogenated organic environmental contaminants ( polychlorinated biphenyls.

polychlorinated dibenzo-p-dioxins and dibenzofurans; polychlorinated naphthalenes.

terphenyls and diphenyl ethers; polychlorinated benzenes, phenols, anisoles, and

styrenes.. . ;  l3 '57

Cromwell et al. detected negative ion fragments of perfluorinated polyether

(PFPE) fi lms in two laser pulse experiment.sg PFPE were desorbed by a laser pulse.

Second puls (a high fluence) served for the formation of transition-metal ions in

positive mode experiment. [n negative mode, secondary reactions can result from

electron attachment to a neutral t iagment or dissociation of a negatively charged

fragment.

i l9
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J. Results and discussion

L,aser ablat ion/desorpt ion of  pure metals or metal  sal ts was Lrsecl  l i r r  thc
torntat ion of 'e lectrons or negat ive ions.  Those negat ive species servecl  as projcct i lcs
fol  the ionizat ion of  var ious halogenated molecules.  The procedure appl iecl  t i r r  thc
study of negative ions is summarized in Figure [V.4.

Laser Irradiation

- / \

Mass Spectrum

Figure IV.4.  Negat ive Chemical  lon izat ion (NCI)  methods used in
expenments.

Depending on the nature of ionizing projectiles three different ionizing methods

can be distinguished:

I ) Elec'rron Cupture Chemic'ul loniz.ation (ECCI):

2) Negutive lon Chemicul loni:ation (NICI)and

3) "Se[f Negative lon Chemical lonization" (SNICO.

Electron Capture lonization (EC) uses electrons produced from the irradiated
(metal) surface. The molecules are ionized by electror/molecule interactions. The

nrain mechanisms of ion formation are resonance electron capture and dissociative

clectron capture (Figure IV.5.a).

[0

SeIfNICI

Electrons

Gas Molecule
(BX)

lntroduction

Electron Capture : (BX - 
)

D i ssoc ia t i ve  EC : (B - )
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l n  Negat i r , 'e  lon  C-hent ica l  Ion iza t ion  (NICI )expcr in rcn ts .  l ia loscr . r  ions  l i rpnrec l
t t 'c lnr  ntetal  hal ide sal t  were used as ioniz ing proJect i les (Fig.  IV.5.b).  In somc. c i lsc\ .  ar
f rasment ion (X-)  produced by dissociat ive electron caprure of  the studied molecule
was used as project i le ion.  The substrate molecule was consequent ly ionized by one ol '
i ts  own fragments.  This method is retèrred to as "Sel i  Negat ive lon Chemical
lonizat ion" (SNICI)  (Fig.  IV.5.c) .
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Figure IV.5.  P ic tor ia l  presentat ion of  negat ive ion izat ion of  neutra l
molecules. Experimental events: a) ECCI b) NICI c) SNICI

ln our experiments, different metals and salt targets were irradiated by a laser

beam to produce the ionizing projectiles for halogenated organic molecules (See Table
IV.4.). Dichlorodifluoromethane (CL2CF2, gas), halothane (BrCHClCFf . l iquid).

perfl uorotributylamine ((C+Fg)3N, liquid), and endosulfan (CqHOSO3C16, solid) have

been studied. Four different wavelengths were used in our experiments (Table IV.4.).

All four in PFTBA studies, and mainly 355 nm for the study of other molecules.

Molecules were introduced into the FTMS chamber and ionized by the appropriate

methods. For ECCI experiments. aluminum was chosen as laser target. [t has been

extensively studied in positive ion mode experiments. Thus. it would be the most

appropriate to have the possibility to easily turnswitch positive to negative ion analysis

without changing a lot the experimental conditions.

a)

Metal
:J
i i -

l i  e e l

$:
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Tab le  IV . -1 .  Sonte  cond i t ions  Lrsed in  negat ive  mode expe l ' in renrs

Molecule i / nm ECCI - laser tarset NICI - laser target

PFTBA 355.266 .2 - r8 ,  t93 Mg, Ca,  T i .  V.  Mn.

Co, Cr, Fe, Ni. Cu.

Zn,  A l ,Zr ,Mo.  Sn,  S i

NaC l .  KC l .  L iF

CbCFr 355 AI NaCl

BTCHCICFT 355 AI NaCl

C.rHnSOrCln 35s. 266. 148 AI

The three methods show to be complementary to each others in the analysis ot

samples. Resultin_e molecular ( L- ), and/or fragment ions were detected and assigned.

Mechanisms of ion fbrmation are proposed. To be able to unambi-euously define the

elemental composition of the detected species, we were searching for an appropriate

calibrant molecule that can be used even with unknown samples. PFTBA was again

the molecule of choice. An example of negative ion internal calibration is given for

endosulfane.

3"1. Electron Capture Chemical lonization (ECCI)

lt is known that a lar-ee number of electrons is produced durin-e the laser-ntatter

intelaction at hish irradiance (> 108 W cm-2).

Metal Metal+ + e

In positive mode. it is possible to monitor the influence of irradiation on the

production of positive ions by their detection. In negative mode. on the contrary. no

lons produced from the irradiated surface were detected at any studied irradiance and

wavelength.

3.1.1. BCCI of Perfluorotributylamine

ln our experiments. laser desorption/ablation of any studied pure sample

(nretals:  Mg. Ca. Ti .  V.  Mn. Co. Cr.  Fe. Ni ,  Cu, Zn, Al .Zr,Mo. Sn and si l icon wafèr)

did not produce any detectable negative ions (all signal was at noise level) at any used

wave length  (À  =  193.  248.266 and 355 nm) .  So.  we suppose tha t  the  e lec t rons

produced during the laser/surtace interaction were the species responsible tor ne-uative'

laser
+
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i on iza t ion .  PFTBA molecu le  (  (C+Fq)3N,  Mw = 671u) ,  was  ion ized by  e lec t rons
emitted from each of the above nlentioned elements. PFTBA was introduced in the
chamber after the laser shot on the metal surface, ionized, and its fragment ions were
detected. Characteristic series of negative ions is shown in the spectrum in the Figure
IV"6. for the case of an aluminum target.
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Figure IV.6. Negative ion mass spectrum obtained after laser-induced
electron ionization of PFTBA (laser inadiance 108 W cm-2).
The metal target was aluminum.

No molecular ion has ever been detected. When formed by resonant electron
capture, its lifetime must be less than ca. l0 ps60 which is much shorter than the time
scale of the FTMS experiment (several ms).

N(CaFe!  +  e-  + t [N lConnb] - . * )  mtz67 l

The basic detected peak corresponds to the tM-2Fl- ion,mlz 633. The ion, mJz
452, [M-C+Fql- is the second most stable product .The formation of negative ions
under the employed conditions is probably due to the dissociative èlectron capture
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process:

{ [N1c4nnl : ] -  * l  + N(c+Fs )zC+Fl .  + Fz

+ N( CqFg)z '  .  + C4F9

mlz633

ml z 452

The ion at mlz 595, [L-2F2)-, should result partially from the unimolecular
decay of the molecular ion, and partially from the [L-Fz]- ion as shown by continuous
ejection of [L-FZI-, mlz 633:

It-pzl- --> lr-zezl- . +Fz

Ion [M-C+F})- , mlz 452, is the product of a direct unimolecular decay.

Electrons produced from the other pure elements ionized PFTBA molecule in
very similar way and corresponding mass spectra are displayed in Appendix C. Ions
detected in all metal electron-PFfBA ionization are assigned in Table IV.5.

Table IV.5. Negative ions detected aflter the electron ionization of PFTBA.

Assignation mlz Assignation

633

595

583

564

557

526

514

476

4&

452

433

4t4

383

364

352

333

312

302

295

283

276

264

255

23r
226

219

214

183

t69

r64
119

l14

CrzFzsN-
C12F23N-

C11F4N '

C11F22N-

C12F21N-

C11F29N-

ClsF2sN-

CleFlsN-

C9F1sN-

C3F1sN-

C3F17N'

CsF16N-

C7F15N'

C7F1aN-

CoFr+N-
C6F13N'

CeFlsN-
C5F12N-

C6F11N-

C5F11N-

C6F19N-

C5F19N-

CzFq-

csFs-
CsFsN-
C+Fq-
CaFsN-
CrFzN'
crFz-
C3F6N-

czFs-
C2FaN-

314 CdrzN- 69 CFr-
Ions markcd in bo
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Negat ive  e lec t ron  ion iza t ion  o f  PFTBA molecu les  occur red  th roughout  the
range of  inadiance < l0-7 w cm-2to l09W cm-2. The detected spectra do not vary a
lot with changing the delay before broadband excitation. All detecred ions were
produced already after few tens of miliseconds.

3.1.1 .1. Comparison to standard EI spectra of pFTBA

Standard Electron lonization (EI) of PFTBA molecules vras performed on the
FTMS 2001 mass spectrometer. Spectra with different electron-beam potential were
acquired. There is no significant difference among low and high potential electron
ionization mass spectra. When the ionization potential was decreased, ions were
detected only after longer delays. For example, at 5 eV, I s was necessary to detect
PFTBA ions. Figure IV.7. displays the negative ion EI spectrum of PFTBA at 5 eV.

. 4 0 0n / z
Figure IV.7. EI mass spectrum of PFTBA at 5 eV and I s delay.

Actually, there is no difference in the ions detected at 5 and 70 eV. The
difference is in the absolute abundances of all ions that decrease with the voltage.
Relative abundances remain the same.

Negative ion spectra obtained by standard EI ressemble to those obtained by
laser induced electron capture ionization. [n the laser experiment, remarkably high
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quantit ies of m/z 633 and 452 ions,are detecred, while the main products in EI spectra
are ions mlz 545,582.

It seems that "metal"-electrons have lower energy than those from EI and thus
induce less fragmentation.

3"1.2.  ECCI of  Halothane

The electrons were produced by laser ablation of an aluminum target ( À = 355
nm, E =108 W cm-2 ). Halothane (BrCHCICF3, Mw = 198 u) sample was inrroduced
to the chamber and ionized. Product of dissociative electron capture is observed :

e- + BTCHCICF3 + Br- +CHCICF3

Bond strength of Br-C bond is the lowesr in the molecule (n4.916.3 kJ nnl-lF
and thus Br- is easily formed and thus mostly detected. [n positive mode, rhe
corresponding IM-Br]+ ion was the most stable fragment detected.

3.1.3.  ECClofDichlorodi f luoromethane

Dichlorodifluoromethane (CI2CF2, Mw = 120 u) was introduced in the chamber
and ionized by electrons produced from laser ablation of aluminum target. Chlorine
ions were mainly detected. In this case again, dissocciative elecnon capture occurs:

e + CI1CF2 + Cl- + CICF2

Table IV. 6. Bond strengths26 in CI2CF2

Bond Dozss / kJ mol'l
F-CFCI2 460 !25

Cl-CClF2 318 + I

Comparison of the bond strengths in the molecule suggests the dissociation of
cl- ion as the result of breaking the weakest bond in the molecule.

3.1.4. ECCI of Endosulfane

Electron capture ionization is competit ive with Cl- self chemical ionization of
endosulfane. Thus, they are treated in parallel in part 3.3. of the present chapter IV.

t26
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3.2. Negative lon Chernical lonization (NICI)

Laser desorption/ablation of metal-halide salts produces large amount of halide
ions. Such formed ions can be isolated and trapped in the FTMS cell. They are
excellent ionizing reagents for negative ion chemical ionization.

3.2.1. NICI of PFTBA

Cl- and F- ions were produced by laser ablation of NaCl, KCl, CaCl2 and LiF at
355 nm wavelength ( E = 109 w cm-2). Such formed ions were isolated and used for
chemical ionization of gaseous molecules.

In the case of PFTBA molecule, the detected fragments were mainly the same
as those obtained by electron chemical ionization. The main ion is still lL-ZFl-,mlz
633. If X- (X - Cl, F) ions were left for longer time (few hundreds of ms) with
PFTBA, the ions [L-2F+X]- were detected. F- ions need somewhat shorter time than
Cl-. [L-2F+FI-, mlz 652, were produced even after 0.2-0.4 s, Figure IV.8. The quantity
of detected [L-2F+C|]- ion depended on the time delay. [L-ZF+CI]- ion became the
main product after 10 seconds.

The mass spectrum displayed in Figure IV.8.b. shows the formation of [L-
2F+Xl- ions. [n this spectrum, both chlorine isotopes were isolated and left to reacr
with PFTBA, thus the resulting ion has the isotopic distribution of two chlorine atoms,
mlz 688,670.

N(C4Fe)g *  X +  [NtC+Fq )zCqFt+X] -  +F2 X =F,  C l

At high irradiance (E > 108 W cm-2) laser beam, electron are emitted from the
metal-halide salt as well as halide ions. At short time delay they ionize PFTBA as in
the case of ECCI. At longer reaction time, Cl- and F- "attack" the neutral molecules
and halide attachment with subsequent F2 elimination occurs.

tz7



Chapter IV : Negutivc Cltcnicul Ionizution

I
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[L-zF]
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300.0 600.0

CI mass spectra of PFTBA with a) F- reagent ion and b) Cl-
reagent ion.

3.2.2. Comparison of NICI and Positive Ion CI of PFTBA

All PF-IBA detected fragment ions obtained by CI of PFIBA are summanzed

in Tables tV.7. and IV.8. There are some common filiations in positive and negative

modes (outgreyed in the tables). Actually, we can not certify their structural

similarities. Ions marked with an asterisk (*) are major products in the case of Mg+

and Sn+ reactions but are present only in low abundance in the case of Fe+, Mn+, Ti+

and V+.

0"0
,{00.0
mlz
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Chapter I\/ : Neguivc Chcnilcul lonizutnn

Table IV.7. Negative PFTBA fragment ions ( by ECCI)

Table IV.8. Positive PF|BA fragment ions (by positive ion CI)

x=0 x= l x=2 x=3 x=4 x=5 x=6 x=7 x=8 x=9 x=10

NC12F27-1 633 595' 557

NC1 1F25-^ 583 564 5;;45:,

NCTOFZT-* 5:73, 514

NC9F21-1 312

NCgF19-1 452 433

NC7F17-1 ,;.,:"4ù2383 ,ig4,,::'

NC6F15-x 352 333 ,',;:,J:N:4,,.;,:, 276

NC5F13-1 302 283

NC4F11-1 2,1'4

NC3F9-x

NC2F7-x

x=0 x= l x=2 x=3 x=4 x=5 x=6 x=7 x=8 x=9 x=10

NC12F27-* 652 614 (O( :È ,
l 4 + : 1  . : 576 557

NC11F25-* 602
:::: l::; | | | r I : t: t::::::::: i:

.:ij545i:l::!.:'ls26-i 469

NC19F4-* 552 5'33.;., #6;*

NC9F21-1 502 426

NC3F19-1 395 376

NC7F17-1 .....,40.?.,. 326

NC6F15-^
ii:e95::

NC5F13-1
,,;;1+f,liii:i

NC4F11-x 4i litia: .::
L:I*:'::
i :,,,:,:::i::ili:ii:,il

r76

NC3F9-1

NC2F7-1 L'l;,Q'
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Chapter Il '  : Negative Chamiuil Ionizution

3.2.3.  NICI of  Halothane

Chlor ide ions were produced by laser ablat ion of  sodium chlor ide ar 355 nm.
Cl- ions ionized halothane molecules but, as in the case of electron capture, Br gave

the most intense peak. After some longer delay (all spectra were acquired at more than
ls reaction delay ) tL-Hl- and surprisingly [L+Fl- are also detected:

I
Cl-+BTCHCICF3 -  Br-+HCCICF3 +-Cl2

Br- + BTCHCICFg + BTCCICF3- + HBr

H F

l l
B r - c - c - F

t l
cl F

Br
79 81100"0

80.0

.0
I
E60
C
6

5Q
ll

tL.H]
197

50.o 100.0 150.0
nlz

Figure IV.9. Negative ion mass spectrum of halothane ionized by Cl- from
NaCl target.

3.2.4. NICI of Dichlorodifluoromethane

To produce Cl- reagent ions, sodium chloride target was irradiated by 355 nm

laser beam. Dichlorodifluoromethane was introduced in the chamber by pulsed valves.

Chlorine ion cotlided with molecules and few reaction occurred. Mass spectrum

representing this reaction is shown in Figure IV.10. The reaction time was 1 s.
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tL-CU
85

CI

I
L  =  F - c - F

I
CI

r 00.0 ltct'

lL+Cll
155

157

50.0 100.0
mlz

125.0 150.0

Figure IV. 10. Neg_qtive ion mass spectrum of CI2CF2 ionized by Cl- from the
NaCl target.

The charge-exchange reactions produce molecular ions (mlz 120). Few
fragment ions were detected as well, namely tL-cU- (mrz85) and cl-.

Cl- + ClzCFz -r [CI2CF2 + Ct ]-

+CI2CF2-*fcr ,
2

On the other hand, association reactions produce [L+Cl]- ions (mlz 155,157,159]

3.3. "Self negative ion chemical ionization,, (SNICI)

lf electrons produced by laser inadiation of metal sample have relatively high
kinetic energy, dissociative electron attachment, as presented in IV.2.l.l. can occur.
Dissociation of negative halogen ion showed to be favored. The produced negative
halogen ion , X-, can be used to ionize the neutral molecule remaining in the cell. X-
can be left for a long time in his "natural" motion or it can be resonantly excited and
thus produces more collisions with neutral molecules. As the ionizing projectile comes
from the neutral molecule that is the analyte itself, we called this method Self-
Negative lon Chemical lonization (SNICI). SNICT with no excitarion of ions and
SNICI with excitarion of X- ions have ro be dinstinguished.

I
g 60.0
c(Û
Ë 40.0
f
.cl

80.0

20.0
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L
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3.3.1. Self-NICI of Dichlorodifluoromethane

As shown in  3 .1 .3 .  the  e lec t rons  emi t ted  f rom
induced dissociat ion of  Cl- :

i r rad iated a lumrnunr  ra l .get

e- + ClrCF, --+ Cl- + CICF'

Such tbrmed chlorine ions were excited at their cyclotron ti 'equency tbr g nrs
prior to reaction with dichlorodifluoromethane. Reaction time of one second allowerj
the association reaction with neutral molecules :

Cl- + ClrCF2 -+ [ClrCF2 + Cl ]-

Spec t run t  on  F igure  IV . l  l .  p resen ts  se l f - chemica l  i on iza t ion  o l '
dichlorodifl uoromerhane .

cl

I
L=

I
CI

I
o
o
E
6

E.a

100.0

80.0

60.0

40.0

20.o

0.0

CI
35

100.0
rnlz

Figure tv. l  l .  Negative ion mass specrrum of dichlorodif luoromethane by
selfchemrcal ionization .

3.3.2. ECCI and Self-NICI of Endosulfane

Endosulfane powder sample was evaporated in the FTMS chamber tiom the

t_12
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\ an rp le  ho lde r ' (  p=  3  x  l 0 -ETor r t .  A lum inum ta rge t  was  moun ted  on  ano the r  pa r t  o t
\ . tn lp le  holder .  Laser  ablat ion o l 'a lu t t r inum proc lucecl  c lect rons that  ion ize.d c \  i tpr r i . r tù t l
cndosul fane molecules.

Several parameters may inf-luence the endosulfane detection. Laser wavelength
did not change obtained spectra. Changing irradiance fiom 109 to 106 Wcm-2 clicl not
change Cl- as the main product. The time delay between laser shot and excitation of
ions was very important. [n Figure IV.12. mass spectra with different delays are
displayed.

100.0

80.0

60.0

û.0

20.o

0.0

60.0

40.0

20.0

0.0

Figure tV.l2. Mass spectra of endosulfane ar a) 5ms and b) ls delay.

At short  delay (< 50 ms) ions Cl- .  L- .  [L-HCI]-  .  [L-HC!-SOZl .  [L-2HC|-
SOZI- are detected as shown in Figure IV. l2 a.  Cl-  is  the main producr.  There is

CI
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Clnttter lV : Negatiye Cltctt t i t 'al  Ionizutiort

clearly pronounced (almost) single isoropic distribution of L- .

With a longer "reacr ion" r ime (> 50 ms),  [L-H]-  and [L+Cl l -  ions appears
(Figure IV.l2.b). Almost each ion begins to have parallel deprotonated distribution. It
is specially pronounced for L- ion. With a longer delay, IL-HI- ion became more
important than L- ion as shown in graph in Figure IV.l3.

30,000/o

a"
25,O0o/o t/

a

" o . o o y .  
- t i , . r (

a l

15 ,000/o

10,00o/o  '  I

5,00o/o a

0,00c/c

|]-rr , r
, \ ' .

t -  4 0 5

' , 
- 

oo.u

o  2  4  6  I  l o

Figure  tv . l3 .  T ime evo lu r ion  o f  L - ' (406)  and tL -H l -  (405)  ions  o f
endosulfàne.

Thus, we can distinguish two modes of ionization of endosulfane: electron
capture and selfchemical ionization by Cl- ions.

ECCI

Electron capture occurs through electron attachment mechanism immediately
after the laser shot:

e -+L- )L - ,

and through dissociative electron attachment, where Cl- is the main dissociation ion
product:

e-+L +Cl -+ [L-Cl ]

e-+L +[L-HCU-+HCl

Monitoring of the time evolution of [L-CU- and [L-H-CI]- in comparison with
L- and tL-Hl- ions (Figure [V.14.), shows that [L-CU- and L-HCI]- are not fragmenrs
from L- and [L-H]- ions. They are products of dissociative reacrions comperitive to
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electron attachment.

lOVo

I

T
't.
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: l)' . t ' l
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ou-

368

369

405

406

.,']
I

1 t

l 0

+
T
I I

r r t l

I

2

'.)
r.--
l

;6

Time (s)

Figure IV.14. Time evolut ion of  [L-Cl ] -  (369) and [L-HCI]-  (368) in
comparison with L- (406) and [L-H]- (405) ions.

Self-NICI

Dissociated Cl-  ion served as ioniz ing species for  remaining substrate
molecules. The selfchemical ionization (association reaction) by Cl- ions occurred:

C l -+L+ [L+Cl ] -

At the same time, proton transfer gave rise to [L-H]- ion:

C l -+L- [L -H] -+HCl

[L+CU- ion appears at about 50 ms delay, and at about 200 ms becomes the
main product apart from Cl-. A spectrum with I s delay is shown in Figure IV.15.
There is parallel formation of [L-H+CI]- ions, followed by yield of ions at m/2395.

To prove the implication of Cl- ionin the production of [L+Cl]- and [L-H]- ions,
Cl- was ejected from the cell and long delay (ls) was allowed before excitation. When

comparing the spectra in the Figure IV.l5. a) and b) obtained with the same delay. it is
obvious that without Cl-, the formation of tL-Hl- ions is almost negligible.
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Figure IV.l5. Mass spectra obtained a) without ejection of Cl- ; b) with
ejection of Cl-. Delay betbre excitation was ls.

Ejection of Cl- has no influence on the formation of L- ion that was formed by

electron attachment. On the contrary, ions tL-Hl- and [L+Cl]- are products of Cl-

reaction with L, and Cl- ejection influence strongly the formation of those ions. Lower

mass fragments seem to be yielded by fragmentation of two main units (H)Cl and

(H)SOZ as assigned in Table IV.6.

3.4 Internal calibration with PFTBA molecule

For the assignation of detected organic molecular and fragment ions internal

calibration is recommended. We searched for a calibrant adapted for negative mode
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Chapte r IV . Ne guive Chamicul [onizution

ionizat ion and thus with s imi lar  e lectron afTini t ies as studied halogenated molecules.

PFTBA molecu le  (as  a l ready  we l l  known ca l ib ran t  in  E I  MS)  w i th  i t s  we l t
defined fragments was tested in internal calibration of halogenated molecules. Here we
present the sample calibration of endosulfane.

Endosulfane sample was evaporating from the sample holder in the chamber
(p=10-8 Torr). PFTBA molecules were introducing by batch inlet (p =250 mTorr,
PSource = 5 '10-8).  Laser pulse was directed to aluminum target and simultanious
ionizat ion of  PFTBA and endosul fane molecules occurred. Ser ies of  PFTBA
fragments (*)  and Cl-  ions al lowed cal ibrat ion through the mass range of  the
endosul fane sample.  Figure IV. l6.  d isplays the mass specrrum with the detected
endosulfane and PFTBA ions. Calibration table with PFTBA peaks and chloride
peaks gives confidence level of 3 Hz and an average absolute error of 7 ppm. The
assignation of detected peaks is given in the Table IV.9.

Figure IV.l6. Mass specrrum of endosulfane with PFTBA* as a internal
calibrant.
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Tab le  IV .9 , {ss t_gnat ion  o l  de tec tec l  negat ive  ions
cndosu l fane (  L  ) .

I n  n l A s \  \ p e C t l ' L l  l l l  ( ) f

139-449

438-448

404-4t2

403-41 I

369-377

368-376

339-347

304-310

303-309

268-?74

267 -273

235-241

99- l0 t

[L+Cl ] -

IL+CI-H]-

L -

tL-Hl -
IL-cr]-
lL-HCrl-
IL-So2H]-
lL-HCl-Sozl-
lL-HCl-HSozl-
lL-2HCl-Sozl-
lL-2HCl-HSozl-
lL-2HCl-C+HaSo:l-

[CeH6SO3Cl7] -

ICeH5SO3CI7]-

lCsHeSOsClol'
ICeH5SOjC16]-

lCqHoSO:Clsl-

[CeH5S03Cl5]-

lCqHsOCloJ-

[CeH5oCl5]-

lCqH+OClsl-

[CeHaOCla]-

[CeH3OCl5]-
lCsCIsl-
SO2CI

Conclusion

ln negative chemical ionization experiments, three methods were employed
depending on the ionizing projecriles.

Electrons produced by laser irradiation of different metal samples and silicon
waf'er ionized neutral gas molecules by electron capture. [n our case resonance
electron capture or dissociative electron capture products were detected. Electrons
were produced in a large irradiance band: from high irradiance 1109 Wcm-2) to [o*
irradiance (photoelectrons ).

When metal halide salts were irradiated by laser, production of halogenid
ne-gative ions and electrons occurred. They were used for the ion chemical ionization
(NICI) of the studied molecules.

Dissociative electron attachment can produce halide ions from the original gas
molecule. Such ion can ionize other neutral molecules and so-called "Self Negative
lon Chemical lonization" (Self-NICI) occurred.
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In this chapter we showed that those methods are well adapted fbr ionization of

halogenated or-eanic compounds (posit ive electron aff lnit ies). The main products ot 'al l

three modes of ionization are summarized in table tV.l0.

Table IV. l0 .  The basic  detected product  by d i f ferent  used methods of
studied molecules

Molecule (Dissociative) ECCI NICI Self-NICI

C|2CF2 Cl- L-, [L+Cl]- [L+Cl]-
BTCHCICF3 Br-, [L-H]- Br-, [L-H]- ' [L+F]-
CeH6SO3CI6 L- ,  Cl -  [L-H]- . [L+Cl l -

PFTBA lL-zF)' [L-2F+X]-

Molecular or quasi-molecular ions and corresponding fragments were detected

for al l  molecules.  Used methods are complementary.  Moreover,  they are

complementary with positive mode chemical ionization (ion-molecule reactions).

PFTBA molecule was shown to be a rel iable internal  cal ibrant for

polyhalogenated compounds. The PFTBA fragments in the range of tn/:.633-200.

together wi th hal ide ion (m/:  35 in the case of  Cl-) ,  a l low the cal ibrat ion ot '  the

acquired spectra in a broad mass range.
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Overall Conclusion

Laser induced plasma products were successfully used for the chemical
ionization of volatile polyhalogenated organic molecules. Positive and negative mode
ionization were studied by Fourier transform ion cyclotron resonance mass
spectrometry.

We can conclude that the applied chemical ionization methods are
complementary and give adequate information about the studied compounds.

Detected ions concerning molecular, quasi-molecular related adduct ions of all
the studied compounds are briefly summarized in the following table:

Compound Positive lons Negative Ions

Acetophenone

CTHsCOCHa
Mtr+ [L+H]+ L+ tL-Hl-

PFTBA
(C+Fs)rN

ML+ lL-51+ [L-F2+X]-, IL-FzI

TBA
(C+Hq)rN

MLn+ [L+H]+ L+ not detected

Dichlorodifl uorometh ane

CbCFr

p-n1+
IL-Cll+

lL+Cll- L-

Halothane

BTCHCICFT
L+ lL-Brl+ lL+Fl- tL-HI-

Endosulfane

CqHrSOcCk
ML+ [L+H]+ L+ lL+Cll- L- tL-Hl-

(M = metal; L+ or L- = molecular ion)

Positive chemical ionization occurs viaionlmolecule reactions. To establish the
experimental procedure and understand involved mechanisms, a model system was
first studied. For that purpose the acetophenone molecule was chosen, because its
behavior towards some positive metallic ions was already known. Laser produced
elemental positive ions were allowed to react with acetophenone. Ions from different
groups of elements (M+ = Nar, Mg+, Cat, Ba*, Ti+, V+, Cr*, Mn*, Fer, Co+, Ni+
Q\*,ln*, Al+, In+ and Si+) were studied as projectile (reagent) ions. The presented
results are in agreement with those previously reported in the literature for the
reactions of Fe+, Ni+ and Al+ with acetophenone. Several additional reaction
pathways have been deduced from our experiments:
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Overall Conclusion

i) the formation of MLn+ complexes (n = 2 for M = Na, cr, Fe, Ni, co, cu, zn,
In; n - 2-3 forM = Ba, Al; n =2-4forM - Mg, Ca, Mn);

ii) besides, Fe*, Co+ and Ni+ involve decarbonylation of formed complex with
ligand;

iii) Ti+ and V+ bind oxygen atom; dehydrogenation and dehydration of
complexes is observed.

iv) products of oxygen abstraction by Si+ are detected.
The reactivities of metal positive ions towards acetophenone molecule are

correlated with their electronic configuration, and they are in agreement with their
promotion energies.

After establishing experimental conditions and defining the processes in the
(model) reactions between ions produced by laser ablation and acetophenone, we
applied them for ionization of polyhalogenated molecules.

Laser produced ions (mainly transition metal-, alkaline-, earth-alkaline-), (M+ -

Li*, Na*, K*, Mg*, Ca*, B*, Ti+, v+, Mni, Cr+, Fe*, Ni*, Co*, Cut,Znl, Al*, In+,
Sn*, 21+ ,Mof and Si+) twere isolated and reacted with perfluorotributylamine
(PFTBA, L). Various reaction products have been detected depending on the reagent
(projectile) ions. Several types of reaction behavior can be distinguished from the
obtained results:

i) common fragmentation; for all studied M+ except Mg+, Ca+, Cr*, and Sn+;
ii) the formation of LM+ complexes for Li+, Na*, Ni+, Co+, Cu*, andZn+;
iii) the formation of ILM - 2n+ for Na*, Ni*, Co*, Cu+ and Zn+;
iv) the abstraction of fluoride by metal for all studied M+ except Mg+, Ca*, Cr*,

and Sn+;
v) the abstraction of FZby metal for Mg+, Sn*, Ti*, V*, and Mn+;
vi) the formation of LMF+ and [LM - fl+ complexes for Ca+;
vii) the formation of [L-C+H9+M]+ for Ca+ and Co+.

Molecular ion (L+; was not detected. Reactivities of the transition metal ions
were colrelated to their electronic configuration and promotion energy. Nevertheless,
there are several observed reactions that still need mechanistic explanation.

Reactions of the perfluorinated amine (PFTBA) were compared to several
analog reactions of the hydrogenated one (TBA). Mechanisms of reactions of TBA
and PFTBA are not the same. Apart of amine characteristics, perhalogenation plays an
important role in the behavior of the molecules. PFTBA has high electron affinity
while TBA has very high proton affinity. Nitrogen lone pair should be more available
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in TBA than in PFIBA. where fluorine withdraws the electrons.

Positive ion ionization was applied to other polyhalogenated molecules:
dichlorodifluoromethane, halothane and endosulfane were ionized by laser produced
positive ions. Molecular ion or products of halogen abstraction were mainly detected
as presented in the "conclusion" Table.

Excitation of cyclotron motion of laser produced positive reagent ions has been

performed in order to induce high fragmentation of PFTBA molecule. The control of

experimental parameters allows the control of the fragmentation. Mass spectra

containing well known metal adduct ions (up to m/z 740), well defined PFTBA

fragment ions (m/z 69-652) as well as some metal ions, give the large mass range (-

m/z 20-740) for the calibration. This is even broader than PFTBA fragments range in

EI experiments ( m/z 69-502). Such obtained series of ion is useful for both regular

instrument and spectral calibration.

To accomplish analysis of polyhalogenated molecules, negative chemical

ionization has been performed. Those molecules have high electron affinity and thus

easily form negative ions. Again, PFTBA, dichlorodifluoromethane, halothane and

endosulfane were under investigation.

We employed three ionizing methods according to the reagent species.

Electrons produced by laser irradiation of different pure metal samples and

silicon wafer ionized neutral gas molecules by electron capture. In our case, resonance

electron capture or dissociative electron capture products were detected. Electrons

were produced in a large irradiance range: from the high irradiance (109 tilcm-2\ 6

low irradiance (photoelectrons).

When metal halide salts were irradiated by laser, halide ions were formed. They

were used for the ion chemical ionization (NICI) of studied molecules.

Dissociative electron capture can produce halide ions from the original gas

molecule. Such ions can react with other neutral molecules and so-called "Self

Negative Ion Chemical lonization" (SelfNICI) occuned.

We showed that those methods are well adapted for ionization of

polyhalogenated organic compounds (positive electron affinities). Molecular or quasi-

molecular ions and coresponding fragments were detected for all molecules. Not any

of methods can be considered as universal. They are complementary. Moreover, they

are complementary with positive mode chemical ionization (ion/molecule reaction).
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PFTBA showed to be a well adapted internal calibrant for laser induced
chemical ionization of halogenated molecules in positive and negative mode. In
positive mode, internal ion impact "fragmentation" allows the possibility to control the
fragmentation of molecule and thus the range of the calibration m/z range. In negative
mode the PFTBA fragments are in the range of m/z 633-200, and together with halide
ion (m/z 33 in the case of Cl-), allow calibration of molecules in that range of masses
(m/z 633-33). Molecules with high electron affinity alike PFTBA could be similary
ionized and thus, calibrated. We showed the calibration of endosulfane positive and
negative spectra with PFTBA as internal calibrant.

Briefly, from the analytical point of view, laser induced positive and negative
chemical ionization of (polyhalogenated) volatile organic molecules was proved
successful. This ionization method could be further applied in other mass
spectrometric techniques.

Even in a broader m/z range than in an EI experiment, PFTBA can be used as an
internal calibrant in positive and negative mode for the calibration of the instrument as
well as the acquired spectra.

From the mechanistic point of view, reaction pathways already known from the
literature have been confirmed, and many newly proposed.

Nevertheless, some more work is needed in order to fully understand some of
the observed reactions. For example, mechanisms of Si+/acetophenone reactions will
be better established by use of deuterated reagent; more detailed studies of
mechanisms involved in Ti+ and V+ reactions will be performed by continuos ejection
of different complex precursors... Reactions with some other perhalogenated
molecules can help in better understanding of PFTBA involved mechanisms.

A better control of experimental condition for photoemission of electrons from
the metal induced by laser pulse should allow insight into electron attachment
reactions.

V/ith this work we actually just entered in the rich world of gas phase reactions
and we have lot of things to learn.

t< àk {c

t47



Proiireni saïetak



[)roitretri scr!t'tqk

IONIZACIJA HLAPLJIVIH ORGANSKIH SPOJEVA
PROTZVODIMA LAS ERS KE PL AZME.

STUDIJ MEHANIZ AN''A ION/MOLEK ULNIH REAKCIJA
SPEKTROMETRIJOM MASA UZ FOURIEROVU TRANSFORMACIJU.

ProSireni saZetak

Podruëje ion-molekulnih reakcija u plinskoj fazi iskusilo je izuzetan napredak
tokom dva zadnja desetljeéa. To podruëje je od velikog interesa sa stajalista baziëne
kao i sa stajali5ta primjenjene kemije (sinteza metalnih i inih komplekasa s organskim
molekulama).

Fourier transformirana spektrometrija masa (Fourier transform ion cyclotron
resonance mass spectrometry, F|MS) je jako dobro prilagodena izuëavanju reakcija u
plinskoj fazi. Njene prednosti su: moguénost pohranjivanja iona na duZe vri jeme (viSe
desetaka sekundi). kontrola manipuliranjem ionima i neutralnim specijama, moguénost
selekcije pojedinih iona i stoga Siroke moguénosti izvodenja raznih eksperimenata.

Razvojem FT-spektrometrije masa i Siroke primjene razliëitih lasera, orvorene
su nove granice kemije u plinskoj [azi. FTMS i laseri su izvrsno prilagodeni za
medusobno suëeljavanje. FTMS sa svojom visokom osjetl j ivoSéu i moguénosti
poluëavanja visoko-razluëenog spektra masa iz jednog jedinog laserskog pulsa,
svrstava se u tehniku izbora za lasersku desorpcijsku spektrometriju masa.

Mnoga znaéajna ekoloSka zagadivala su polihalogeni organski spojevi, od
freona do raznih pesticida. VaZno ih je detektirati vrlo osjetljivim metodama jer su i
vrlo male koliëine znaëajne za zagadivanje okotine. Spektrometrija masa u najsirem
smislu ima znaëajnu ulogu u njihovom odredivanju. Ti su spojevi dosta labilni i stoga
za njihovu ionizaciju trebaju biti primjenjene takozvane blage ionizacijske tehnike. Te
molekule imaju izra1eni elektronski afinitet i stoga su ëesro lak5e detektirane u obliku
negativnog iona.

U ovom radu predstavljeni su rezultati prouëavanja reakcija u plinskoj fazi
izmedu nabijenih ëestica (pozitivnih i negativnih iona te elektrona) s organskim lako
hlaplj ivim spojevima. Laseri razliéit ih valnih dulj ina ( 355, 266,Z4g i 193 nm) su
kori5teni za desorpciju/ablaciju krutog uzorka i ionizaciju atoma. Kao meta za laserski
udar upotrebljavani su ëisti metali, soli metalnih halogenida i silicij. Na taj naëin su
proizvedeni pozitivni i negativni ioni te elektroni. Formirani kationi su bil i  izolirani u
éeliji FTMS-a i zatim pu5teni da reagiraju s raznim organskim molekulama. Reakcije
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su praéene u funkci j i  razl ié i t ih vremena reakci je.  valne dul j ine.  jaëine laserskog
zraéenja. . . . )  Sniml jeni  spektr i  su interpret i rani  iodredeni  su mase ie lementarni  sastavi
asignirani .  Reakt ivnost i  pojedinih metala su korel i rane s nj ihovom elektronskom
konfiguracijom i predlozeni su reakcijski mehanizmi.

U prvom pogalavlju su predstavljene reakcije u plinskoj fazi u sirokom smislu.
Dan je pregled literature koji obuhvaéa razne tehnike kori5tene u izuëavanju reakcija u
plinskoj fazi s naglaskom na FTMS tehnici i interakciji laser-rvar.

U drugom poglavlju. predstavljeni su instrumenti i metode kori5teni u ovom
radu" Opisana su dva FI 'MS instrumenta (FTMS 2000 u Metzu iFIMS 2001u
Zagrebu). Prvi je suëeljen s NdYag ( valne duljine: 355 and 266 nm) i excimer (ZÆ i
193 nm) laserom. dok drugi  pored Nd-Yag lasera ima moguénost elektronske
ionizacije. Nakon laserske desorpcije i formiranja iona, organske molekule su uvodene
u éeli ju spektronretra. U tu svrhu na instrumentu FTMS 2000 nadogradena je cijev za
uvod uzorka neposredno u éeli ju izvora iona ("source"). Organski spojevi su uvodene
kroz pulsne ventile nadovezane na cijev i l i  kroz tzv. "batch inlet". Obja5njeni su
osnovni principi rada instrumenta. Opisani su parametri koriSteni u pripremi uzoraka i
izvodenju e ksperi menata.

Reakcije pozitivnih iona formiranih laserskom desorpcijom s organskim
molekulama su tema treéeg poglavlja. Ono zapoëinje pregledom literaturnih navoda.

Tatim su izloZeni rezultati vlastitih istraZivanja. Acetofenon (C6H5COCH3, L)
je posluZio kao modelna molekula za reakcije s metalnim i sil ici jevim ionima. Kako je
ovo bilo prvo istraZivanje reakcija u plinskoj fazi u na5em laboratoriju, odluëili smo
zapoëeti istraZivanje spojem za koji veé od prije postoje utvrdeni mehanizmi reakcija s
ionima Leljeza. nikla i aluminija. Mehanizmi utvrdeni u tim reakcijama su potvrdeni te
eksperimentalni uvjeti primjenjeni u izuéavanju reakcija s preostalim ionima (M+ -

Na+. Mg+, Ca*, Ba+. Ti+. V+, Mn+. Cr*, Fer, Ni+, Co+, Cu+, Zn+, Al+, In+ i Si+ )
elementarnih iona. Utvrdeni su sljedeéi mehanizmi:

i) formiranje MLn* compleksa (n = 2:M = Na, Cr, Fe, Ni, Co, Cu, Zn, In:

r t  = 2-3:M = Ba, Al ;  r r  = 2-4:M -  Mg, Ca, Mn)
ii) dekurbonilacija metal-ligand compleksa, IMI.1 - CO 1+ ,

(za M= Fe, Ni, Co)
iii) dehidrogenacija i dehidratacija, [M(O)Ln - X]+. X= H. HZO (M=Ti. V);
iv) abstrakcija kisika silicijevim ionom (M=Si)

v) reakcije i:mjene naboja (M=Zn).
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Uoëena je vel ika reakt ivnost pr i je laznih nretala.  Zel jezoje najreakt ivni je u reakci j i
dekarboni laci je.  a zat inr  kobal t  pa nik l .  Sto je u skladu s nj ihovim promoci jskim
energijama potrebnim za stvaranje dviju o veza.

Eksper imentalni  uvjet i  utvrdeni  za ove reakci je su zat im pr imjenjeni  u
izuéavanju polihalogeniranih organskih spojeva. Molekule perfluorotributi lamina
((C+Fz)f N, L) su reagirale s 2l razliéit im elementarnim kationom (M+ - Li+, Na+,
K+, Mg+, Ca+. B+, Ti+,  V+, Mn+, Cr+ Fe+, Ni+,  Co*,  Cn+,Zn+,Al+,  [n+, Sn+ i  Si+).
Razliëit i rakcijski prozvodi su detektirani ovisno o raekcijskom ionu. Uglavnom,
moZemo razlikovati nekoliko glavnih mehanizama:

i) formiranje LMF+ iona,za M = Li iCa;
ii) formiranje LM+iona zaM = Li, Na, Cr, Co, Ni, CuiZn;
iii) abstrakcijafluora, IL - p1+ za sve izuëavane ione;
iv) formiranje ILM - FJ+ zaM = Ca;
v) [L-CqHq+MJ+ za Ca i Co:

i  nekol iko sporednih.  Molekulni  ion (L+) ni je detekt i ran.  Reakci jski  produkt i  i
mehanizmi su uspredivani s vodikovim analogom (tributiraminom).

Nekol iko drugih pol ihalogenih molekula (dik loro-di f luorometan (Cl2CF2),
halotan ( BTCHCICFT) i endosulfan (C9H6SO:CIo)) je zatim uspje5no ionizirano
reakcijama s metalnim pozitivnim ionima. Rezultati su sumirani u sljedeéoj tablici:

Tablica : Detektirani pozitivni molekulni(L) and kvazi-molekulni ioni

Molekula Detektirani i t ivni ioni
PFTBA (C+Fg)rN

TBA (CaH9)3N

Diklorodifluorometan
C|2CF2

Halotan
BTCHCICF3

Endosulfan
C9H6SO3Cl6

ML+

MLn+ [L+H]+ L+

L+

ML+ [L+H]+ L+

E-r'l+

E-p'l+
L-ct1*

lL-n11+

ëetvtro poglavlje je posveéeno negativnoj kemijskoj ionizaciji gore
spomenutih polihalogenih (ekolo5ki znaëajnih) spojeva. NaCl, KCl, LiF su bili mete
laserske ablacije u svrhu stvaranja Cl- i F- iona. Laserskom ablacijom metala su
proizvedeni elektroni. u na5em sluëaju. obzirom na ionizacijsko sredstvo (ion,
elektron..) . razlikujemo tri vrste negativne ionizacije.
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i) Negalivna kernijska ioni:ucUu " ln,atanjetn" elektrona ( Electron Capture
Chemical loni:ution (ECCI): Elektroni emitirani iz metala imaju znatno

manju  k ine t iéku  energ i ju  od  is t ih  emi t i ran ih  s  ka tode.  Spek t r i  sn iml jen i  nakon
ionizacije elektronima proizvedenom laserskom desorpcijom su usporedivani s onima
proizvedenim standardnom elektronskom ionizacijom.

ii) Kemijska ioni:acija negativnim ionom (Negative lon Chemical
Ionization (NICI); Cl- i F- ioni su prizvedeni desorpcijom soli metalnih

klorida i florida i zatim reagirali s molekulama.

iii) Samo-kemijska ionizacija negativnim ionom ("Self Negative lon
Chemical lonization" (SNICI); Ôesto se kao proizvod ECCI ionizacije

disocira puno halogenih negativnih iona. Isti mogu posluZiti za ionizaciju preostalih
molekula. loni mogu biti ubrzani i tako prouzrokovati veéi broj sudara s molekulom,
ili naprosto biti ostavljeni da duZe vrijeme (nekoliko s) reagiraju s molekulama.

Komplementarnost svih tri ju eksperimentalnih metoda i laki pri jelaz s jedne na
drugu metodu. dovodi do uspje5ne ionizacije i detekcije polihalogenih organskih
spojeva. Rezultati su ukratko sumirani u sljedeéoj tablici:

spoj (Disociativni) ECCI NICI SNICI
CluCFz
BTCHCICF3

CsHeSOrClo
PF|BA

ct-
Br-
L-. Cr-

L-. [L+Cl]-
Br-.  IL-Hl-.  [L+f l-

IL+Cl]-
[L-H]-, [L+fl-
[L-H]-, [L+Cl]-

MoZemo zakljuëiti da lako hlapljivi organski spojevi mogu biti vrlo uspjeSno
ionizirani ion-molekulnim reakcijama poluëenim ionima ili elektronima formiranim
laserskom desorpcijom/ablacijom. kako u pozitivnom. tako i u negativnom postupku.
Reaktivnost pojedinih metala je velika i stoga ionizirani produkti mogu podlijeéi
znaéajnim reakcijama i tako biti promjenjeni.
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RésunÉ étendu

lonisation induite par plasma laser de composés organiques volatils.
Etude des processus et des réactions ion/molécule consécutives

par spectrométrie de masse de résonance cyclotronique
à transformée de Fourier

lnt roduct ion

Le domaine de la chimie des ions en phase gazeuse a connu une expansion
rapide durant les deux dernières décennies. Les réactions ion/molécule sont en effet
intéressantes tant du point de vue fondamental qu'au niveau de leurs applications
analytiques.

De nombreux polluants de I'environnement sont des composés organiques
volati ls polyhalogénés. Parmis les techniques qui permettent leur détection, [a
spectrométrie de masse joue un rôle majeur. Ces composés étant relativement fragiles,
des méthodes d'ionisation dites "douces" sont nécessaires.

L'étude des réactions ion/molécule a conduit à la mise au point de I'ionisation

chimique (CI). Cette méthode présente en effet I'avantage d'être "douce". Une

approche particulièrement intéressante d'ionisation chimique a étéIa génération d'ions

primaires par ablation/ionisation laser dans le cas d'analyses par spectrométrie de

masse par résonance cyclotronique à transformée de Fourier (FT-ICR-MS ou FTMS).

Cette approche permet I'ionisation chimique tout en maintenant le vide nécessaire au

bon fonctionnement de I'instrument.

La FTMS est une technique particulièrement bien adaptée à l'étude des

réactions ion/molécule en phase gazeuse. Elle offre en effet la possibilité de piéger les

ions pendant de longues périodes et de contrôler précisément les manipulations des

ions et des neutres. De plus, une grande variéte d'ions peuvent être étudiés dans des

conditions expérimentales diverses.

Avec le développement de la FTMS et la diversité des sources laser disponibles,

un large champ d'investigation de la chimie s'est ouvert. Le couplage de ces deux

appareils est en effet particulièrement intéressant. La FTMS, grâce à sa sensibilité

élevée et sa capacité de produire un spectre à haute résolution à partir d'un seul tir

laser, est la méthode de choix pour la désorption laser couplée à la spectrométrie de

masse.
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Tout travail en spectrométrie de masse requiert l'étalonnage périodique de
I'appareil et des spectres obtenus. La méthode de l'étalon interne demeure la plus
fiable. Pour des instruments consacrés uniquement à I'ionisation laser, il n'existe pas de
méthode d'étalonnage simple et universelle. Les molécules polyhalogénées sont des
étalons fréquement rencontrés en spectrométrie de masse couplée à I'ionisation par
faisceau d'électrons (EIMS).

Dans ce contexte, nous avons étudié la possibilité d'appliquer une procédure

courament utilisée en EIMS aux expériences de désorption laser FTMS : I'utilisation
de la perfluorotributylamine pour l'étalonnage de I'instrument et des spectres obtenus.

Les objectifs de ce travail de thèse sont de déterminer les capacités de
différents ions positifs (formés par ablation laser) à ioniser les composés volatils
polyhalogénés et de définir les mécanismes réactionnels impliqués.

Ces molécules polyhalogénées ayant la particularité de former l-acilement des

ions négatifs, I'ionisation en mode négatif a donc été employée en complément.

L'ionisation chimique négative peut-être induite par des ions négatifs ou par des

électrons émis par le métal irradié par le laser. Pour une détermination précise des
produits formés, une méthode d'étalonnage en ions négatifs a également été mise au
point.

Ce manuscript se compose de quatre chapitres suivis d'appendices. Le premier

chapitre résume les applications de la spectrométrie de masse à l'étude des réactions

en phase gazeuse. Les principes de la FTMS et de I'ablation/ionisation laser y sont

également décrits.

Partie expérimentale

Dans le second chapitre, notre dispositif expérimental est détaillé. Deux
spectromètres de masse à transformée de Fourier couplés à différents lasers et à une
source d'ionisation par faisceau d'électrons ont été utilisés au cours de cette étude. La
microsonde laser FTMS du laboratoire LSMCL a été adaptée pour permettre
I'introduction d'un gaz rêactif directement dans la cellule source. Une séquence
expérimentale type est représentée figure 1.
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Ouverture des
vannes pulsées

T
Gaz réactif
vers cellule

Ejection continue
(double résonance)

Temps de

H

a.E

E
t )
x
trl

Ejection des
ions résiduels

Figure I : Séquence expérimentale type utilisée au cours de l'étude.

Réactions en mode d'ions positifs

L'acétophénone

Etant donné que les études des réactions ion/molécule sont un thème nouveau

au LSMCL, nous avons commencé notre étude avec une molécule modèle dont le

comportement vis à vis de différents cations était en partie déjà connu. Comme ce

composé devait être suffisament volatil pour être introduit facilement dans

I'instrument, nous avons choisi I'acétophénone. Sa structure est représentée figure 2

Figure 2 : Acétophénone.

o
rl
"-a",
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Mécanismes de complexat ion et lou réact ion en phase gazeuse entre
I'acétophénone et divers ions positifs

Des ions produits par laser (M+ - Na+, Mg+, Ca*. Ba*, Ti*, V*, Mn*, Cr+, Fe+.
Ni+, Co+. Cu+. Zn+, Al+, In* and Si+) ont été piégés dans la cellule FTMS et
I 'acétophénone (L) a été introduite au moyen des vannes pulsées. Des essais de
therrnalisation des ions primaires à I'aide d'argon n'ont pas donné lieu à des différences
notables en ce qui concerne les produits formés ou les vitesses de réaction.
Néanmoins, on ne peut pas totalement exclure I'existence de certains ions excités
participant aux réactions. Les produits de réactions primaires, secondaires et d'ordres
plus élevés ont été détectés en fonction du temps de réaction. Suivant les ions
primaires utilisés, plusieurs comportements réactionnels ont été mis en évidence :

i) formation de complexes MLn+ ,

M++ L + ML+ 3 MLi
n=2 : M = Na, Cr, Fe, Ni, Co, Cu,Zn,ln
n=2-3 :M=Ba,A l
n=2-4: M = Mg, Ca, Mn

ii) décarbonylation du complexe métal-ligand [MLn - CO1+, avec M = Fe, Co, Ni

M*+ L + ML+ 3 MLr+

J -co

IML-co]*3 lrtr-col*

iii) déshydrogénation,déshydratation,[M(O)L'-X]*

Mo++ nL + MOLT + [vor-"
n= l -5 ;x=1-3 .

n  =  1 -5 ;  x=  l -4 .

iv) tranfert de charge eUou ionisation électronique,

L + M+ + L+' + M -+ [L - X]* + X'

X - CHl, COCH3

L+'+L+[L+H]*+[L-Hl '

,X=H2, H2O, avec M=Ti, V

1f
xH2Ol + xH2O

M+ + nL + 
[*t" 

- H2]* - [*t" 
- H2 - *u2o 

]*
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v) abstraction d'oxygène essentiellement par le silicium,

Si++L+ [SiL-H]++H

+[L-O]*+SiO

+ [L - OH]* + SiOH

+ [L - cocH2 ]+ + sioc2H2

vi) réactions impliquant des molécules d'eau

ca++ Hzo + ["u*---nro]
Jnl

Les comportements observés pour Fe+, Ni+ et Al+ sont en accord avec ceux
publiés précédement. De nombreux autres chemins réactionnels ont été mis en

évidence au cours de cette étude.

La première génération de produits est principalement composée de complexes

ML+ , de leurs produits de décarbonylation, ainsi que de produits issus de tranferts de

charge suivis de fragmentation de la molécule. Les produits de seconde géneration

sont des adduits. des adduits décarbonylés ainsi que le dimère protoné de I ' ion

moléculaire de I'acétophénone. Les réactions d'ordres plus élevés donnent lieu à des

complexes de plus haut rang. Les déshydrogénation et déshydratation n'ont été

observées que pour le titane et le vanadium. Les produits impliquant la réaction de

molécules d'eau sont des sous-produits de réaction de Ca+, Ba+ et Al+

Une fois notre procédure expérimentale établie et les principaux processus

étant compris, nous avons pu appliquer cette méthode d'ionisation à d'autres

composés ; des molécules polyhalogénées ; avec comme objectif principal la

comparaison des réactions ion/molécule en mode positif et en mode négatif.

La perfluorotributylamine

La perfluorotributylamine (PFTBA) est une molécule bien connue en

spectrométrie de masse puisqu'elle sert courament à l'étalonnage des appareils

travaillant en ionisation électronique (EI). Sa structure est représentée figure 3 :

+ [ca2+ou- ]* + H

Ir-ncu2*o"- ]*
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Au cours de cette étude,21 ions élémentaires monochargés (les élements
étudiés sont regroupés dans le tableau 1) ont été produits par ablation laser
d'échantil lons solides (Irradiance 10e-1010 W cm-2).Ces ions ont été isolés er mis en
présence de molécules neutres de PFTBA (L). La PFTBA a été introduite dans le
spectromètre au moyen des vannes pulsées ou directement à partir du vase
d'expansion. i l  n'existe pas de différences notables en ce qui concerne les ions
obtenus. quel que soit le mode d'introduction utilisé.

F
I

F  - C  - C F r  C t
l \ /

F \ /

cF ,  -cF .  cF ,  -CF]

\ /
N -CF.

/
,r!

\
CF,

/
,r./' \

\
CF,

Figure 3 : PFTBA

Tableau I : Elements ayant servi à l'étude de Ia réactivité de la PFTBA.

Contrairement à ce qui a été observé pour I'acétophénone, le temps de réaction

a peu d'influence sur les spectres obtenus pour la PITBA. Un temps de réaction plus

long n'a pas pour conséquence l'apparition de nouveaux produits, tous les ions

observés étant produits durant les quelques premières millisecondes.
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Divers produits de réaction ont été observés suivant I ' ion projecti le uti l isé. Le
pic moléculaire de la PFTBA n'a cependant jamais été détecté quel que soit I ' ion

projecti le. la f luence ou la longueur d'onde du laser uti l isé. L'absence de cet ion n'est
pas surprenante. En effet, I ' ionisation de la PFTBA par transfert de charge
nécessiterait une énergie supérieure à I1.3 eV. Aucun des ions primaires étudiés n'a
une éner_eie de recombinaison aussi élevée.

Ionisation et dissociation de la PFTBA par des ions positifs

Dans presque tous les cas étudiés, des ions fragments de la PFTBA ont éré
observés. Parallèlement, de nombreux ions contenant des métaux sont é-salement
formés. Aucune tendance très singnificative liée à la nature des éléments de la
classification périodique ne s'est clairement manifestée dans les résultats obtenus.
Nous avons donc pris le parti de grouper les résultats en fonction des ions
préférentiellement formés :

i) fragmentations de la PFTBA ;
Presque tous les ions étudiés ont donné lieu à des ions fragments de la PFTBA.

Ceci a été observé de façon particulièrement marquée dans le cas du bore, du silicium.
du titane et du vanadium, et dans une moindre mesure pour I'indium. le zirconium et le
molybdène. Seuls le magnésium, le calcium, le chrome et l'étain se sont distingués par
une fàible tendance à fragmenter la PFTBA

ii) formation de complexes LM+;

La PFTBA peut être cationisée par le lithium, le chrome, le cobalt, le nickel, le
cuivre, le sodium et le zinc. L'élimination de F2 à partir du complexe formé est
fréquement observée sauf dans le cas du lithium.

iii) abstraction de fluorure par le métal;

C'est la principale réaction observée dans le cas de I'aluminium, du fer et du
zinc, elle donne lieu à I'ion [L-F]+. Tous les autres ions donnent ce fragment en
moindre abondance, sauf le magnésium, le calcium, le chrome et l'étain qui ne
conduisent pas à la formation de cet ion.

iv) formation de [L - Fz]+;

Seuls le magnésium, l'étain, le titane, le vanadium et le manganèse ont donné
lieu à ce type de réactions.
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v) formation de complexes LMF+:

L'abstraction de fluor par Ie calcium conduit à I ' ion CaF+ qui lui-même réagit
avec une molécule neutre pour tbrmer LMF+.

vi) tbrmation de ILM - F]+;

Ceci n'a été observé que dans le cas du calcium

vii) formation de [L-C+Fe+M]+
Observé seulement pour le calcium et le cobalt.

Conséquences

L'encadrement de l'énergie d'ionisation de [(C+Fq)zN=CFClFz] a pu être réalisé
connaissant les énergies d'ionisation des ions MF+ détectés et non détectés. Cette
énergie se situe dans la samme 7.69 à 8.0 eV.

Une tentative de comparaison de ces mécanismes réactionnels avec ceux de Ia

tributylamine (TBA) ne nous ont pas permis de dégager de conclusions probantes. Si

la fbnction amine joue une certain rôle dans les réactions observées, le remplacement

des atomes de fluor par I 'hydrogène entraîne une plus grande disponibil i té des

électrons de la paire libre de I'azote et donc une réactivité très différente .

Contrôle de la fragmentation de la PFTBA

L'excitation du mouvement cyclotron des ions primaires induit une

augmentation du taux de fragmentation de la PFTBA. Dans certains cas. des

fragments n'apparaissent que si I'excitation est appliquée.

Le contrôle des paramètres expérimentaux pennet donc de contrôler le taux de
fragmentation de la PFTBA. Ceci implique la possibilité d'obtenir des séries d'ions de
masses bien connues pouvant servir à la calibration de I'instrument. Des spectres
contenant des adduits, des ions métalliques élémentaires, ainsi que toute la série des
pics de la PFTBA permettent ainsi d'avoir une gamme de calibration encore plus large
qu'en ionisation électronique (de mlz 20 à 740 contre mlz 69 à 502 ; voir Chapitre III
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Application de la méthode à d'autres molécules polyhalogénées.

L'étude s'est poursuivie par l'étude de trois composés halogénés très différents
quant à leurs structures, leurs utilisations et leurs propriétés physico-chimiques (voir

tableau 2). Il s'agit du dichlorodifluorométhane (gazeux), un représentant de la classe
des fréons, de I 'halothane (l iquide), un anesthésique courament uti l isé et de
I'endosulfane (solide), un insecticide et acaricide non systématique. Les formules
développées de ces trois molécules sont représentées figure 4.

Tableau 2 : Quelques caractéristiques des composés étudiées. (IE : énergie
d'ionisation)

Dichloroditluoro
-methane
CbCFr

Halothane

BTCHCICFT

Enclosullane

CqHrClrOrS
M/u r20 r99 404

Etat
(à 25"C) gazeux liquide solide

PreSSION

de
vapeur

/ kPa

651.0
(25"C)

39.9
(25"C)

0.0012
(80'c)

IE/eV 11.7510.04 11.0

ÂH(ion)
lkJmol-1 656 363 (36r)

a)

CI

I
I
CI

Figure 4. a) dichlorodifluorométhane, b) halothane, c) endosulfane.

b)

HF

tl
Br-  c_F

tl
CIF
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Les trois molécules ont été ionisées par des ions positifs produits par laser. Les
ions moléculaires ou des produits résultant de I 'abstraction d'un halogène ont été
principalement détectés corrme le montre le tableau 3.

La PFTBA a étê uti l isée avec succès dans une procédure d'étalonnage des
spectres obtenus pour I 'endosulfane. Cette expérience ouvre la possibil i té d'autres
applications de cette méthode d'étalonnage pour divers composés polyhalogénés.

Tableau 3 : principaux ions correspondant à I'ion moléculaire ou à la perte

d'halogène détectés lors de I'analyse des molécules polyhalogénées. La TBA est

incluse pour comparaison.

Molécule Ions positifs détectés

PFTBA (C4F9)3N ML+
TBA (C4H9)3N MLn+ [L+H]+ L+
Di c hlorodifl u oromethane

CIZCFZ

Halothane
BTCHCICF3

L+ [L-B11*

Endosulfane ML+ [L+H1+ L+
CgH0SOlCl0

Réactions en mode d'ions négatifs

L'ablation/désorption laser de métaux et de sels de métaux a été utilisée pour

induire la formation d'électrons ou d'ions négatifs. Ces espèces négatives ont ensuite

servi de projecti le pour I ' ionisation de diverses molécules polyhalogénes. La

procédure appliquée est représentée figure 5.

Suivant la nature du projectile ionisant, trois méthode d'ionisation peuvent être

distinguées :

i) I'ionisation chimique piu capture d'électron (ECCI)

ii) I'ionisation chimique par des ions négatifs (NICI)

iii) I'auto-ionisation chimique négative (Self-NICI)

[L-r]+

IL-P]+
[L-c4+
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Irradiatron laser

Figure 5 : Méthodes d'ionisation chimique négatives utilisée au cours de la
présente étude

La capture électronique se produit grâce aux électrons émis par le métal

subissant I'impact laser. Les molécules sont ionisées par interaction électron-molécule.

Les deux principaux mécanismes sont la capture électronique résonante et la capture

électronique dissociative (voir figure 6a)

Dans les expériences d'ionisation chimique par des ions négatifs (NICI), les ions

halogènes (X-) formés par des halogénures de métaux ont été utilisés comme

projectiles ionisant (voir figure 6b). Dans certains cas, des ions fragments X- , produits

à partir de la molécule étudiée par capture électronique dissociative, ont été utilisés

comme projectiles. La molécule substrat était donc dans ce cas ionisée par ses propres

fragments. On parle d'auto-ionisation chimique négative (Self-NICI, voir figure 6c).

Au cours de cette étude, différents métaux et sels ont été utilisés pour produire

les espèces projectiles par irradiation laser. La PFTBA, le dichlorodifluoro-méthane.

I'halothane et I'endosulfane ont été étudiés en mode négatif. Le tableau 4 résume les

résultats obtenus pour les quatre composés étudiés dans les différents modes

d'ionisation possibles.

Sel (AX)

Intpdrictron
du gæ rÉactif

(BX )

Captrue d. Électron (B X-)
CE d,issociative (B-)

ons fi:4gments (X-

1,62
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Figure 6 : Représentation de I'ionisation des molécules neutres en mode

négatif.a) ECCI, b) NICI, c) Self-NICI.

Quatre longueurs d'ondes ont été utilisées pour la PFTBA et principalement

355 nm pour les autres composés. Les molécules ont été introduites dans la cellule
FTMS et ionisées par le projectile approprié. Pour les expériences en ECCI, c'est
I 'aluminium qui a été, choisi comme cible car i l  avait été étudié de façon

particulièrement approfondie en mode positif et offrait donc la possibilité d'une

conversion rapide entre le mode négatif et le mode positif sans avoir à changer de

nombreux paramètres expérimentaux.

Tableau 4 : Principaux ions observés suivant le mode d'ionisation chimique

négative uûlisé (L = molécule intacte).

Molécule ECCI
(Dissociative)

MCI Self-NICI

CI2CF2

BTCHCICF:

CsHoSOrClo

PFTBA

CT
Br, [L-H]-
L-, CI-

L-, [L+Cl]-
Br, [L-H]-'[L+F]-

ll-+Cll-

[L-H]-, [L+Cl]-
IL-zn- [L-2F+X]-
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Ces méthodes d'ionisation sont bien adaptées à I ' ionisation de molécules
polyhalogénées car celles-ci ont des affinités électroniques positives. Les ions
moléculaires ou quasi-moléculaires ainsi que des fragments ont été observées pour
toutes les molécules.  Non seulement ces t ro is méthodes d' ionisat ion sont
complémentaires entre elles, mais elles sont également complémentaires de I'ionisation
chimique positive car les comportements observés peuvent être différents.

Pour définir sans ambiguité les ions formées, une méthode d'étalonnase avec la
PFIBA comme étalon inrerne a également été utilisée en mode négatif.

Comparaison des produits de réaction de la PFTBA par ionisation
chimique positive et négative

Tous les ions fragments de la PFTBA obtenus par ionisation chimique sont
regroupés dans les tableaux 5 et 6 pour le mode négatif et positif respectivement. On
note qu'il existe des filliations communes dans les deux modes d'ionisation (en grisé
dans les tableaux). Cependant, nous ne pouvons certifier que leur structures sont
similaires. Les ions marqués d'une astérisque sont les principaux produits détectés
dans le cas des réactions avec le magnésium et l'étain mais sont observés avec une
faible abondance dans le cas du fer, du manganèse, du titane et du vanadium.
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Tableau 5...  Fragments de la PFTBA en ionisation chimique négative par
capture d'électron.

Tableau 6. Fragments de la PFTBA en ionisation chimique positive.

x=0 x= l x=2 x=3 x=4 x=5 x=6 x=7 x=8 x=9 x=10

N C  1 2 F 2 7 - x 633 59'5 557
NC 1 1F2-5- ; i 583 564 J;QJ 526
NC 19F23-1 5,33 5t4 4ir6
NC9F21-x ,464 3t2
NC3F 19-;ç 452 433 4*4
NC7F17-1 +fr,2383 3,6,4
NC6F 15-x 352 333 3t4 295 276
NC5F 13 -x 302 283 26:4 226
NC4F l  1 -1 vLA,
NC3F9-1 r64
NC2F7-x I1,4

x=0 x= l x=2 x=3 x=4 x=5 x=6 x=7 x=8 x=9 x= [0

NC 12F27-1 652 i6G3l
i::*;::' :,'

6L4 '5i95
,9ft;: :: :'

576 55,7,

NC I  1F25 -1 602 545 5,2:6., 469
NC 16F23-1 552 l.$$ $,ît6.

NC9F21-1 502 4:6Æ 426
NCgF19-1 4L4 395 376
NC7F17-x 4fi? 36,4 326
NC6F15-1 t52'' $t"4,j 7;9'5:',
NC5F 13-x 26.4 2:9.6
NC+Ft t-x 2.ft4 r76
NC3F9-x r64
NC2F7-x 1,14
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Conclusion et perspectiyes

L'ionisation induite par des espèces produites par plasma laser a été utilisée
avec succès pour I 'analyse de molécules polyhalogénées. Les modes d'ionisation
positifs et négatifs ont été étudiés par spectrométrie de masse à transformée de
Fourier.

Tableau 7 : Principaux ions détectés pour les 5 composés étudiés en mode
d'ionisation chimique posit ive ou négative. (M = métal; L+ or L- = ions
moléculaire)

Molécule Ions positifs Ions néeatifs

Acétophénone

CTHsCOCHa

MLn+ IL+FII+ L+ tL-Hl-

PFTBA
(C4F9)3N

ML+ [L-n+ [L-F2+X]-. [L-Fz]-

TBA
(c+Hq):N

MLn+ IL+FII+ L+ non détecté

Dichlorodi fl uorométhane

CbCFr
lL-Fl+
lL-cl l+

[L+Cl]- L-

Halothane

BTCHCICFa
L+ lL-n11+[L+F]- tL-Hl-

Endosulfane

CqHr,SOqClr

ML+ IL+Fil+ L+ lL+Cll- L- I tL-Hl-

Nous pouvons en conclure que les méthodes d'ionisation chimique appliquées
au cours de cette étude sont complémentaires et donnent des informations pertinentes
sur les composés étudiés. Les ions détectés, et plus particulièrement les ions
moléculaires (ou apparentés) ainsi que les adduits, pour tous les composés étudiés
sont regroupés dans le tableau 7.

L'ionisation chimique en mode positif se produit via des réactions ion/molécule.
Pour établir le protocole expérimental et définir les paramètres influanrs, la première
série d'expériences a été menée sur un composé modèle dont la réactivité était connue
à priori. L'acétophénone a été choisie dans ce but et les résultats obtenus sont en
accord avec la bibliographie. De nombreux autres chemins réactionnels ont également
été déterminés pour ce composé.
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La méthode a ensuite été appliquée au cas des composés polyhalogénés. Dans
un premier temps,21 ions élémentaires ont été mis en présence de la PFTBA er les
produits de réactions recensés. De nombreux comportements réactionnels ont pu être
déga-tés. L'ion moléculaire de la PFTBA n'a pas été détecté. La réactivité des carions
des métaux de transition est reliée à leur configuration électronique mais de
nombreuses réactions observées nécessitent encore une étude des mécanismes plus
approfondie.

La réactivité de la PFTBA a été comparée à celle de son analogue hydrogéné
(la TBA;. Les mécanismes de réactions des deux composés sont tbndamentalemenr
différents. En dehors de la caractéristique d'être une amine, la perhalogénation joue.

comme on pouvait s'y attendre, un grand rôle dans le comportement de la molécule.
La PFTBA a une affinité électronique élevée alors que la TBA possède une très forte
affinité protonique. La paire libre de l'azote doit être plus disponible dans la TBA que
dans la PFTBA. où le fluor retient les électrons.

La méthode d'ionisation a ensuite été appliquée avec succès dans le cas de
trois molécules polyhalogénées de structures très différentes. Les ions moléculaires

ainsi que des produits résultant de I'abstraction d'halogène ont été observés.

Le contrôle de la fragmentation de la PFTBA par I'excitation du mouvement
cyclotron des ions primaires a permis de mettre au point une méthode d'étalonnage
qui a été appliquée avec succès dans le cadre de l'étude de I'endosulfane.

Pour compléter l'étude de la réactivité des composés polyhalogénés, I'ionisation

chimique négative a été réalisée. Ces molécules ont en effet une grande affinité
électronique et peuvent donc former facilement des ions négatifs. Le PFIBA et les

trois autres composés polyhalogénés étudiés en mode positif ont été nos principaux

sujets d'étude.

Trois méthodes d'ionisation ont été utilisées suivant que les projectiles ionisant

aient été des électrons produits par un métal irradié, des ions négatifs produits par un

sel irradié ou encore des ions négatifs générés par capture électonique dissociative

des molécules étudiées.

Nous avons pu montrer que ces méthodes sont bien adaptées pour I'ionisation

des composés polyhalogénés. L'ion moléculaire ou pseudo-moléculaire et des

fragments caractéristiques ont été détectés pour tous les composés. Aucune des trois

méthodes d'ionisation ne peut cependant être considêrêe comme universelle, elles
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sont complémentaires.  De plus.  e l les complètent avantageusement les données
obtenues par ionisation chimique positive.

La PFTBA a pu être utilisée comme étalon interne en mode négatif également.
Nous avons même pu montrer que la gamme de masse accessible. que ce soit en mode
positif ou négatif. est considérablement plus large que celle obtenue classiquement en
ionisation électronique.

Brièvement, du point de vue analytique. nous avons pu montrer la valicl ité
I'ionisation chimique induite par des espèces fbrmées au sein d'un plasma laser. Cette
méthode pourra être employée dans d'autres techniques de spectrométrie de masse.
La PFTBA peut ainsi être utilisée en tant qu'étalon sur une gamme plus large qu'en
ioni sation électronique.

Les mécanismes de réactions déjà connus par ai[eurs ont
nombre d'autres ont été révélés. Néanmoins, i l  resre encore
comprendre de façon précise certaines des réactions observées.

été

du

confirmés et

travail pour

Un meilleur contrôle des conditions expérimentales pour la production de
photoélectrons devrait permettre d'avoir une vue plus approfondie sur les réactions
de capture d'électron.
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Figure 85: Positive ion FT-ICR mass spectra of the products of the Cr+ reaction with
PFTBA: a) without prior Cr+ excitation; b) with the excitation of the cyclorron
motion of Cr+ ions. 1.0 s delay before broadband excitation in both cases.
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Résumé

Les réactions ion/molecule en phase gazeuse entre des ions positifs ou négatifs

produits par laser et des molécules organiques ont été étudiees par spectrométrie de masselde

résonance cyclotronique à transformée de Fourier- Des cibles de métal pur, de sels halogènes

ou encore de silicium ont été inadiées par un faisceau laser, ce qui a conduit à la formation

d'ions positifs et négatifs mais également à des électrons. La réactivité de ces espèces vis àlvis

de molécules organiques volatiles a été étudiée et les mécanismes de réactions établis.

La molécule d'acétophénone a été testée en tant que composé modèle pour ,les

réactions avec des cations de l'élément métallique ou semiconducteur (Si). Des relations efrtre

la réactivité des l8 différents cations sélectionnés ont été établies avec leur configuraçion

électronique et leur énergie de promotion. Les paramètres experimentaux optimaux ayant été

ainsi définis, la procédure a été appliquée à I'ionisation et aux réactions ion/molécul$ de

divers composés polyhalogénés. Ainsi la perfluorotributylamine a été mise en présence dë 2l

cations élémentaires différents. Les produits et les mécanismes des réactions observées ont

été caractérisés. D'autres composés polyhalogénés rencontrés en chimie de I'environnement
(dichlorodifluorométhane, halothane et endosulfane) ont été ionisés et détectés suivarnt la

même méthodologie.

L'ionisation en mode négatif (par réaction ion/molecule) a également été étudiéf en

tant que méthode complémentaire. Dans ce cas, les projectiles servant à l'ionisation on( été

soit des électrons formés lors de I'interaction laser-matière à haute irradiance. soit des anions

halogénés produits par laser ou encorc ces mêmes anions résultant de la fragmentation {e la

molécule cible en phase gazeuse. Les mécanismes d'attachement d'électrons entrenl en

competition avec l'ionisation par réactions ion/molecule.

Mots clês.:' Spectrométrte de mnsse de résonnnce qclotronique à transformée de Fouyier,

plasma laser, réactions ionslmolecules, ionisation chimique positive et négdtive,

ions métalliques.

Tifie : Ionisation induite par plasma laser d.e molecules organiques volatiles. Etudèrdes

processus et des reactions iotdmolecule consecutives par speurometrip de

mrrsse de résonnrtce cyclotonique à transformee d.e Fourier
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Abstract

Gas phase ion/molecule reactions between laser-produced positive or negative ions

and organic molecules were studied by Fourier transform ion cyclotron resonance mass

spectrometry. Pure metal, metal halide salt aud silicon wafer targets were irradiated by laser

pulse, and positive and negative ions as well as electrons were formed. Their reactivity

lowards volatile organic molecules was studied and reaction mechanisms established.

Acetophenone was tested as a model compound for reactions with metal and silicon cations.

Reactivities of different cations were correlated to their electronic configuration and

promotion energy. Established experimental procedures were applied for ionization and ion-

molecule reactions of polyhalogenated molecules. Perfluorotributylamine was allowed to

react wirh 2l different elemental cations and reaction products and mechânisms were defined.

Some orher environmental polyhalogenated derivatives (dichlorodifluoromethane, halothane

and endosulfane) were analyzed by the same method.

As a complementary ionization method, negative mode ionization (reactions) were studied.

Three different ionizing projectiles: laser-produced electrons and halide ions as well as

fragment hatide ions were used to ionize (react with) the above mentioned molecules-

Electron attachment mechanisms are concurrent to negative ion/molecule reactions.

Key words : Fourier_Trqnsform.lon Cyclotron Resonance Mass Specftometry, Iaser plasma,
nn-molecule ieactions, (negative and positive) chemical ionization, rnetal ions.


