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Chapter 1

1
INTRODUCTION

In this chapter a short overview will be given, describing the developments in ion
optics for time of flight mass spectrometry and laser desorption.
Historical Development of Time of Flight Mass Spectrometry
In physics, Time of Flight Mass Spectrometry (TOF-MS) is a common technique
used to resolve mass differences and kinetic energy spreads of ions. In most
applications in this field the low mass resolution does not limit its applicability.
However, the low mass resolution compared to other types of mass spectrometers and
the need for fast data acquisition, which was only realized in the last ten years, delayed
the application of TOF-MS in analytical chemistry. The numerous improvements in ion
optics and sample introduction, since the start of the development of this technique in
1946, make it very useful for selected analytical applications. The advantages of the
technique are clear: an unlimited mass range, a short acquisition time which allows a
high repetition rate, a high transmission between ionization and detection and above all,
multi-channel detection (panoramic view) of the mass spectrum.
Ion optics
Although Mattauch is said [1] to have worked on TOF-MS in 1926, the first
proposals for the application of Time of Flight mass spectrometers appeared around
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1946 by Stephens [2]. He proposed a technique in which ions are accelerated to a fixed
kinetic energy and then drift in a field free region towards a detector. Since the velocity
of the ions depends on their mass, ions of different mass will separate in bunches and
arrive at the detector in a sequence of increasing mass to charge ratio. The signal of the
detector can be displayed on an oscilloscope. The technique became feasible after
advances in electronics made fast pulsed ion extraction possible, which was needed in
combination with electron impact ionization. Space charge limits the maximum fluence
of the electron beam and therefore the maximum number of created ions. Shortly after
Stephens had claimed the idea, Cameron and Eggers demonstrated the working of such
a mass spectrometer [3] with a resolution of less than unity using a simple collector and
amplifier to detect ion signals. By 1953 Wolff and Stephens had improved the
technique and increased the mass resolution to five using a ten stage electron multiplier
as detector [4]. Resolution is defined as m/∆m, with ∆m taken at 50% of the peak
height (full width at half maximum, FWHM).
The resolution of TOF mass spectrometers mainly depends on the ionization
conditions. Three items contribute to the width of the ion peak at the detector. Firstly,
the width of the extracted ion pulse, for instance due to the duration of the ionizing laser
pulse, gives a lower limit for the peak width on the detector. Secondly, differences in
the direction and magnitude of the initial velocity of the ions lead to an increase in peak
width. Thirdly, the potential energy distribution of the ions at ionization leads to an
increase in peak width. The influence of the first factor can be reduced by applying
short ionization pulses, the second by using molecular beams to introduce sample
molecules into the ionization volume and the third by sophisticated ion optics, as will be
discussed hereafter.
The current state of art has been reached after two major improvements in ion
optics. Firstly, Wiley and McLaren [5] achieved a breakthrough in 1955 by applying an
accelerating section consisting of two well chosen electric fields. These fields are
capable of focussing the ions in time and space, compensating for the energy spread
originating from the production of ions in different places in the acceleration field. Fig.
1 shows the motion of ions in a Wiley-McLaren source. The vertical axis shows the
time of flight as a function of distance along the axis of the source. Ions are created at
different locations in the accelerating field, therefore at different potentials. Eight ion
trajectories are shown, four of ions with a mass of 100 Da and four of ions with a mass
of 400 Da. The two electric fields can be chosen in such a way that the position of the
time-space focus is independent of the mass of the ions. Wiley and McLaren achieved a
mass resolution of 300. Their chosen acceleration voltages and dimensions (40 cm
flight tube) lead to a time of flight of 6.9 µs for an ion with a mass of 100 Da. Peak
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Fig. 1.
Time of Flight as a function of flight distance for ions with masses of 100 and
200 Da created at t=0 at different places in the accelerating field. The top panel shows the
potential of the field as a function of the z-axis coordinate in the Wiley-McLaren ion source.
Acceleration plates are located at z= 0, 27 and 40 mm. The bottom panel shows the time of
flight as a function of the coordinate on the z-axis. The ions have a time-space focus at
approximately 0.15 m. The two gradients of the field can be tuned to make the position of the
focus in space independent of the mass of the ions.

widths of 17 ns could be achieved experimentally. Ions were made by electron impact
and accelerated by a pulsed electric field.
The second step in increasing the resolution was taken by Mamyrin et al. [6] in
1973. They developed the ion reflector (also referred to as a reflectron) to increase the
length of the flight path whilst still fulfilling the requirements for focussing in time and
space. This ion reflector consisted of two static electric fields defined between parallel
meshes and the basic idea is analogous to a Wiley-McLaren source used in reverse.
With the time of flight expressed in all its parameters,
tTOF = f(m, E, V, l),

(1)

the two gradients enable one to set the partial derivatives to the kinetic energy of the
ions, E, equal to zero:
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∂f(m, E,V,l)
∂2 f(m, E,V,l)
= 0 and
= 0.
∂E
∂E 2

(2)

In these equations m is the mass of the ions, V the electrostatic potential along
the ion trajectory and l the length of the ion trajectory from the ionization place to the
detector. This allows one to analyze ions with a larger energy spread upon ionization.
In practice, ions with a high energy travel deeper into the ion reflector than low energy
ions and can therefore arrive at the same time at the detector. The principle can be
understood from Fig. 1. When the t-z plot is reflected on the z-axis to create trajectories
at negative times the working of a two stage ion reflector can be demonstrated. A timespace focus (at negative times) will be projected on a second time-space focus (at
positive times). The object is created by the Wiley-McLaren source and the image is
projected on the ion detector. Mamyrin et al. thus obtained mass spectra with a mass
resolution of 3500 (FWHM ) for masses up to 1300 Da produced from clusters of
rhenium bromide. In the case of a meshless ion reflector, the protruding electric field
has also some focussing properties. The two electric fields in the ion reflector are then
used to make the first partial derivative in Eqn. 2 zero and simultaneously focus the ion
beam on the detector thus increasing the sensitivity. Recently Wollnik [7] extended the
idea and developed a set-up with multiple ion reflectors. The increase in number of
reflectors increases the time of flight of the ions. He showed that a doubling in time of
flight causes a doubling in resolution (FWHM ) since peak widths hardly increase. The
transmission of the instrument drops however by 35% for each added ion reflector.
Sample introduction
In general, samples for a mass spectrometer have to be supplied in the gas phase
to allow ionization to take place. Several options are possible. In the easiest case, the
sample is a gas or has sufficient vapour pressure at room temperature. Thermally stable
samples can be heated and evaporated in the vacuum of the mass spectrometer.
Thermally labile compounds pose a problem. Slow heating does not always keep
the molecules intact. One possibility is to heat the sample so fast that the molecules
desorb before they reach an equilibrium with the heated surface. This can be achieved
by lasers with short, nanosecond duration, pulses. These short laser pulses are
particularly suited for TOF-MS in cases where the desorption and ionization are
performed in a one step process. In 1966 the design of a mass spectrometer for ions
generated from a surface with a Q-switched laser beam was reported [8]. This was
followed by reports in 1968 on the analysis of coal constituents liberated by laser
heating and analyzed by a TOF-MS equipped with an electron impact ionization source
[9]. The ions found in the mass spectrum were mainly small organic fragments up to
C 8H 2.
10
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The laser desorption technique was boosted after Posthumus et al. [10] reported
in 1978 on the production of cationized ions from polar non-volatile molecules with
masses up to 1250 Da by laser desorption in the source of a double focussing mass
spectrometer. This was the first time high masses of such molecules were demonstrated
in laser desorption experiments. Since then, laser desorption has differentiated into
techniques such as Matrix Assisted Laser Desorption and Ionization (MALDI) and
Laser Desorption with Post Ionization. Other techniques, often using TOF-MS, that
have generated high mass ions are Plasma Desorption, Secondary Ion Mass
Spectrometry and Field Ionization. Although more often used with other types of mass
spectrometers than TOF-MS, thermospray and electrospray should be mentioned here
because of their ability to generate large mass ions from soluble samples [11].
The main effort in the development of MALDI comes from the group of
Hillenkamp [12]. In MALDI the sample is diluted (1:100 down to 1:50000) in a matrix,
often an aromatic acid. The mixture is then irradiated with a nanosecond laser pulse
with a sufficiently high power density to disintegrate the matrix and release ions, and
the wavelength of the laser is chosen in an absorption band of the matrix. In the
spectrum (multiply) protonated molecules and clusters from the actual sample can be
observed. With this technique ions from molecules with masses up to 150000 [13]
have been produced. The mass spectra show cluster ions and multiply charged ions
from the sample molecules but few fragment ions, so that structural information on the
molecules remains inaccessible. The ability to keep large molecules intact is related to
cooling processes in the expansion of the matrix [14]. The accuracy in determining a
mass is 0.01 %, which means an uncertainty of 10 Da on a mass of 100000 Da. This
uncertainty is not severe if one considers the isotopic distribution of molecules of this
size. The power of the technique lies in its sensitivity; an amount of 1 pmol of sample is
enough to obtain a spectrum from a protein, although one should realize that 1 pmol of
a sample with a molecular weight of 100000 is still 0.1 µgram.
Another approach to lift large molecules from a surface and keep them intact is
rapid heating of the substrate followed by laser ionization of the desorbed neutrals.
Analysis focusses here on the neutrals rather than on the ions because they are believed
to have less internal energy than ions produced in a desorption process, as well as
being more abundant [15]. The two step process permits independent optimization of
both desorption and ionization steps. The laser power used for these processes is quite
different; for desorption, laser power densities of 104 W/cm2 suffice whereas for
multiphoton ionization, laser power densities of 106 W/cm2 are required.
The rapid heating in the first step can be achieved by applying a pulsed laser.
Useful results can be obtained over a large range of wavelengths. Desorption of intact
molecules using UV laser pulses has been shown by several authors [16]. Some
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models assume that the electronic excitation of the molecules leads to a vibrational
excitation causing the desorption of the molecules, other models assume that the
increment of the volume per molecule in the irradiated part of the matrix causes the
explosion. IR radiation, for instance from a CO2 laser (with a photon energy of 945
cm -1 or 0.12 eV), has no electronic interaction but excites vibrations directly. In the
case of thin samples the radiation interacts with the substrate under the sample and
heating of this absorber causes desorption of the molecules.
For many samples it has been shown experimentally that desorption prevails over
dissociation [17]. The fact that desorption of intact neutrals is more abundant than with
other methods of heating is explained, for thin samples, by the mismatch of the
frequency of the van der Waals bond between substrate and molecule and the frequency
of the vibration in the heated absorber (phonons or chemical bonds) [18]. This
mismatch acts as a bottle-neck in the energy flow between heated absorber and van der
Waals bond. When this bond is broken the molecule can not reach equilibrium with its
environment.
Ionization methods
In the early days of mass spectrometry the only available technique for the
ionization of molecules was electron impact. This technique has some drawbacks for
TOF-MS. Using an electron gun with a nanosecond pulse width one can not generate
large amounts of ions because of the limited current from electron guns. Therefore long
pulses were taken and the extraction voltages were pulsed. The development of Qswitched lasers in the sixties and its application to ionization of atoms and molecules
reduced the need for pulsed extraction in TOF-MS.
Nanosecond laser pulses are well suited for ionization in combination with both a
pulsed desorption and a TOF mass spectrometer. The usable wavelength range is
limited by the requirement that the sum of the energy of the absorbed photons must be
higher than the ionization energy. It has been shown that wavelengths from 350 nm,
for two photon ionization, down to 100 nm, for single photon ionization, can be used.
Tuneable wavelengths down to 200 nm are readily accessible by frequency doubling
the laser radiation of a dye laser. Wavelengths shorter than 200 nm can be generated by
frequency tripling in a suitable gas. In that case tuning the wavelength is possible but
tedious. Tuneable wavelengths are interesting because the total ionization efficiency can
increase orders of magnitudes if one of the steps in the multiphoton process is resonant.
Apart from yielding a high number of ions, tuneable wavelengths can also be used for
selective ionization in samples of mixed compounds.
The yield of molecular ions can be increased further by cooling molecules to the
vibrational ground state before exciting resonantly from that state. The increase in
population of the ground state, compared to warmer molecules, will lead to a higher
12

Chapter 1

molecular ion signal. To enhance cooling of the internal degrees of freedom it is
possible to seed the desorbed molecules in a supersonic beam formed from an adiabatic
expansion of a bath gas into the vacuum or, for volatile molecules, to co-expand them
with the bath gas. In the case of desorption, one can only achieve efficient cooling if
desorption takes place near the high density region of the supersonic beam, i.e. near the
orifice through which the bath gas is expanded into the vacuum. In this high density
region desorbed molecules collide with molecules from the bath gas and transfer
internal energy while gaining kinetic energy. A disadvantage of the use of supersonic
beams is that the mass of molecules that can be entrained in a supersonic beam seems to
have an upper limit. It has never been shown possible to entrain molecules with masses
higher than two thousand Dalton in a supersonic beam.
Recording techniques
In early TOF mass spectrometers the TOF spectrum was recorded by taking a
photograph of the screen of an oscilloscope. Other techniques involved switching the
signal, for the duration of one mass peak, from the electron multiplier to different
collectors so that the intensity of a few masses in the spectrum could be monitored on a
slow recording device. Nowadays TOF spectra can be recorded in two ways. Spectra
containing a large amount of ions or in which mass peaks consist of more than one ion,
are recorded by sampling devices with a large memory and a high sampling rate, e.g.
250 MHz. Spectra consisting of a limited number of single ion peaks can be recorded
by multi-stop time-to-digital-convertors where the ion pulse on the detector is used as
stop pulse. The latter technique has potentially a higher resolution than the first, but the
total acquisition time for building up a spectrum is longer. In both techniques
computers control the spectrometer and the collection of data.
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Chapter 2

2
EXPERIMENTAL SET-UP
AND CHARACTERISATION OF THE INSTRUMENT

In this chapter an overview is given of the experimental set-up as well as the
performance of the mass spectrometer used in measurements described in this thesis.
The ionization sources and sample introduction are discussed.
The light sources
The most convenient ionization sources for TOF mass spectrometers are pulsed
with a pulse duration in the order of a few nanoseconds, since the resolution of the
instrument increases with decreasing pulse width. There has to be a trade-off because
the number of ions generated is proportional with the pulse duration at constant power
density of the ionizing beam. These demands make a whole range of lasers with
nanosecond pulse duration, Q-switched YAG, excimer lasers and dye lasers, suitable
for ionization of molecules in the source of the mass spectrometer. In the set-up
discussed here, two types of ionization are used; Single Photon Ionization (SPI) and
Resonance Enhanced Multiphoton Ionization (REMPI), each with their specific
advantages and disadvantages. SPI features a low selectivity for different ions but has
the disadvantage that the intensity that can be generated is low, though comparable to
synchrotrons and continuous noble gas discharge resonance lamps. REMPI features a
very high selectivity, depending on the laser bandwidth, for different molecules and
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even between isotopomers [1], and the intensity can be made high enough to induce
fragmentation in molecules. Both ionization techniques are very useful in mass
spectrometry and are both employed in the experiments described in this thesis.

Generation of VUV light
SPI is achieved by using photons in the vacuum ultraviolet (VUV) region of the
spectrum. At these wavelengths, photons have energies over 10 eV, sufficient to ionize
most organic molecules and metal atoms. As the name already indicates, radiation of
this type can only be transported through vacuum since in other media severe
absorption will take place. For the production of VUV radiation at wavelengths
between 100 and 120 nm numerous schemes are reported in the literature [2].
In our set-up the UV light (354.6 nm) from the frequency tripled light of a
Nd:YAG laser is focussed in a Xe cell, where 118.2 nm VUV radiation is generated
(Fig. 1). By directing the UV light from the laser off the principal axis of the LiF-lens,
the 118.2 nm and 354.6 nm radiation are dispersed because the focal lengths f of the
lens at these wavelengths are different. This follows from f ∝ 1/(n-1) in which n is the
refractive index. As an example, the refractive indices for LiF at λ=589.3 nm and
λ=120 nm are 1.384 and 1.64, respectively, [3] and therefore a lens with f=100 mm at
λ=589.3 nm has f=60 mm at λ=120 nm.
In order to achieve insight in the conversion efficiency we have tried to
characterize the tripling process. Conversion takes place mainly near the focus, where
the radiation-density is sufficiently high.

I
U

L2
D

W

C

V
U

L1

Fig. 1.
Generation of 10.49 eV photons: U, UV laser beam; D, diaphragm; L1, quartz
lens (ƒ=200 mm); W, quartz window; C, Xe cell; L2, LiF lens (ƒuv = 100 mm, ƒvuv = 64
mm); V, VUV beam; I, Ion optics acceleration plate with hole. Displacement of the UV light
can be varied in two orthogonal directions.
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k1
k3

k1

k1

k1
k1

k1
k3

Fig. 2.
Momentum conservation in frequency tripling of light: k 3 < 3k1 . The
momentum of photons is represented by the vectors. The size of the momentum is indicated
near the vectors.

In order to triple the incident frequency, three photons have to be added. The
→
→
→
momentum of a photon is given by p = –h k in which k is the wave vector. The length
→
of the wave vector k is given by
k=

2πnν
c

(1)

with n the refractive index in the medium at the frequency of the light ν and c the
velocity of light in vacuum. Conservation of momentum during the conversion gives
→
→
→
→
→
k3 e 4 = k 1 e 1 + k 1 e 2 + k 1 e 3 in which the k1 e i=1,2,3 are the wave vectors of the
→
incident radiation with frequency ν1 and k3 e 4 is the wave vector of the frequency
tripled radiation with frequency ν3.
→
The incident beam is focussed, so that in general the three unit vectors e i have
slightly different directions. Consequently, k3 is smaller than 3k1, see Fig. 2. The
difference ∆k= k3-3k1 is called the phase mismatch. Energy conservation requires that
ν3=3ν1 and the only way to preserve momentum is to have n3 < n1, see Eqn. 1; the
refractive index must be lower for the higher frequency [4]. This is called negative
dispersion and it only occurs in specific regions of the spectrum near an allowed dipole
transition. Xe shows negative dispersion near 118.2 nm [5].
The power P3 of the tripled frequency light is theoretically given by [6]
P3 =

8.215×10-30 2 χ2 3
N
P1 F(b∆k, b/L, l/L)
λ14

(2)
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with N the density of Xe in cm-3, χ the third order susceptibility at λ 3 in ESU per
atom, P1 and P3 the powers of the incident and generated radiation in Watts, L the
length of the cell and l the distance between the entrance window of the gas cell and the
focus. The parameter b is defined by b=kω2 with ω the diffraction limited beam waist
radius given by [7]
ω=

1.22 λ f
D

(3)

in which f is the focal length of the quartz lens (200 mm) and D the diameter of the
incident beam on the lens (variable from 2 to 7 mm). The geometrical function F is
given by

F(b∆k, 0, 0.5) = 


π2(b∆k)2 e(b∆k)

∆k<0
(4)

0

∆k≥0

under the tight focussing condition where b/L=0. In our experiments we used a cell of
200 mm length thus b/L is about 0.01. Since F does not vary much near b/L=0, the
function as given for the tight focussing case can be used. The geometrical function F
has a maximum for b∆k=-2. This maximum can be obtained with a proper choice of the
density N of the Xe gas, since n2-1 is almost proportional to N [8] and ∆k = 2π(n3n1)/λ3 (Eqn. 1). In the derivation of Eqn. 2 absorption of the generated light by the
xenon gas is not taken into account and the beam shape is assumed to be Gaussian.
In a series of measurements the conversion efficiency as a function of the Xe
pressure was studied. The fragment ion at mass 56 from 2,2-dimethylbutane was used
to monitor the VUV light intensity.
The UV power density in the focus was varied by changing the size of the
diaphragm in front of the quartz lens. This changes both the incident energy per pulse
and the focus size (Eqn. 3).
In Fig. 3 the abundance of the mass 56 ion (normalized by the 3rd power of the
incident radiation) is compared with the theoretical values for P3/P31. In calculating the
theoretical values the focal radius is taken as a fit parameter. The best fit radii for the
diaphragms are a factor 0.7 smaller than the diffraction limited radii expected from Eqn.
3. A discrepancy like this has been reported before by Mahon et al. [5] in discussing
the results from Bjorklund [6] and Zych et al. [9]. Bjorklund's results did correspond
well to theory whereas Zych's results deviated. Zych's results matched theory when his
parameter b was taken to be four times smaller. As was pointed out by Mahon, the
quality of the laser beam can have a large influence, and Bjorklund, unlike Zych and
unlike we have, has put a lot of effort in characterizing the UV beam.
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Conversion Efficiency
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Fig. 3.
Conversion efficiency (P3/P13 , see Eqn. 2) of generation of VUV versus Xe
pressure for several beam diameters. Theoretical values are given by full lines, experimental
values by symbols.

The vertical scales of the experimental and theoretical values in Fig. 3 are matched
by one factor for all three curves. The total phase mismatch is calculated from the phase
mismatch per atom, ∆k/N=-6.12× 10 -17 cm2 , as given by Mahon et. al. [5]. A
satisfying fit to the observations is found.
The larger the angles between the three wave vectors, the larger the difference in
refractive indices must be to obtain momentum conservation. Therefore, the optimum
Xe pressure increases with the size of the diaphragm. The asymmetry in the curves is
due to the asymmetry in the function F.
In our experiments the power density in the focus of the 354.6 nm beam is
2.1×10 9 W/cm 2 for D=2 mm (focus diameter 87 µm) and 3.1×10 11 W/cm 2 for D=7
mm (focus diameter 25 µm). To prevent damage to the LiF lens we did not measure at
higher intensities. However, at intensities of 1012 W/cm2 a levelling off in the
conversion efficiency was found by other authors [9]. Several processes can limit the
conversion efficiency, as there are linear and non linear absorption, multiphoton
ionization, dielectric breakdown, AC Stark shifts and the Kerr effect. These effects are
extensively discussed in [10].
We have not been able to measure the number of generated VUV photons. Pallix
et al. [11] have reported a value of about 10-4 for P3/P1 in a set-up similar to ours;
adoption of this value would lead to about 1012 VUV photons per pulse in our
experiment.
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Tuneable UV light
In MPI more than one photon has to be absorbed in order to exceed the ionization
energy. This means that in practice we work with wavelengths between 200 and 400
nm to be able to obtain two photon ionization. These wavelengths are generated by
frequency doubling the output of a Nd:YAG pumped dye laser in a BBO crystal, see
Fig. 4.
Our Nd:YAG laser is a Spectra Physics DCR-3G with near Gaussian optics. It
produces about 1 Joule in a 8 nanosecond pulse at 1064 nm wavelength. This
wavelength can be frequency doubled to produce 532 nm (green, 415 mJ/6 ns), or
frequency doubled and mixed to generate 354.6 nm (UV, 220 mJ/5 ns). The different
wavelengths are separated by a set of dichroic mirrors. The wavelengths that are not
used are dumped. Depending on the type of dye used, the dye laser is pumped with the
green or UV light. Typical output for the dye laser (Spectra Physics PDL-3) with the
use of LD489 (UV pumped) and R 590 (green pumped) is 22 mJ in 6 ns pulses. For
both green and UV pumped dyes the dye laser is set up with a side pumped amplifier,
making the output beam diameter smaller with respect to beams produced by
longitudinally pumped amplifiers as is normal for green pumped dyes. The small beam
diameter allows the use of smaller crystals for the generation of the second harmonic.
According to the specifications the bandwidth of this laser is 0.07 cm-1.
Harmonic
Separation

Nd:YAG
laser
2nd & 3rd
Harmonic
Generation

Dye
laser
Harmonic
Separation

2nd
Harmonic
Generation

Beam
Dump

Fig. 4.
Dye laser set-up. The dye laser is pumped with a harmonic of the Nd:YAG laser.
Depending on the dye used, the harmonic is the second or third of the 1064 nm of the Nd:YAG.
Using several dyes, radiation in the wavelength range between 460 and 575 nm can be generated
and frequency doubled with a β-borium borate (BBO) crystal resulting in a wavelength range
between 230 and 287 nm. To separate the harmonics of the Nd:YAG a number of dichroic
mirrors is used, to separate the frequency doubled dye radiation from the dye radiation a set of
four Pellin-Broca prisms is used.

The output of the dye laser is frequency doubled in a β-barium borate (BBO)
crystal. This type of crystal is chosen over the potassium dihydrogen phosphate (KDP)
crystals, because of its high conversion efficiency and because a set-up using KDP
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crystals to generate UV would involve doubling a red dye and mixing the doubled
frequency with the remaining infrared of the Nd:YAG. In that case the bandwidth of the
frequency doubled dye would be dominated by the broad bandwidth of the infrared (1
cm-1) while with second harmonic generation in BBO the bandwidth is estimated to be
0.15 cm -1.
The BBO crystal is angle tuned to the wavelength of the dye laser. This is done
by a computer which controls, via a motor, the turning of the crystal to a position given
by a calibration table (optimum crystal position versus wavelength). At wavelengths
between calibration points the position is calculated from a linear interpolation.
Calibration points are chosen about 0.3 nm apart.
In an alternative method of angle tuning, the crystal was positioned by a feedback
loop which measures the intensity on two opposite edges of the laser beam of the
frequency doubled wavelength. Asymmetry in the two intensities was translated by the
feedback loop in a motor motion to a better position. Compared to this method our
method of angle tuning has the following advantages: the computer cannot lose track of
the optimum position during long scans and on the edges of the usable wavelength
range of a dye, it works with large wavelength steps, it works when the laser is not
firing and the beamshape of the dye laser has no influence on the tracking performance.
A disadvantage is that the calculated position is not necessarily at an optimum. Since
less intensity is needed than can be generated, this disadvantage is accepted. The laser
intensity is monitored during experiments, so that corrections for variation in laser
intensity can be done afterwards.
After the second harmonic is generated in the BBO crystal, it is separated from
the dye laser frequency by leading the beam through four Pellin-Broca prisms (Fig. 4).
After the first prism the dye laser light is blocked. The other three prisms are used to
lead the second harmonic on the original path. After separating the harmonics, 4.5 mJ
per pulse can be obtained at 250 nm from a 22 mJ per pulse at 500 nm. The ionization
efficiency varies from molecule to molecule depending on the cross sections of photon
absorption and the lifetime of the resonances. In the literature a value of 25 % is
reported [12] for one colour REMPI on aniline.
The laser intensity can be attenuated using a variable attenuator from Newport
Corp. This attenuator allows up to 40 dB attenuation without wavelength dependence
and is capable of handling high power densities. The intensity can further be reduced
by a beam expander consisting of two lenses (f=-50 mm and f=200 mm) thus creating a
larger ionization volume in the source. With a diaphragm between the lenses of the
beam expander we prevent the laser light from hitting the ion optics in the mass
spectrometer source where the UV light could easily generate secondary electrons in the
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acceleration field. These electrons can gain a few hundred eV in kinetic energy and thus
create ions and disturb measurements.
Ion optics
The ion optics of the time of flight mass spectrometer (Fig. 5) were obtained from
Bruker-Franzen. Ions are made in a static electric field. The acceleration section is of
the Wiley-McLaren type, consisting of two electric fields accelerating the ions in the
same direction. After this acceleration section, the ions travel through an Einzel lens and
are steered with deflection plates into the drift tube to a meshless ion reflector. The
kinetic energy of the ions is 700 eV. The drift tube is about a metre long and is at
ground potential. The reflector enhances the resolution of the mass spectrometer by
compensating for the energy spread caused by a potential difference over the ionization
volume in the ion source.

A

E
Dp
T

L
W

Ir

Ph

D
Ph

Fig. 5.
Ion optics of the Time of Flight mass spectrometer. A, acceleration plates; E,
Einzel lens; Dp, deflection plates; Ir, ion reflector; D, ion detector; L, ionization laser beam; W,
window; T, ion trajectory; Ph, vacuum pump holes.

The ion current is amplified by a set of two channel electron multiplier plates
(channel plates) or a Johnston MM-1 electron multiplier. Since the dead time of a single
channel in a channelplate is in the order of a millisecond and this time is longer than the
acquisition time of a spectrum, each channel in the plate is capable of multiplying the
charge of a single ion per laser shot. The number of channels is therefore a limit to the
amount of ions one can measure correctly in a spectrum from a single laser shot and it
is necessary to spread the ion beam over the full surface of the channelplate, rather than
focussing it. In the case of an electron multiplier this limit is not clearly determined. The
time resolution of the electron multiplier is clearly lower than that of a set of two
channelplates. The signal has a FWHM of about one nanosecond for single ion counts
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on the channelplates. For the Johnston electron multiplier this is about 10 nanoseconds.
The large difference can be explained by the distance the electrons have to travel in the
multiplication process; 2 mm through the channelplates compared to 32 mm through the
electron multiplier .
Before ions hit the detector they are accelerated by the voltage applied to the front
of the detector. A double grid at ground potential is located 10 mm in front of the
detector, while the front of the detector is at a negative potential of about 4 kV. The
increase in velocity of the ions enhances the production of secondary electrons and
therefore the detection efficiency.
Sample introduction
The sample can be introduced in several ways. Depending on whether the vapour
pressure of the sample at room temperature is high or low, it can be introduced directly
into the vacuum or by desorption with a laser. In the latter case cooling of the desorbed
species is optional.
Volatile samples
Samples with a vapour pressure of a few millibar or higher can be mixed with
argon gas of about 2 bar and expanded into the vacuum through a pulsed valve. The
valve is a modified Bosch valve as used in injection motors of vehicles. The metal tip
has been replaced by a teflon tip so that the valve can be closed vacuum tight by a
spring. The adiabatic expansion, a supersonic jet, takes the sample molecules to the
ionization chamber. The direction of the jet is aligned with the drift tube of the mass
spectrometer and the ionization laser beam crosses the jet under right angles. This setup minimizes Doppler effects in resonant ionization spectroscopy.
In the jet the sample molecules are forced by collisions to follow the bath gas
atoms. The velocity component in the direction of the flight tube, the parallel
component, reaches a final value in the collisionless regime. The perpendicular
component of the velocity, as observed in the ion source, is determined by the distance
between valve and ionization volume and the position and diameter of the skimmer. In
the collisional regime of the jet the parallel component of the velocity spread of
molecules in the jet is reduced and the average value is increased to approximately 460
m/s. This has a positive effect on the resolution of the mass spectrometer as can be seen
in Fig. 6. The figure shows two double peaks in the mass spectrum of n-hexane
ionized by SPI. The peak on the left is from mass 86 Da, the peak on the right is the
isotopic peak. Each of the peaks consist of two contributions; the sharp high peak is
from molecules in the supersonic jet, the broader low peak is from molecules
introduced into the vacuum through a leak. The difference in the average initial velocity
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Ion Abundance

upon ionization of the molecules is responsible for the lag between sample molecules
introduced via the leak and via the pulsed valve. The width of the peaks reflects the
initial velocity distribution.

62.900

63.400
TOF [µs]

63.900

Fig. 6.
Time of Flight spectrum of n-hexane. The two peaks are from the molecular ion
(mass 86 Da) and the molecular ion containing one 13C (mass 87 Da). The splitting in both
peaks is caused by ion formation from molecules of different origin, i.e. those introduced in the
mass spectrometer through a leak and those introduced through co-expansion in a supersonic jet.

In the adiabatic expansion the internal degrees of freedom of the molecules are
cooled via collisions with the bath gas. The rotational cooling is analyzed quantitatively
in the experiments described in Chapter 4 of this thesis.
A demonstration for this cooling is given by the mass spectra of several organic
compounds like benzene, n-hexane and cyclo-hexane. The mass spectra of these
compounds show a high abundance of van der Waals clusters formed in the jet, see
Fig. 7 for cyclo-hexane. This mass spectrum shows a broadening of peaks with
increasing mass. This is due to fragmentation processes of the cluster. When the
fragmentation takes place on a nanosecond timescale after ionization, the fragment ion
will be registered at its fragment mass. When fragmentation takes place within a few
microseconds after ionization, the fragment ion will have a kinetic energy deficiency
with respect to the parent ion and will form a tail in the fragment ion peak. If
fragmentation takes place on a timescale comparable with the time of flight, fragment
Fig. 7.
(next page) Mass spectrum of cyclo-hexane co-expanded with argon in an adiabatic
expansion. The mass spectrum, measured in two parts, shows ions from clusters of cyclohexane molecules at multiples of 84 Da. Peaks marked by an asterisk in the second panel of the
first trace, are metastable peaks resulting from clusters dissociating between the accelerating
section and the ion reflector and are also visible in the second trace. The step-like decrease in ion
abundance between clusters of size 14 and 15 is due to stability of clusters number 14.
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Ion Abundance

ions will not be registered at their correct fragment mass. These type of peaks in mass
spectra are called metastable peaks and are marked with an asterisk in Fig. 7. The steplike decrease in ion abundance between clusters of size 14 and 15 is due to the relative
high stability of cluster 14. Clusters with a high stability will lead to high abundance in
mass spectra.

-700

-600
-500
Delay [µs]

-400

Fig. 8.
Scan through the gas pulse from the supersonic jet. The horizontal axis shows
the delay between triggering the pulsed valve and the ionization laser. The vertical axis shows
the intensity of the ions of several species as recorded on the detector of the TOF-MS. The three
species in this graph are the monomer (solid line), dimer (dashed line) and trimer (dotted line) of
n-hexane. The ion intensities are scaled to the maximum of the individual curves, the real ratio
is 10:2:1 for the monomer:dimer:trimer. The shift of the rising 'front', from monomer to dimer
to trimer, of the density of the species in the gas pulse at short delays is due to the production
process of the van der Waals clusters and velocity slip with respect to the bath gas.

It is possible to make a density profile of the molecules in the jet pulse by
measuring the ion intensity as a function of the time delay between the opening of the
valve and the pulse of the ionization laser. The profile measured in this way is a
convolution of the Boltzmann distribution in velocity of the neutrals and the opening
time of the valve. The opening time of the valve is estimated to be in the order of 100
µs but we find large variations depending on the preload of the spring that keeps the
valve closed and the power applied to open the valve. Plotting the profile of the
monomer together with the dimer and trimer shows that the 'front' of the observed
species is delayed with increasing cluster size, see Fig. 8. There are two reasons to
explain this effect. Firstly, there is a velocity slip between the molecules in the jet with
respect to the atoms of the bath gas. The velocity slip is larger for heavier molecules
because the energy transfer per collision becomes small when the mass of the entrained
molecule is much larger than the mass of the bath gas atoms.
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Secondly, this effect can be explained from the formation of the clusters. Clusters
are created if two particles collide. If the two particles stay together, the velocity of the
particles, in the frame of the centre of mass, has to add up to zero. Therefore the
velocity distribution of the created clusters is narrower than that of the original
monomers. This difference is amplified by the distance between the pulsed valve and
the point of ionization.
Laser desorption
Another type of sample introduction is used for samples with a vapour pressure
that is too low for the first method. In this case the sample is dissolved in a suitable
solvent which is volatile and non-reactive, preferably methanol or ethanol. A drop of
the solution is then placed on the stainless steel surface of a sample probe and dried in
air. The probe is inserted through a lock into the vacuum and placed under the orifice of
the pulsed valve, see Fig. 9. The molecules can be desorbed from the surface by
irradiation of the surface with a pulsed CO2 laser beam and are entrained in the
supersonic jet. Since the collision regime of the jet only extends to a distance of ten
L
W

S

V

I

P

Ph

Ph

Fig. 9.
Experimental set-up for laser desorption and entrainment in a supersonic jet. P,
sample probe; I, inlet for bath gas of jet; V, pulsed valve; L, focussed CO2 laser beam; W,
ZnSe window; S, skimmer; Ph, vacuum pump holes.
The sample is located on a stainless steel probe which is placed within 0.5 mm under the orifice
of the pulsed valve. The CO2 laser beam is focussed on the probe by a ZnSe lens located outside
the vacuum chamber. Desorbed molecules are entrained in the supersonic jet and transported to
the ionization chamber through a skimmer. Dimensions are as follows. Diameter of valve
orifice 0.15 mm, CO2 laser focus 1.0×1.5 mm 2, distance between valve and skimmer 20 mm,
skimmer opening 1 mm, probe width 1.0 mm, stagnation pressure gas reservoir 2.5 bar, pulse
length of valve about 1 ms.
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times the diameter of the orifice, the probe has to be placed within 1 mm distance from
the orifice so that desorbed molecules can enter the collision regime. The supersonic jet
takes the sample molecules to the ionization chamber.
The beam of the CO2 laser is attenuated by a variable factor with a ZnSe Brewster
window and then split by a 50% ZnSe beamsplitter. One part of the beam is dumped in
an energy meter. For every shot the laser intensity is recorded by the computer. The
CO2 laser, from Pulse Systems Inc., Los Alamos, USA, gives 10 µs pulses of 100 mJ
at a wavelength of 10.6 µm. The maximum energy available on the probe with the
beamsplitter and the attenuator installed is 30 mJ. The beam is focussed on a spot of
1.5 mm2. The pulse shape of the CO2 laser has not been measured but consists of a
sharp narrow peak followed by a long tail. The energy in the tail can be as large as the
energy in the peak.
The effect of seeding and cooling on the sample molecules can be deduced from
the experiments in which homovanillic acid (HVA) was desorbed from the probe and
seeded into an argon jet. While varying the delay between desorption laser pulse and
the ionization laser pulse, keeping the pulsed valve at a fixed delay to the desorption
laser, a density profile of desorbed molecules in the jet pulse can be obtained by
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Fig. 10.
Scan through the gas pulse from the supersonic jet. The horizontal axis shows
the trigger time of the desorption laser with respect to the trigger time of the ionization laser.
The pulsed valve has a fixed delay with respect to the desorption laser. The vertical axis shows
the intensity of the ions of several species as recorded on the detector of the TOF-MS. Solid
lines indicate measurements with the pulsed valve working, dotted lines indicate measurements
with the valve switched off. The species recorded are HVA (Fig. A) and HVA2 (Fig. B),
desorbed from the probe and seeded in the argon jet. The dip in the HVA signal in Fig. A is
caused by the production of HVA2, a density dependent process. From Fig. A it can be seen that
the major contribution in the tail of the pulse is from desorbed molecules that reach the
ionization volume without being entrained in the jet. Without the jet no clusters are observed.
From Fig. B we calculate an average velocity of 460 m/s for the HVA dimers.
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Fig. 11.
Efficiency of seeding desorbed molecules in the supersonic jet. The horizontal
axis shows the trigger time of the pulsed valve with respect to the trigger time of the ionization
laser. The desorption laser has a fixed delay, of -130 µs, with respect to the ionization laser. The
vertical axis shows the ion abundance of the following species. The dashed line indicates the
desorbed HVA, the dotted line indicates the HVA2 clusters, the solid line indicates the guaiacol
molecules co-expanded in the argon jet. At short delays the desorption laser fires without a jet
being present, therefore no desorbed molecules reach the ionization volume when the ionization
laser is fired. At long delays the jet is already present when the desorption laser is fired.
Optimum transport takes place when the desorption laser is fired a short time before the opening
of the valve.

monitoring the ion intensities as a function of the delay. This is done for ions from the
desorbed HVA molecules and van der Waals clusters thereof (Fig. 10). The profile of
the desorbed molecules is a convolution of the time evolution of molecules desorbing
and the velocity distribution in the jet. Note that desorbed molecules are only observed
during 60 µs in the jet pulse. This means that the desorption process must take place
within a timespan of less than 60 µs. A delay of 130 µs is equivalent to a speed of 460
m/s.
In a second experiment the efficiency of seeding molecules into the jet can be
observed (see Fig. 11). The desorption laser is kept at a fixed delay (-130 µs) with
respect to the ionization laser and the delay between the opening of the pulsed valve and
the firing of the ionization laser is varied. If the jet is not present (short delay) when the
desorption laser is fired, none of the desorbed molecules have reached the ionization
volume at the moment of the firing of the ionization laser. If the jet is flowing (long
delay) when the desorption laser is fired, desorbed molecules are seeded into the jet,
accelerated and reach the ionization volume at the moment of the firing of the ionization
laser. From Fig. 11 it can be seen that a most efficient transport as well as cooling take
place when the desorption laser is fired shortly before opening the valve. The ratio

29

Experimental Set-up

between signals from desorbed molecules and clusters thereof indicate the degree of
cooling obtained.
An indication of the cooling of desorbed molecules can also be retrieved from the
mass spectra. The mass spectrum of desorbed HVA seeded in a jet of CO2 gas shows
in Fig. 12, apart from the molecular ion peak, a large number of peaks at higher
masses. All peaks can be assigned, on the basis of their mass, to van der Waals clusters
of HVA molecules, or clusters of HVA with CO2 and/or H2O molecules.
HVA
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Fig. 12.
Mass spectrum of desorbed homovanillic acid (HVA) seeded in a CO2 jet. In the
mass spectrum peaks of HVA (182 Da), HVA2, HVA 3, HVA 4, HVA •H 2O and HVA•nCO2
(n=1..5) are indicated. For masses higher than 195 Da the ion abundance has been multiplied by
a factor 5.

In the the third and last method of sample introduction described here, transport
of sample molecules by the jet is omitted. The reason for omitting the cooling is
twofold; transport by supersonic jet is expected to have a mass limit depending on the
mass ratio between the bath gas atoms and the entrained molecules, and the geometry of
this set-up has a higher efficiency for detecting desorbed molecules since the ionization
volume is located near the desorption place. The surface of a stainless steel probe is

30

Chapter 2

placed in the plane of the acceleration plate with the highest potential, see Fig. 13. The
probe has the same potential as this plate to avoid disturbance of the electric field. From
this surface the sample is desorbed by the CO2 laser beam incident under glancing angle
(10˚). Clustering of neutrals is never observed. Though the expectation is that the mass
range of the mass spectrometer is not limited in this case by the transport with a
supersonic jet, masses higher than 2000 Da are hardly observed, so that there might be
other limiting aspects. A low detector efficiency for high mass ions is one limitation
since the detector efficiency depends strongly on the secondary electron yield of the
ions, which decreases with decreasing ion velocity.
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Fig. 13.
Set-up for laser desorption and post ionization without entrainment in a
supersonic jet. L, focussed CO2 laser beam; W, ZnSe window; P, sample probe; V, vacuum
lock; Ph, vacuum pump holes.

The data acquisition
The heart of the data acquisition system is a 80286 microprocessor based
computer equipped with a coprocessor, an IEEE-488 interface, a digital input/output
port and an eight channel Analog to Digital Converter, 1 Mbyte internal memory and
100 Mbyte hard disk. Devices connected to the IEEE-488 bus (see Fig. 14) are a HP
7475A plotter, a LeCroy 9450A digital oscilloscope, a model DG535 Pulse/Delay
generator from Stanford Research Systems, a Questek scan controller (model 5220 B)
for the dye laser and a 8086 based computer to control the angle tuning of the BBO
crystal.
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The digital oscilloscope is used for sampling the detector signal of the mass
spectrometer. The sample rate can be chosen at 400 MHz or less. Practical values are
400, 200 and 100 MHz. At lower sample rates the peaks in the TOF spectrum might be
under-sampled giving rise to high shot to shot amplitude variations. The sampled data
is stored in an internal memory of 50 kbytes and can be copied to the computer via the
IEEE-bus. The oscilloscope is triggered by a photodiode picking up the signal from the
second harmonic of the Nd:YAG laser. Triggering on the signal from the dye laser is
problematic since the intensity of the signal is variable over the wavelength range of the
dye. Simultaneously with the time of flight spectrum, the oscilloscope monitors the
signal of a photodiode that measures the intensity of the ionizing laser beam. The plotter
is used to make hard copies of the oscilloscope screen.
IEEE 802.3 (Ethernet)

Power supplies of ion optics
Vacuum pressure meters

ADC

Nd:YAG lamps
Nd:YAG Q-switch
Olivetti M280
(80286)

Pulsed Valve
CO2 laser

Busy
delay
generator
IEEE-488 bus

Trigger veto
LeCroy 9450
Oscilloscope
Scan
controller
Olivetti M24
(8086)

Trigger from photodiode
Signal from ion detector
Laser intensity from photodiode
Stepper motor of dyelaser

DC motor of crystal tracker

Plotter

Fig. 14.

Bus structure of the data acquisition system.

The delay generator is used to trigger the oscillator of the Nd:YAG laser, the Q-switch
of the Nd:YAG laser, the pulsed gas valve and the CO2 laser. Delays can be set either
by the front panel keyboard or by commands accepted via the IEEE-bus. The standard
setting and sequence for desorption with jet cooling is to trigger the YAG oscillator at
t=0, the Q-switch 3.18 ms after the oscillator, the nozzle 480 µs before the Q-switch
and the CO 2 laser 130 µs before the Q-switch. The delay generator runs at 10 Hz, the
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optimum repetition rate for the Nd:YAG laser. The intensity of the Nd:YAG laser can
be varied by changing the Q-switch delay relative to the oscillator. This is preferable
over varying the flash lamp's energy as this would change the thermal load on the
Nd:YAG rods and thus change the beam divergence.
The delay of the pulsed valve opening accounts for two effects: the time for the
gas to travel 6 cm to the ionization volume and the response of the valve to the current
pulse. The delay of the CO2 laser relative to the Q-switch of the Nd:YAG laser is the
time it takes the desorbed particles to travel 6 cm downstream in the jet.
The Questek scan controller actuates the stepper-motor for the grating in the dye
laser. It relates the position of the grating to either a wavelength or a wavenumber. It
also takes care of eliminating a backlash in the grating drive.
The 8086 microprocessor based computer is programmed in Turbo Pascal and
interfaces the IEEE-bus to a Bitbus as well as converting wavelength to the required
motor position of the BBO crystal. The angle tuning of the BBO crystal is done with an
Oriel Encoder mike. This motor has a built-in encoder and gives two quadrature
outputs. These outputs, as well as the motor power supply connect to a LM628 based
controller which interfaces to the 8086 based computer through an optical fiber (IEEE1118, Bitbus).
The control programme
The control programme is a code written in FORTRAN which runs on the 80286
based computer. It controls all measurements done with the Time of Flight Mass
Spectrometer.
When measuring a mass spectrum, the computer sets up the oscilloscope to
generate a Service Request (SRQ) after each acquired waveform (time of flight
spectrum), and sets the trigger mode to single shot. It then switches the delay generator
from external to internal triggering which will cause the Nd:YAG laser to fire. After the
computer receives a SRQ it will transport the data stored in the oscilloscope to the
computer and add the 8 bit data in a 16 bit memory. The transfer rate is net 250
kbyte/second so that a 50 kbyte TOF spectrum will take 0.2 seconds without overhead.
During this time the computer inhibits the Q-switch through a bit in the digital I/O port,
the CO2 laser and the pulsed valve, thereby reducing the load on the dye laser, the
sample and the vacuum, respectively. The spectra are displayed on the screen of the
oscilloscope from shot to shot. The time the oscilloscope takes to display the data,
together with the time to transfer the data and the time to sum 50 kbytes of data enables
the spectra to be acquired at 2 Hz. A line between the delay generator and the triggerveto input of the oscilloscope prevents the oscilloscope from triggering erroneously on
noise from the CO2 laser. While acquiring data in the oscilloscope, the voltages of the
power supplies connected to the ion optics are measured through the ADCs. Using a
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simple flight time to mass conversion equation and the measured voltages, masses up to
100 Dalton can be identified with only a 0.2 Dalton error. At mass 700 this error is
about 2 Da.
In measurements where the intensities of ion peaks are monitored as a function of
a delay, as in the case of a jet profile scan, or as a function of the wavelength of the dye
laser, as in the measurement of absorption spectra, a large data reduction takes place. In
these cases the programme only transports data from up to four peaks in the TOF
spectrum. This data reduction allows the experiment to run at 5 Hz when every
spectrum resulting from a single laser shot is displayed on the oscilloscope screen, or at
10 Hz when no spectra are displayed on the oscilloscope screen. For each laser shot,
the programme integrates over the selected intervals in the TOF spectrum which include
the peaks. The integrals are accumulated over a number of consecutive shots to increase
the signal to noise ratio. After this accumulation, the Q-switch, valve and desorption
laser are inhibited, the values obtained are written to a file and the wavelength is set to a
new value. To obtain the correct integral values for the peaks, a part of the spectrum
without peaks must be measured as well to obtain a value for the baseline in the
spectrum.
The data processing programme.
The acquired data are transported over Ethernet to a DEC Vaxstation 3100 M38.
Using this computer, the absorption spectra can be corrected for the baseline
contribution, wavelength converted to wavenumbers, corrected (roughly) for the
refractive index of air, corrected for intensity fluctuations in the ionizing laser and
plotted in a representative way. Time of flight spectra can be calibrated on two known
calibration peaks, time of flight t1 and t2 and mass m1 and m2, to determine the two
constants in the relation
tTOF = c1+c2√m .

(5)

Constant c 1 is related to two differences; one in the cable lengths for the detector and
trigger source and one in the distance between the ionization point and the trigger point
measured over the laser beam path. Constant c2 is a function of the energy of the ions,
the atomic mass unit, the elementary charge unit and the effective length of the mass
spectrometer. The inaccuracy in both constants determines the mass range over which
the calibration holds within a certain accuracy. From the partial derivatives of c1 and c2
to both t1 and t 2 and the error in t1 and t 2, the inaccuracy of both constants can be
calculated. These errors lead to an inaccuracy in mass when converting time of flight to
mass with Eqn. 5. The result for two sets of calibration points is shown in Fig. 15. The
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0.0

Error [%]
0.2

0.4

solid line is calculated with calibration points at 84 Da (61 µs) and 840 Da (191 µs) and
the dotted line is calculated with calibration points 84 Da (61 µs) and 252 Da (105 µs).

0

3000
Mass [Da]

6000

Fig. 15.
Error in mass determination as function of mass using two sets of two calibration
points. The solid line is calculated with calibration points at 84 Da (61 µs) and 840 Da (191
µs), the dotted line is calculated with calibration points 84 Da (61 µs) and 252 Da (105 µs). The
spectrum is shown in Fig. 7. The error in the calibration point at short TOF is 20 ns, the error
in the calibration point at long TOF is 50 ns.

The spectrum is shown in Fig. 7. The error in the calibration point at short TOF is 20
ns, the error in the calibration point at long TOF is 50 ns. The constants c1 and c 2 for
the solid line are 0.878 ± 0.037 and 6.5598 ± 0.0027 and for the dotted line 0.89 ±
0.08 and 6.558 ± 0.008. Note that an error of 0.1 % at mass 6000 leads to an error in
mass assignment of 6 Da.
There are several contributions to the error in the calibration points. First of all,
the masses of the ions in the calibration spectrum have to be known accurately within 1
mDa especially in the low mass (<100 Da) region. Secondly, the peak shape of the
calibration peaks can cause ambiguity in assigning its time of flight. Assignment can
either be done on the maximum or on the geometric centre of the peak. Peak shape is
also affected by the origin of the peaks, where molecular peaks are only influenced by
the ion optics, fragment peaks, especially from rearrangement reactions, can show a
nasty tailing making these peaks difficult to use for calibration. On the other hand, low
mass (<50 Da) fragments from highly excited ions often show very sharp peaks.
What's next ?
In the following chapters will be reported on experiments with the equipment
which has been described here. Chapter 3 reports on single photon ionization
experiments on a number of saturated alkanes. Due to the lack of absorption bands at
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wavelengths higher than 200 nm these molecules cannot be ionized with multiphoton
ionization without inducing intense fragmentation. The fragmentation of these alkanes
is studied as a function of their internal energy. For n-hexane we can compare the
results with the predictions of quasi equilibrium theory.
Chapter 4 reports on multiphoton ionization experiments on benzene. The
benzene molecules were co-expanded in the supersonic jet and the internal degrees of
freedom were cooled in the adiabatic expansion. The rotational band contour is
measured. If the experimental results are compared with theory a rotational temperature
of 1.75 K is found. Due to the cooling it is possible to ionize, with a well chosen
wavelength, one component only from a mixture of 12C6H6 and 13C12C5H6.
Chapter 5 reports on experiments investigating the necessity of cooling for mass
spectrometric purposes. The ionization method used here is single photon ionization
because the energy deposition in the molecule is better defined than in multiphoton
ionization. The molecules used are aromatic compounds and turn out to be very stable
under single photon ionization. For this type of molecules, cooling hardly improves
information that can be obtained from the mass spectrum.
Chapter 6 reports on resonant enhanced multiphoton ionization of aromatic
compounds. Like in Chapter 5, these compounds are related to the structural plant
polymer lignin. The absorption spectra of these compounds show shifts of the lowest
transition corresponding with the number of groups attached to the aromatic ring. This
result is used to select the wavelengths used in selective ionization of pyrolysis
products of native lignin formed in laser desorption. For one compound, part of the
absorption spectrum, the part due to internal rotations of side groups of the aromatic
ring, is compared with transitions possible between eigenstates of a one dimensional
Schrödinger equation. The potential felt by the rotor is fitted to match experimental
results.
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3
LASER SINGLE PHOTON IONIZATION MASS SPECTROMETRY
OF LINEAR, BRANCHED AND CYCLIC HEXANES

In this chapter the use of VUV photons of 118.2 nm (10.49 eV) to ionize organic
molecules will be discussed. The production of VUV photons is described in Chapter 2
of this thesis. With these photons, time of flight mass spectra of n-hexane,
3-methylpentane, 2,2-dimethylbutane, 2,3-dimethylbutane and cyclo-hexane were
obtained by single photon ionization. For n-hexane, fragmentation as a function of the
temperature is compared with the predictions from quasi equilibrium theory. The model
shows that for n-hexane less than 50% of the difference between photon energy and
ionization energy is deposited in the molecular ion.

Introduction
Mass spectrometers are often considered to be universal instruments for the
analysis of molecules. Important in the identification of molecules is the fragmentation
that occurs after ionization. The molecular ion peak and its isotopic peaks give
information about the molecular weight and elemental composition, while the
fragmentation gives information about specific groups of the molecule.
The internal energy is important in the fragmentation processes of ions. Internal
energy can have several causes, such as the thermal energy of the molecule before
ionization and the energy deposited by the ionization method.
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In multiphoton ionization a trade-off has to be made between a high detection
efficiency and low fragmentation. At high laser intensities the ionization efficiency can
reach its maximum value, determined by the lifetime of the resonant state, but due to
possible excess photon absorption fragmentation can occur.
The process leading to fragmentation after the absorption of additional photons by
the ions is often referred to as ladder switching [1]. Using single photon ionization
(SPI), a high light intensity is not necessary because the ionization is a single photon
process. As a consequence two photon absorption has a very low probability. An
additional advantage of SPI is that the cross-sections for ionization of different
molecules are often of the same order of magnitude, which makes it a less-selective
method in analytical analysis [2] compared to MPI.
Most organic molecules can be ionized by photons with an energy of about 10
eV, which corresponds to a wavelength of about 123 nm. Steiner et al. have shown that
single photon ionization yields a high abundance of molecular ions from saturated
hydrocarbons [3]. Resonant multiphoton ionization is impossible since saturated
hydrocarbons do not absorb in the UV region. As described in Chapter 2 special care
has been taken to avoid overlap between the VUV and UV laser beams in the focus.
The experiments described in this chapter are performed on isomeric hexanes and
cyclo-hexane. These volatile hydrocarbons have been chosen because the necessary
information about the heats of formation of fragment ions as well as ionization energies
are known.

Experimental
A schematic figure of the sample inlet to the TOF mass spectrometer is given in
Fig. 1. The hydrocarbons were introduced via a heatable U-tube with a 1 mm diameter
hole at the bottom. The temperature of the tube was measured with a thermocouple. The
heatable U-tube was elevated to an electric potential so that the ion signal on the detector
was optimized. The sample flow into the mass spectrometer was controlled with a
needle valve. In all experiments the pressure in the vacuum chamber increased from
5×10-6 Pa background to 10 -4 Pa as the sample flow was switched on. The pressure at
the place of ionization is estimated to be higher by a factor of 100. The samples
n-hexane (purity 99%) and cyclo-hexane (99.7%) were obtained from Merck,
2,2-dimethylbutane (98%), 2,3-dimethylbutane (97%) and 3-methylpentane (99%)
were purchased from Janssen Chimica.
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S

T

VUV

I

UV

M

A1

A2

Fig. 1.
The sample inlet for the mass spectrometer. A1 and A2 denote the plates defining
the accelerating field in the ion source of the mass spectrometer. The tube T is U-shaped,
mounted on a vacuum flange and can be heated by an electric current through the tube. The
cross-sections of the VUV and UV laser beams are denoted by VUV and UV resp. The sample
inlet is denoted by S. The molecular flow of sample molecules is denoted by M. The direction
in which the ions are accelerated is indicated by I.

Results and discussion of the hydrocarbon mass spectra
In order to study the influence of internal energy on the fragmentation of ions,
mass spectra were taken at temperatures 20˚C and 280˚C for cyclo-hexane, n-hexane,
3-methylpentane, 2,3-dimethylbutane and 2,2-dimethylbutane. Ion signals were
obtained from 118.2 nm radiation exclusively. This was proven by the fact that no
signal was obtained when the Xe gas used to generate the VUV radiation was pumped
out of the frequency tripling cell.
The heats of formation of the fragment ions of the molecules are known. From
these values the reaction energies for the fragmentations were calculated. The reaction
energies give a lower limit for the energy needed to fragment the molecule since a
possible energy barrier in the reaction path is not taken into account. In rearrangement
reactions this energy barrier can be of the order of hundreds of meV as shown in kinetic
energy release experiments. For example, 0.6 eV and higher values were reported for
the energy barrier in the dissociation of a hydrogen molecule from ethane [4].
In Table 1 the reaction energies calculated from the heats of formation given in Ref. [5]
are tabulated. They can be directly compared with the 10.49 eV of the VUV photon, as
the radiation density of the VUV is so low that multiphoton processes donot occur. The
presence of the fragment ions in the spectra taken at 20°C and 280°C is also tabulated.
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Table 1.
Minimum energy requirements for the fragmentation of the molecules n-hexane,
2,3-dimethylbutane, 3-methylpentane, 2,2-dimethylbutane and c-hexane .
Column 1 contains the mass of the fragment-ion, column 2 the energy difference between the
heats of formation of the molecule and of the ion and neutrals formed in the fragmentation. The
symbol ∆ in columns 3 and 4 indicates whether the fragment ion is observed in the spectra taken
at 20°C and 280°C, respectively. Column 5 gives the reaction and structure of the fragment ions
formed.

n-hexane
Mass
[Da]

Energy
[eV]

20°C
∆

280°C

Reaction
n-C6H14 →

∆

n-C6H14+•

86

10.14

71

10.64

57

10.87

56

11.86

56

10.44

44

11.79

C3H8+• + CH 3CH=CH2

43

11.04

i-C3H7+ + n-C3H7•

42

12.20

CH3CH=CH2+• + C 2H4 + H 2

42

10.78

41

12.56

CH2CHCH2+ + H2 + n-C 3H7•

29

11.86

C2H5+ + n-C 4H9•

27

14.04

C2H3+ + H2 + n-C 4H9•

n-C5H11+ + CH 3•
∆

δ-C4H9+ + C2H5•
CH3CH2CH=CH2+• + C 2H4 + H 2

∆

∆

CH3CH2CH=CH2+• + C2H6

CH3CH=CH2+• + C2H6

2,3-dimethylbutane
Mass
[Da]

42

Energy
[eV]

20°C
∆

280°C

Reaction
C6H14 →

∆

C6H14+•

∆

CH3C+HCH(CH3)2 + CH 3•

86

10.02

71

10.92

69

11.57

CH3C+HCH(CH3)=CH 2 + H 2 + CH 3•

56

11.34

CH3CH=CHCH3+• + C 2H4 + H 2

56

9.92

44

11.89

43

11.07

42

11.93

42

10.64

CH3CH=CHCH3+• + C 2H6
C3H8+• + CH 3CH=CH2
∆

i-C3H7+ + i-C3H7•
CH3CH=CH2+• + C 3H6 + H 2

∆

CH3CH=CH2+• + C3H8

Chapter 3

3-methylpentane
Mass
[Da]

Energy
[eV]

20°C
∆

280°C

Reaction
C6H14 →

∆

C6H14+•

86

10.06

71

10.87

∆

(C2H5)2C+H + CH 3•

57

10.95

∆

CH3CH2C+HCH 3 + C2H5•

56

11.32

56

9.90

43

12.13

i-C3H7+ + C2H4 + CH3•

41

12.04

CH2CHCH2+ + CH 4 + C2H5•

29

11.90

C2H5+ +C2H9•

CH3CH=CHCH3+• + C 2H4 + H 2
∆

∆

CH3CH=CHCH3+• + C 2H6

2,2-dimethylbutane
Mass
[Da]

Energy
[eV]

20°C

280°C

Reaction
C6H14 →

86

10.06

∆

∆

C6H14+•

71

10.26

∆

∆

(CH3)2C+CH2CH3 + CH 3•

70

9.37

∆

∆

(CH3)2C=CHCH3+• + CH 4

57

10.31

∆

∆

(CH3)3C+ + C2H5•

56

11.49

56

10.07

41

12.15

CH2CHCH2+ + CH 4 + C2H5•

30

12.39

(CH3)2C=CH 2 + C2H6+•

28

12.79

(CH3)2C=CH 2 + H2 + C2H4+•

(CH3)2C=CH 2+• + C2H4 + H2
∆

∆

(CH3)2C=CH 2+• + C2H6

c-hexane
Mass
[Da]

Energy
[eV]

20°C
∆

280°C

Reaction
C6H12 →

∆

C6H12+•

84

9.87

56

11.40

CH2CH2CH2CH2+• + C2H4

55

14.10

C 4H 7+ + C 2H 4 + H •

43

12.16

i-C3H7+ + C3H5•

41

12.19

CH2CHCH2+ + CH 3CH2CH2•
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An increase in internal energy gives rise to the opening of more reaction channels.
Table 1 shows that the observations made are semi-quantitatively in agreement with
this: at 20°C only fragment ions are seen which need 10.5 eV or less for formation, at
280°C fragment ions are found which need up to 11.1 eV to be formed. Calculations
show that at 280°C about 30% of the molecules, from the tail of the Boltzmann energy
distribution, have an internal energy increase above 0.6 eV.
Two major effects result from the fact that the photon energy is only slightly
higher than the lowest threshold energy for the dissociation reactions. Firstly, thermal
energy has a large effect on the fragmentations since the reaction rate near threshold
energy increases very fast with internal energy. The mass spectra show a large increase
in fragmentation at 280°C with respect to that at 20°C. See Figs. 2 to 5.

86

86

B
Ion Abundance

Ion Abundance

A

42

0.0

50.0
Time of Flight [ µs]

0.0

56
57

50.0
Time of Flight [µs]

Fig. 2.
Time of flight spectra of n-hexane at 20°C (A) and 280°C (B) recorded with Single
Photon Ionization. The mass of the ions is indicated near the peak.
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B
Ion Abundance

Ion Abundance

A

56

86
57
71

0.0

50.0
Time of Flight [ µs]

0.0

50.0
Time of Flight [µs]

Fig. 3.
Time of flight spectra for 3-methylpentane at 20°C (A) and 280°C (B) recorded
with Single Photon Ionization. The mass of the ions is indicated near the peak.
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Secondly, fragment ions with even mass have a high abundance since, in general,
the threshold energy for rearrangement reactions is lower than that for a simple, direct
cleavage leading to an odd mass fragment ion. Thus, near the threshold energy the
reaction rate of the rearrangement reaction is higher than for the simple cleavage.
There is a large difference between the spectra from 2,2-dimethylbutane and
2,3-dimethylbutane taken at room temperature, see Fig. 4A and 5A. In the case of
2,3-dimethylbutane no fragmentation is observed, while in the case of 2,2-dimethylbutane more than 90% fragments. The reason is obvious: formation of a C4H8+• ion
(mass 56 Da) from 2,2-dimethylbutane requires 10.0 to 10.1 eV if ethane is lost as the
neutral molecule. Thus the molecule has enough energy to overcome an energy barrier
of up to 0.4 eV if the photon energy is fully deposited in the molecule. For formation

56

71

0.0

56

B
Ion Abundance

Ion Abundance

A

57
71

86

50.0
Time of Flight [µs]

0.0

50.0
Time of Flight [µs]

Fig. 4.
Time of flight spectra for 2,2-dimethylbutane at 20°C (A) and 280°C (B) recorded
with Single Photon Ionization. The mass of the ions is indicated near the peak.
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B
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Ion Abundance

Ion Abundance

A

86
71
43

0.0

50.0
Time of Flight [µs]

0.0

50.0
Time of Flight [µs]

Fig. 5.
Time of flight spectra for 2,3-dimethylbutane at 20°C (A) and 280°C (B) recorded
with Single Photon Ionization. The mass of the ions is indicated near the peak.
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of a C3H6+• ion (mass 42 Da) from 2,3-dimethylbutane 10.6 to 10.7 eV is needed if
propane is lost as the neutral molecule. This energy is larger than the photon energy and
only an additional increase in internal energy through an increase in temperature can
start fragmentation. See Fig. 5B.
Note that although the formation of a fragment ion with mass 56 Da from
2,3-dimethylbutane requires less energy than an ion with mass 56 Da from 2,2-dimethylbutane, it does not occur. The reason is probably a high energy barrier; the
process of forming an ion of mass 56 Da involves the cleavage of two C-C bonds.
+•
H

+•

H

C

CH3

C
C

CH3

C

(i)

C

C

+•
H
C

C
C

Fig. 6.
molecule.

+•

H

CH2

CH2 + H2
C

C

(ii)

C

Reaction I: elimination of ethane. Reaction II: elimination of ethene and hydrogen

The even mass fragment ions are generated by the elimination of an alkane and
not by elimination of an alkene plus a hydrogen molecule (Fig. 6) from the various
hexane molecular ions. This is strongly supported by the fact that the latter reaction
requires essentially more energy (see Table 1) than there is available irrespective of
whether the spectra are taken at 20°C or 280°C.
c-Hexane (Fig. 7) does not give fragment ions at all, even at 280°C, since for
fragment formation at least two C-C bonds must be broken. This requires more energy
than is available in the photon.
The spectra are also sensitive to the structure of the molecules. The spectrum of
2,3-dimethylbutane, for instance, differs clearly from the other investigated hydrocarbons. The 2,3-dimethylbutane ion fragments mainly into an ion with mass 42 Da,
whereas the other hexanes give mainly ions of mass 56 Da. Only the fragmentation of
n-hexane at 280°C gives a small peak at mass 42 Da. The 2,2-dimethylbutane and
3-methylpentane ions cannot give a fragment ion containing three C atoms by one C-C
cleavage, while 2,3-dimethylbutane cannot give a fragment ion with four C atoms by
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84

84

B
Ion Abundance

Ion Abundance

A

0.0

50.0
Time of Flight [µs]

0.0

50.0
Time of Flight [µs]

Fig. 7.
Time of flight spectra for cyclo-hexane at 20°C (A) and 280°C (B) recorded with
Single Photon Ionization. The mass of the ions is indicated near the peak.

one C-C cleavage. Fragmentation of n-hexane can give both mass 56 and 42 ions, since
it is a linear molecule.
The radical ion formed after ionization by the VUV radiation can take up
additional UV photons. This is demonstrated in the case where the UV and VUV
radiation are not separated in the ionization volume. In this way fragment ions can be
formed which need a total energy of 14 eV, i.e. 10.5 eV from the VUV and 3.5 eV
from the UV photon. Van Bramer and Johnston [6], and Köster and Grotemeyer [7]
reported that the overlap between VUV and UV beams in the ionization volume lead to
generation of fragment ions with appearance energies higher than 10.5 eV. An example
for n-hexane is given in Fig. 8. The high abundance of the molecular ion peak indicates

Ion Abundance

86

29 39

0.0

43
57

50.0
Time of Flight [µs]

Fig. 8.
Time of flight spectrum of n-hexane at 20°C where ionization was achieved with
a mixed beam of VUV and UV laser light. The mass of the ions is indicated near the peak.
Compare this spectrum with the spectra in Fig. 2.
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that not all molecular ions absorb an extra UV photon. Since saturated alkanes are
known not to absorb light at the UV wavelength, the UV photons have to be absorbed
after ionization.
The cooling effect of a supersonic expansion, used to introduce the sample
molecules into the vacuum, can be seen from the fragmentation of 2,2-dimethylbutane
under single photon ionization, see Fig. 9. A large increase in the relative molecular ion
abundance can be seen comparing this spectrum with the spectra in Fig. 4.
56

Ion Abundance

86

71

0.0

50.0
Time of Flight [µs]

Fig. 9.
Time of flight spectrum of 2,2-dimethylbutane co-expanded in a supersonic jet of
argon recorded with Single Photon Ionization. The mass of the ions is indicated near the peak.
Compare this spectrum with the spectra in Fig. 4.

The internal energy of n-hexane after photo ionization
To compare the influence of the deposition of the photon energy with the
influence of thermal internal energy on the fragmentation, it is necessary to obtain a
quantitative measure of the energy imported into the molecule by the ionization method.
The partitioning of the photon energy over the photoelectron and the internal degrees of
freedom of the molecule can be estimated by comparing the temperature dependent data
on n-hexane with the results from calculations with Quasi Equilibrium Theory (QET).
This approach has been used before by several other authors [8,9].
The theory, of Rice, Ramsperger, Kassel and Marcus [10], is based on the
following assumptions; the vibrational energy in the excited state is distributed
statistically among all vibrational degrees of freedom, the energy flow between different
vibrational degrees of freedom is much faster than the reaction rate and the reaction rate
is controlled by the passage through a transition state located at a (local) maximum on
the potential energy surface of the reaction coordinate. Recently the first observation of
vibrational states in a transition state in ketene was reported [11].
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With these assumptions the rate constants of fragmentation reactions can be
calculated with
#

S W i (E-εi)
ki(E) =
h ρ 0 (E)

(1)

in which E is the internal energy of the molecular ion, Wi#(E) is the number of states in
the ith transition state with an energy less than or equal to E, ρ0(E) is the density of
states in the molecular ion, S the multiplicity of the fragmentation and εi the critical
energy of the fragmentation, see Fig. 10.

Transition
state

Ionic
state
E
εi

hν
E ion
Neutral
state

Reaction coordinate

Fig. 10.
Schematic picture of the fragmentation process of the molecular ion. Marked are
the ionization energy Eion, the energy E deposited in the ion and εi the critical energy of the
fragmentation. The horizontal axis is the reaction coordinate of fragmentation i. The 'ladders' of
vibrational states of the ionic and transition state represent all the (mutually orthogonal)
vibrations in the species apart from the the vibration(s) along the reaction coordinate.

ρ0(E) is approximated using the density of states of the molecule ρ(E), while
is approximated by a factor bi times W i(E), the number of states of the neutral
molecule with an energy less than or equal to E. Equation 1 becomes then

Wi#(E)

ki(E) =

S biW i(E-εi)
h ρ(E)

(2)
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The bi-factors and critical energies ε i are taken from Hoogerbrugge [8]. He
obtained these by comparing temperature dependent fragmentation with results from
QET using an experimental set-up similar to ours. ρ(E) is calculated from the
vibrational frequencies of n-hexane [12] using a direct count method and the WhittenRabinovitch approximation [13]. Wi(E-εi) is calculated by integrating ρ(E) from 0 to
E-εi.
The relative ion intensities are obtained by integrating the rate equations over
time. The integration boundaries for the molecular ion and fragment ions, t1 and t2, also
referred to as observation times, are not equal in our TOF mass spectrometer. The
observation time for the molecular ion is the time of flight that the ion takes to leave the
ion reflector, 40µs. Fragment ions formed from the molecular ion after leaving the
reflector are registered at the same time of flight as the molecular ion.
The observation time for the fragment ions is determined by the transmission of
the ion reflector. We have measured that fragment ions with an energy up to 60 eV less
than the energy of the molecular ion are still detected. This energy loss is reached when
an ion of mass 86 dissociates in the accelerating field after 2 µs to a fragment ion of
mass 56 and a neutral of mass 30. Since in the spectra of hexane only masses 86, 57
and 56 appear, we take the observation times t2 = 40 µs and t 1 = 2 µs. The time of
flight for mass 86 is 64 µs.
The relative ion intensities of the molecular ion and the fragment ions are given by
n

I0 = e

− ∑ k i (E)t 2
i=1

(3a)

and
n

Ii = 1 −

k i (E)
n

∑ k j (E)

e

− ∑ k j (E)t1
j=1

,

(3b)

j=1

respectively.
Note that the sum over Ij(E) is not 100 % when t1 and t2 are different. The
observation times only have a large influence when ∑ k i(E) is small i.e. when the
internal energy E of the molecular ion is just above the critical energy. When ∑ki(E) is
large, the exponential function in Eqns. 3a and 3b behaves like a step function and Ij(E)
is completely governed by the fraction ki(E)/∑ki(E).
Equations 3a and 3b give us the fragmentation as a function of the internal energy
E of the ion. This energy consists of two parts; the energy deposited by the photon and
the 'thermal' energy of the molecule. The energy deposition by the photon is a fit
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parameter and taken to be a delta function. The temperature of the molecule is taken into
account by calculating the Boltzmann distribution over the density of states:
P the (E, T) = ∞

∫

ρ(E)e −E kT

.

(4)

©
ρ(E©)e −E kT dE©

0

The temperature dependent fragmentation is found by integration of Ii over the occupied
states with Pthe(E,T) as a weighting factor:
I j©(T, E dep ) =

∞

∫ I j (E + E dep )P the (E, T)dE.

(5)

0

86
57
56
42

0.06 eV
0.12 eV
0.18 eV

0

20

Ion Abundance [%]
40
60

80

100

Here Edep is the energy deposited by the photon.
In Fig. 11 the experimental abundances are compared with theory. To avoid
confusion the fragment ion curves are not shown. The values taken for the energy
deposition in the ion are 0.06, 0.12 and 0.18 eV. The best fit to the experiment is the
value of 0.12 eV.

250

350

450
550
Temperature [K]

650

Fig. 11.
Fragmentation of n-hexane as a function of temperature. The symbols represent
experimental data, the solid lines are predictions from the Quasi Equilibrium Theory for several
deposition energies (above the ionization energy). The legend gives the mass of the ions for the
symbols. The energy deposition is indicated near the curves. For clarity the lines for the
fragment ions are not shown.

We estimate that on average 40 ± 25% of the 0.29 eV difference between the
photon energy and the ionization energy contributes to the internal energy of the ion.
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The ionization energy used here (10.2 eV) is found by Hoogerbrugge [8] in photo
ionization experiments. It deviates from the value in Table 1 which might be due to the
fact that the value in the table is the adiabatic value obtained by ion-molecule reaction
experiments, while the experimental value is the vertical ionization potential governed
by Franck-Condon factors.
Conclusions
We have shown that single photon ionization of n-hexane, isomers of n-hexane
and c-hexane produces hardly any fragment ions at room temperature. Fragmentation
can be increased by increasing the temperature of the sample. The influence of this
temperature rise on the mass spectrum is strongly dependent on the structure of the
molecule.
Comparison of the predictions from Quasi Equilibrium Theory with the temperature dependent fragmentation of n-hexane shows that the photon deposits an energy of
0.12 ± .06 eV in the molecule and 0.17 eV is taken away by the photoelectron.
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4
ROTATIONAL BAND ANALYSIS
OF VIBRATIONAL MODES 6 AND 7 OF BENZENE ISOTOPOMERS

In this chapter the absorption spectra of the rotational band contours of the 601 and
710 bands in benzene, 12C6H6 and 13C12C5H6 are presented. These spectra have been
measured using resonant two photon ionization. A rotational temperature of 1.75 K was
obtained by co-expanding the benzene in a supersonic jet of argon. Different J levels in
the 610 band were resolved. Contours of the bands are simulated using a rigid rotor
model and by accounting for Coriolis splitting. For the isotopomer, the vibrational
modes 6 and 7 each consist of two non-degenerate modes and the positions of the band
origins relative to the band origin of the twofold degenerate state of benzene have been
determined. The splitting between bands of mode 6 is in good agreement with values
reported in the literature which were calculated with force field methods for the ground
state. The splitting of band 7 is dominated by either a difference in anharmonicity or a
shift due to a Fermi-resonance.
Introduction
Benzene has been subject of spectroscopic study for a long time. The focus of
spectroscopic analysis so far has been on benzene, C6H6 and its deuterated isotopomer
C6D6 [1, 2, 3]. The choice for C6H6 and C6D6 makes a comparison with theoretical
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calculations on the rotational contour easy since both molecules belong to the same
point group and calculations only differ in the value of rotational constants.
A significant effort has been put into the modelling of several isotopomers of
benzene in force field calculations [4, 5]. These calculations predict values for
vibrational energies, Coriolis constants, etc. Experimental data, as presented here, on
the band origins and splitting due to the removal of degeneracies, can be used to
determine the accuracy of the potential used in these calculations.
The application of narrow bandwidth tuneable pulsed lasers has enabled the
combination of Time of Flight mass spectroscopy and spectroscopic techniques. The
process used is Resonance Enhanced Multiphoton Ionization (REMPI) a technique
which sensitively probes the presence of intermediate molecular states in resonance with
the photon energy. The ions formed in this process are separated on their mass to
charge ratio and detected. The great advantages of this method over techniques like
fluorescence spectroscopy and electron spectroscopy are that an unambiguous
identification of the molecular species is possible, important in samples with impurities.
Furthermore a high detection efficiency is obtained, since ions are more easily collected
than photons. A disadvantage is that the transition from the intermediate state to the
molecular ion state, might introduce unwanted spectroscopic features.
For mass spectrometric purposes, spectroscopy on species containing one 13C
atom is important since the natural abundance of 13C is 1.1% per carbon atom and
therefore ions of the isotopomer containing one 13C form the major contribution to the
isotope peak in mass spectra. Spectroscopy on the species containing one 13C atom can
therefore contribute to the identification of compounds in samples of unknown
composition.
Multiphoton ionization of molecules
The process of photon absorption can be separated into two cases: excitation to
bound molecular states and ionization. In both cases the transition strength is governed
by the transition moment and the Franck-Condon factors and the same selection rules
apply. For transitions between vibronic states the product of the symmetries of the
initial and final state has the symmetry of one of the translations Ti (i=x, y or z) in its
point group, for transitions between rovibronic states the product of initial state and
final state has to contain the symmetry of the product TzR z in its point group [6].
Considering electric dipole interactions, only transitions between singlet states are
possible. However, triplet states are accessible from singlet states when a large spinorbit coupling is present, for instance when the molecule contains a heavy atom.
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The ionization efficiency may be influenced by relaxation processes when the
(multi-) photon ionization process proceeds via an intermediate state in the molecule.
Several relaxation processes are possible from excited vibronic states. Radiationless
transitions from singlet to triplet, inter system crossing, can be induced by spin-orbit
coupling. Radiative transitions from triplet to singlet, also induced by spin-orbit
coupling, are called phosphoresence. Radiative transitions from singlet to lower singlet
are called fluorescence. Coupling of a vibronic state to a highly excited vibrational state
in a lower electronic state of the same multiplicity is called internal conversion.
Moreover, collisions can cause relaxation from vibrational states to lower vibrational
states.
In the ionizing step in photon absorption there is an extra degree of freedom: the
kinetic energy of the outgoing electron. The process in which a vibronic state in the ion
is excited and where the photon excess energy is released as kinetic energy of the
electron is called direct ionization. In this case the transition strength is not only
governed by the transition moment and the Franck-Condon factors but also by the
ability for the electron wave function to transform from a bound to a free wave. The
latter can be observed in two colour two photon ionization experiments where the
photon energy in the ionizing step is varied. The presence of vibronic states in the ion
occurs as a step in the ion yield, where the step size is a measure for the size of the
Franck-Condon factor. When the excess of photon energy over the ionization energy
increases the ionization probability decreases. At energies 6000 cm-1 above the
ionization energy the ion yield can have dropped by a factor of 5 as shown by Hager
and Wallace [7].
Another form of ionization that can occur is called autoionization. It involves
resonant excitation to a vibrationally excited Rydberg state, followed by ionization.
Rydberg states are states in which the electron is loosely bound. Their energies are
given by
En = IPv -

R
(n-δ)2

(1)

where R is the Rydberg constant, δ is the quantum defect, n is the principal quantum
number of the Rydberg state. IPv is the ionization energy referring to the ion in a
vibrational state v. In autoionization of Rydberg states the ion ends up in a vibrational
state v'<v and the electron energy is
Ekin, electron = En - IPv'.

(2)
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This has been demonstrated very nicely for molecules comparable in size to benzene in
two colour photon ionization experiments by Ito et al. [8].
Experimental
The experimental set-up has been described in Chapter 2. Benzene vapour at
room temperature (partial pressure 10 4 Pa) was co-expanded together with 3.5 ×105 Pa
of argon into the vacuum via a supersonic jet. Part of the jet travelled through a
skimmer to the ionization chamber of the Time of Flight mass spectrometer where
molecules in the jet were ionized by the frequency doubled light of a dye laser. The
bandwidth of the frequency doubled light was approximately 0.15 cm-1.
In the mass spectrometer the ions are separated on their mass to charge ratio what
allows for monitoring ions of several mass to charge ratios simultaneously. This is
useful in measuring absorption spectra of different compounds, like isotopomers and
clusters, under identical experimental conditions. Photon absorption spectra were
obtained by recording the intensity of the molecular ions during a scan of the
wavelength of the dye laser. The ionization efficiency depends on the excitations of
intermediate states and the ion abundance as a function of the photon energy is therefore
proportional with the product of the density of intermediate states, the population of the
ground state and the line strength, assuming that the process of absorbing the second
photon does not have any influence (Fig. 1).
Ionization
Threshold
hν
Intermediate
State

Photon
Energy
hν

Ground
State
Ion Abundance

Fig. 1.
Resonant multiphoton ionization in a molecule. On the left a schematic
representation of the energy levels of a molecule, on the right a schematic representation of the
absorption spectrum as it would be measured by REMPI.

The appropriate laser intensity for the experiments was determined
experimentally. This was done by repeatedly scanning the absorption band, with
decreasing laser intensity until there was no further improvement of resolution in the
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absorption band contour. Reduction of the frequency doubled output of the dye laser
was done with a Glan-Taylor Prism. The results of subsequent measurements with
decreasing laser intensity are shown in Fig. 2. In the spectrum in Fig. 2A, the laser
intensity was so high that there was enough power to make a three photon process,
resonant in the first step, possible at wavelength corresponding to an absorption band
of the molecule. This is most likely absorption of a third photon by the ion, since above
the ionization energy, ionization occurs typically on a time scale of 0.1 to 1 ps and
outruns the absorption of a third photon by the molecule [9]. A high internal energy
leads to an increase in fragmentation of the ion and therefore we observe in Fig. 2A a
decrease in molecular ion signal at wavelengths of absorption bands. The molecular ion
production at wavelengths outside the absorption bands is the result of non resonant
two photon absorption through a virtual state.
Figs. 2B-D show the desired behaviour, in which the ion abundance is highest at
wavelengths corresponding to an absorption band. The band at 38606 cm-1 is the 610

transition in benzene (mass 78 Da). The band at 38585 cm-1 is the 6 10 transition in the
benzene-argon cluster (mass 118 Da) as can be seen from the absorption spectrum of
mass 118 Da (dotted lines in Figs. 2A-B). The band at 38562 cm-1 is the 6 01 transition
in the dimer of benzene (mass 156 Da, not shown). In our mass spectrometer, fragment
ions formed within 2 µs after ionization in the ion source are identified at the right
fragment mass. The result is that if dissociations take place within 2 µs after ionization,
the absorption bands of a cluster appear in the absorption spectrum of that cluster
fragment that takes the charge after dissociation. The advantage of the mass
spectrometer is clear: the ability to record simultaneously several species produced from
the same laser pulse allows the identification of the origin of resonances in the
absorption spectrum.
The narrowing of the absorption bands which occurs as the laser intensity
decreases is due to the fact that saturation of the resonant transition becomes less
probable. The three bands in the wavelength range do not behave alike at the change of
laser intensity. Since each band can have a different absorption cross-section, the
optimum intensity to measure the rotational contour is different for each absorption
band. The cross-section for the absorption of the second photon also plays an important
role in this. For instance, if the cross-section for the second step is smaller than the
cross-section for the first step, the first step will be saturated at the power density
needed to generate ions, and fine features in the absorption band will be obscured.
The spectra used for rotational analysis in this chapter were recorded at laser
power densities of 460 kW/cm2 (Fig. 2D), at which no fragmentation was observed.
The ion abundance on the vertical axes of the figures has been corrected for the slight
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variation in laser intensity by dividing of the ion signal by the square of the laser
intensity.
The photon energies on the horizontal axes of the figures are calculated from the
wavelength of the laser light which has been corrected for the refractive index of air.
For the 601 band the correction was 11.5 cm-1 while for the 701 band this was 12.5 cm-1.
The correction is dependent on the temperature, pressure and humidity of the air, the
correction values are chosen for a temperature of 15 ˚C, a pressure of 105 Pa and dry
air [10]. The dye laser has been calibrated with a grating spectrometer and a neon lamp
to an accuracy better than 0.02 nm (2.0 cm-1).
We have recorded the absorption spectra of benzene and its isotopomer with one
13C atom. It is possible to achieve this with benzene having a natural fraction of 6.3%
of this isotopomer. However, in order to get comparable intensities in the ion signals of
benzene and its isotopomer we have mixed benzene (99 %, EGA-Chemie, Germany)
with its isotopomer (99 %, Isotec Inc., Ohio ) to obtain a one to one mixture.
For benzene, the transition investigated is the electronic transition from the
ground state to the lowest singlet state: B2u ← A 1g. Since this is not allowed for the
transition v'=0 ← v"=0, we excite a vibrational level in B2u, v'=1. This was done for
two vibrational modes 6 and 7 (notation of Wilson, Decius and Cross [11], rather than
Herzberg [12]) which are each doubly degenerate (Fig. 3). The symmetries of the
vibrational states are E2g.
For the isotopomer the investigated transition is B2 ← A1. Here too, the v'=1 of
vibrational modes 6 and 7 were excited. The vibrational modes have two nondegenerate components a and b with respective symmetries A1 and B2.
Theory
Although benzene and its isotopomer resemble each other very much we have to
apply elaborate calculations to simulate the isotopomer spectra whereas the benzene
spectra can be simulated by a few simple equations. The main reason for this difference
is that benzene is a symmetric top molecule while the isotopomer is an asymmetric top
molecule. This classification is based on the size of the three moments of inertia of the
molecule. In this we can distinguish three cases, the asymmetric top with three different
moments of inertia, the symmetric top with two equal moments of inertia and the
Fig. 2.
(previous page) REMPI spectra of 12 C 6 H 6 (mass 78 Da, solid line) and
12 C H •Ar clusters (mass 118, dotted line) recorded at different laser intensities. Different
6 6
masses in one absorption spectrum were recorded simultaneously. The vertical axis shows the
number of ions produced as a function of photon energy. The spectra were recorded at the
following laser intensities: A at 2.9 MW/cm2, B at 1.8 MW/cm2, C at 920 kW/cm2 and D at
460 kW/cm2. The vertical axes are on the same scale.
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6a

6b

7a

7b

Fig. 3.
Vibrational modes 6 and 7 in benzene. For benzene, 12 C 6H 6 mode 6 and 7 are
each twofold degenerate in a and b. For the benzene isotopomer containing one 13 C atom the
degeneracy is removed. The arrows indicate the excursions of the atoms. Black dots indicate
carbon atoms, white dots indicate hydrogen atoms.

spherical top with three equal moments of inertia. The moments of inertia, IA, IB and
IC, are chosen in the conventional way so that IA≤IB≤IC and with principal axes a, b
and c. In the case of a symmetric top, the unique (top) axis can be along the largest
moment of inertia (oblate symmetric top) or along the smallest moment of inertia
(prolate symmetric top). Benzene is an oblate symmetric top, its isotopomer containing
one 13C is a slightly asymmetric top.
→
For this symmetric top the angular momentum vector P can be decomposed into a
→
component Pz perpendicular to the plane of the molecule and along the top axis, and a
component in the plane of the molecule. The angular momentum vector is fixed in
→
space, while component Pz is fixed with respect to the molecule and the component in
the plane of the molecule is rotating in that plane (Fig. 4). Since the direction of the
latter component give no variation in the rotational energy and both moments of inertia
in the plane are equal and can be chosen in an arbitrary orientation within the plane, the
energy of this rotating system can be expressed using only two moments of inertia.
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Quantum mechanically this system can be described by two quantum numbers. The
classical motion of the molecule is described by the top axis nutating about the direction
→
of P [13].
Commutation rules in quantum mechanics determine which physical quantities
can be simultaneously assigned definite values. For the angular momentum these
relations are
 [P 2 ,P i ] = 0

– Pk
[P i , P j ] = -ih

i=x,y,z
(3)
i,j,k=x,y,z

and express that we cannot describe the angular momentum with more than the two
quantum numbers for P2 and Pz . For an asymmetric top molecule, however, the
classical motion cannot be described easily. There is no axis that carries out a simple
→
→
rotation about P , nor is there a component of P that stays constant during the motion
[14]. The system of an asymmetric top has therefore no true quantum numbers but we
can describe it with pseudo quantum numbers.
The calculations of a rotational band contour involve four items: the energy of the
transitions, the line strength, the selection rules and experimental parameters.

Pz

P

Top axis
Fig. 4.
Side view of the benzene molecule. The black dots represent the carbon atoms,
→
→
hydrogen atoms are not drawn. The vectors P and Pz are indicated.

Energy
The energy of the transitions is calculated from the difference in the energy levels
of ground state and excited state of the rotor. The energy matrix for a state is readily
determined from the Hamiltonian operator H for a rigid rotor [15]. The elements are
calculated from
2
2
 2

1 Px P y P z 
H=2 I + I + I
y
z
 x

(4)
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and are given by
<J,K,M|H|J,K,M> =

2
–h2  1
 + 1  [J(J+1)-K 2 ] + 2K 

4   Ix
Iy
Iz 

(5a)

<J,K+2,M|H|J,K,M> = <J,K,M|H|J,K+2,M> =
–h2 
8 

 1 - 1  [(J-K)(J-K-1)(J+K+1)(J+K+2)]1/2
 Ix Iy


(5b)

in which Ix, Iy and Iz are the moments of inertia and J, K and M the quantum numbers
of the total angular momentum, of a projection of the total angular momentum on an
axis attached to the molecule and of a projection of the angular momentum on an axis in
the laboratory frame, respectively, so that K,M=-J,-J+1,..J-1,J. The quantum number
M gives rise to a degeneracy of 2J+1 for a level with quantum number J and will be
omitted from the notation. If we choose x, y and z along a, b and c and replace
h-2/2Ix,y,z in Eqns. 5a and 5b by constants A, B and C, respectively, we obtain
<J,K|H|J,K> = 12(A+B)J(J+1) + (C - 12(A+B))K2

(6a)

<J,K+2|H|J,K> = <J,K|H|J,K+2> =
1
4

(A-B) [(J-K)(J-K-1)(J+K+1)(J+K+2)]1/2.

(6b)

For an oblate symmetric top A=B>C, the off-diagonal elements in the matrix disappear
and the energy of the rotor is given by
E(J,K) = BJ(J+1) + (C - B)K2

(7)

with z parallel to Ic. This also holds for a prolate symmetric top but then C and A in
Eqns. 6 to 7 have to be exchanged and z is parallel to Ia.
Coriolis coupling, the coupling between vibrational angular momentum and
rotations, leads to a splitting of levels. In the case of degenerate vibrational states it can
have a very strong effect [16] and can be taken into account by adding the following
term to Eqn. 7.
±2ζKC

(8)

in which ζ is the Coriolis constant and describes the coupling between the vibration and
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rotation. The sign depends on whether the vibrational angular momentum has the same
→
or opposite direction as Pz.
For an asymmetric top the off diagonal elements in the matrix do not disappear
and the matrix has to be diagonalized. This leads to eigenvalues belonging to
eigenfunctions with quantum number J and pseudo quantum number τ numbering from
-J to J.
Line strength
The observed strength of a rotational transition is determined by several factors:
the degeneracy of a level, the population of a level, statistical weights due to nuclear
spin and the size of the transition moment in the laboratory frame.
All levels in both the symmetric and asymmetric top case have a degeneracy of
→
2J+1 due to the possible orientations of P in the laboratory frame. In the case of the
symmetric top there is an additional degeneracy of 2 in K originating from the fact that
→
→
we cannot distinguish between different directions in the nutation of Pz about P . K
counts then from 0 to J introducing the degeneracy of 2 for levels with K>0. This is
accounted for in the nuclear spin factors.
The population of a level is assumed to follow a Boltzmann distribution,
-E(J,K)/kBTrot

e

(9)

in which kB is the Boltzmann constant and Trot is the rotational temperature.
With the aid of group theory, statistical weights due to nuclear spins can be
calculated, as well as the symmetry of the rotational wave function depending on the
quantum number K. The former is important since it influences the observed line
strength, the latter is important since the product of the over-all species of the upper and
lower state must be that of the product TzR z of a translation and a rotation. See the
appendix for TzRz. The knowledge of the symmetry of all states involved defines the
possible transitions.
The symmetry of the spin wave function can be calculated using methods
described in Ref. [17]. Assuming the total wave function can be written as the product
of an electronic, a vibrational, a rotational and a spin wave function,
ψ = ψeψvψrψs

(10)

the symmetry of the total wave function is that of the direct product representation
Γ(ψe) ⊗ Γ(ψv) ⊗ Γ(ψr) ⊗ Γ(ψs)

(11)
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in which Γ(ψ) is the symmetry of wavefunction ψ.
The symmetry of the partial wave functions of the ground state of benzene
12C6H6

and 13C12C5H6 are summarized in the Tables 1 and 2. The symmetry of the
total wave function is obtained by inspection of the molecule and making use of the
Pauli principle which imposes conditions on the acceptability of the wave function
depending on the statistics, Fermi-Dirac or Bose-Einstein. In the case of 12C6H6 the
symmetry of the rotational wave function depends on the K quantum number [18]. In
the case of 13 C12 C5H 6 the levels are classified by ee, eo, oe and oo, where the first
character specifies whether in the prolate limit the level would have an even or odd K
quantum number. The second character specifies the same for the level in the oblate
limit.
The probability of a transition between two levels under the influence of radiation
is determined by the eigenstates involved. The observed line intensity in the spectrum is
proportional to the square of the transition moment summed over all possible
→
orientations of P in space. In the case of symmetric tops the results of the calculations
are also known as the Hönl-London factors [19]. In the case of asymmetric tops these
factors are calculated from cosine direction matrices with the use of results from
diagonalizing the Hamiltonian (Eqns. 6a and 6b).
Selection rules
The selection rules that govern the transitions from one rotational state to another
depend on the symmetry of the electronic, vibrational and rotational wave functions of
both states.
For benzene the ordinary selection rules for an electric dipole transition are
∆J=0, ±1 and ∆K= ±1. In the selection rules ∆K=0 is missing since, on the basis of
symmetry, the transition moment has to lie in the plane of the molecule. For benzene's
isotopomer the selection rule in J is again ∆J=0, ±1 but in τ there is not a simple
expression for the selection rules. Using the quantum number K for the prolate and
oblate symmetric top limit (Eqn. 5), K-1 and K+1 respectively, rotational states can be
labelled ee, eo, oe and oo according to the notation of Cross, Hainer and King [20].
The subscript label on the K is the asymmetry parameter κ defined as
κ=

2B-A-C
A-C

(12)

and is -1 for the prolate symmetric top (B=C) and +1 for the oblate symmetric top
(A=B). For 13C12C5H6 the value for κ is 0.916.
Selection rules are defined depending on the symmetries of the vibronic part of
the wave function and the orientation of the dipole moment. For the isotopomer this
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Table 1.
Symmetries for partial wave functions of ground state benzene 12 C 6 H 6 . This
molecule belongs to point group D6h. The first column indicates the wave function part. In the
case of the rotational wave function a subdivision is made with respect to the quantum number
K. The second column gives the symmetry of the partial wave function. The third column
indicates the weight of rotational states due to nuclear spin degeneracy and is only valid for this
case where Γ(ψe) ⊗ Γ(ψv) = A 1g. Benzene has 64 spin functions. The number before the spin
symmetry indicates the number of spin functions with that symmetry.

wave function

symmetry

ψtotal

B1

ψelectronic

A1g

ψvibrational

A1g (v=0)

ψspin

13A1+A2+7B1+3B2+9E1+11E2

ψrotational

weight

K = 0, J = even

A1

7

K = 0, J= odd

A2

3

K = 6p, p = 0,1,2,..

A1+A2

10

K = 6p±1

E1

11

K = 6p±2

E2

9

K = 6p±3

B1+B2

14

Table 2.
Symmetries for partial wave functions of ground state benzene 13C12C5H6. This
molecule belongs to point group C2v. The first column indicates the wave function part.

wave function

symmetry

ψtotal

A1

ψelectronic

A1

ψvibrational

A1 (v=0)

ψspin

80A+48B

ψrotational

weight

ee

A1

80

eo

A2

80

oe

B2

48

oo

B1

48

depends therefore on the vibrational mode. In mode 6a and 7a the transition moment is
orientated along the b axis, in mode 6b and 7b the orientation is along the a axis. In
both cases the symmetry of the vibronic ground state is A1. For mode 6a and 7a the
symmetry of the excited vibronic state is B2, for mode 6b and 7b it is A1 [21]. Using
the fact that the symmetry of the transition moment is TzRz in the point group of the
molecule, and that the symmetries of ee, eo, oe and oo are A1 , A 2 , B 2 and B1 ,
respectively, in C2v we get the selection rules in Table 3 .
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Table 3.
Selection rules for the benzene isotopomer 13 C 12 C 5 H 6 with the vibrational
modes 6a, 6b, 7a and 7b.

mode
6a,7a

ee↔oo

eo↔oe

6b,7b

eo↔eo

oe↔oo

Experimental parameters
The only experimental parameters that are used in the simulations are the
rotational temperature of the molecules (Eqn. 9) and the bandwidth of the laser, 0.15
cm-1. The bandwidth of the laser is assumed to be Gaussian.

Rotational constants
The rotational constants and Coriolis constants of mode 6 for the ground and
excited state of the oblate symmetric top benzene, have been taken from Riedle et al.
[3]. For mode 7 the same rotational constants as in mode 6 were used but the Coriolis
constants were taken as zero [22].
The rotational constants for the slightly asymmetric top were estimated from the
constants used in the symmetric top case. This was done by calculating the rotational
constants from the geometry with D6h and C2v symmetry for benzene and its
isotopomer containing one 13 C, respectively, and CC bondlengths of 1.4 Å and CH
bondlengths of 1.08 Å. The relative change of these rotational constants, when
substituting a 13C in the geometry and keeping the bond lengths constant, was used to
modify the rotational constants of the symmetric top of Riedle et al. for the asymmetric
top, see Tables 4 and 5. Coriolis coupling in a non-degenerate vibrational state is a
second order effect and therefore it is expected to have a negligible effect on the
rotational band contour of the asymmetric top.
Results of simulations
The equations for line intensities and transition energies as well as the selection
rules for the transitions and the laser bandwidth have been used for computer
simulations of the band contour of the transitions under investigation. Since for the 601
band the rotational constants and Coriolis constants are known with a good accuracy
this band is particularly suitable to show the effects of different rotational temperatures
and laser bandwidths on the band contour.
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Table 4.
Rotational constants for the ground state A1g as used in the simulations.
Columns 2 and 3 contain constants calculated from bondlengths, masses and geometry of the
molecule. Column 4 contains the ratio of the rotational constants of 12C6H6 and 13C12C5H6
(Column 2 and 3). Column 5 contains literature values from Riedle et al.[3]. Column 6 contains
the literature values after modification with the ratio from column 4.

Rotational 12C6H6
constants calculated

13C12C5H6

12C6H6

ratio

calculated

13C12C5H6

(Lit.)

A [cm-1]

0.1894

0.1894

1.0000

0.1897618

0.1897

B [cm-1]

0.1894

0.1854

1.0217

0.1897618

0.1857

C [cm-1]

0.0947

0.0937

1.0109

0.0948809

0.0939

Table 5.
Rotational constants for the excited state B2u as used in the simulations. The
values in column 2 are literature values from Riedle et al., the ratio in column 3 is the ratio
between rotational constants in the ground and excited state from Riedle et al.[3]. The values in
column 4 are the values from table 1, column 5 divided by the ratio in table 2, column 3.

Rotational
constants

12C6H6

ratio

13C12C5H6

(Lit.)

A [cm-1]

0.181778

1.0439

0.1818

B [cm-1]

0.181778

1.0439

0.1779

C [cm-1]

0.090889

1.0439

0.0899

The effect of laser bandwidth can be observed in Fig. 5. For three different laser
bandwidths the simulated rotational band contour is shown. In these band contours the
P, Q and R-branches, ∆J=-1, 0,+1 respectively, can be recognized. For the smallest
laser bandwidth the J levels can be fully resolved, while for larger bandwidths the
resolving power decreases. The increase in the intensity of the Q-branch relative to the
P and R-branches is due to the high density of transitions in the Q-branch.
In Fig. 6 the effect of different rotational temperatures on the simulated rotational
band contour is shown. With increasing temperature the maximum in the R-branch is
shifted towards higher J values. The total width of the contour is also increased due to a
larger population of high J states. For low temperatures, the intensities of the P and Qbranches are relatively low with respect to the R-branch since the J=0 state is highly
populated at low temperatures but there are no transitions from J=0 in the P and Qbranches due to the selection rules.
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B

C

Simulated Intensity

A

-5

0
Energy [cm -1]

5 -5

0
Energy [cm -1]

5 -5

0
Energy [cm -1]

5

Fig. 5.
Three simulations of the absorption band contour for a rotational temperature of
2.0 K and a laser bandwidths of (A) 0.05 cm-1 , (B) 0.15 cm-1 and (C) 0.25 cm-1 . In Fig. 5B
transitions from different J levels in the P and R-branches are marked (similar to Fig. 11A). The
levels in the Q-branch (between the P and R) are not resolved.

B

C

Simulated Intensity

A

-5

0
Energy [cm -1]

5 -5

0
Energy [cm -1]

5 -5

0
Energy [cm -1]

5

Fig. 6.
Three simulations of the absorption band contour for a laser bandwidth of 0.15
cm-1 and a rotational temperature of (A) 1.0 K, (B) 2.0 K and (C) 3.0 K.

The horizontal scale in Fig. 5 and 6 only includes energies due to changes in
rotational quantum numbers. The rotationless band origin can be found by fitting the
contours to experimentally obtained contours.
Ionization efficiency
The theory discussed above can be used to calculate relative oscillator strengths
or, with assumptions for the laser bandwidth, the absorption band contour. However,
to calculate ionization efficiencies, one should account for stimulated emission, lifetime
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of the states, laser pulselength and intensity and cross-sections for both photon
absorption steps in the REMPI process. The rate equations which describe this process
are
 dN g
 dt = Iσ1N r − Iσ1N g
 dN
N
 r
= Iσ1N g − Iσ1N r − r − Iσ 2 N r

τ
 dt
dN
 i = Iσ N
2 r
 dt

(10)

in which Ng, Nr and Ni are the time dependent populations of the ground, resonant and
ionic states, respectively, and I the time dependent laser intensity, assuming a Gaussian
pulselength of 7 ns. σ 1 and σ 2 are the cross-sections for photon absorption by the
ground and resonant state, respectively, and τ is the lifetime of the resonant state. The
rate equations are solved numerically for several cases.
The cross-sections for REMPI via the 61 state are reported in Ref. [23]. For
REMPI via the 71 state the cross-section of the first photon absorption step is reported
to be a factor of 14 lower than the cross section for excitation to the 61 state [24].We
assume the cross-section of the second photon absorption via the 71 state to be equal to
the value for the 61 state. The lifetimes of levels 61 and 71 are reported in Ref. [25].
The cross-sections and lifetimes are summarized in Table 6.

Table 6.
Cross-sections for the transitions and lifetimes of the states involved in REMPI
via the 6 1 and 71 states in benzene.

resonant state

lifetime [ns]

σ1 [cm2]

σ2 [cm2]

61

80.

2.7 ×10-17

3.4 ×10-18

71

15.

1.9 ×10-18

3.4 ×10-18

The calculations show that at a laser power density of 107 W/cm 2, 28.5% of the
ground state will become ionized via state 61, while via 71 this is only 7.8 %, see
Fig.7. This laser power density is so high that, in fact, subsequent photon absorption
by the ion would lead to a substantial population of highly excited ions and induce
fragmentation of the molecule. At a laser power density of 5×105 W/cm2 the ionization
efficiencies for ionization via the 61 and 71 state are 0.5% and 0.03%, respectively, see
Fig. 8. The ionization efficiency of REMPI via the 7 1 state is a factor of 10 lower than
the ionization via the 61 state due to the shorter lifetime and smaller cross-section of the
intermediate level.
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Note that it is assumed here that the bandwidth of the laser is equal to the width of
the transition. In reality the linewidth of the transition is, for a lifetime of 80 ns, 0.0004
cm -1 and the laser bandwidth, 0.15 cm-1, is much larger. In our experiments the

100

effective laser power is therefore much smaller than used in these simulations and large
populations of the resonant state, giving rise to saturation, will not occur.
Since the ionization efficiency is lower for REMPI via the 71 state, the power
density of the laser light has to be higher to produce sufficient ions to reach an
acceptable signal to noise ratio.
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Fig. 7.
Population of states involved in REMPI. Panel A for REMPI via the 61 state,
panel B for REMPI via the 71 state. The laser pulse is indicated by the dotted line, the evolution
of the ground, resonant and ionic states by solid lines marked by g, r and i, respectively. The
laser power density is 10 7 W/cm2.
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Fig. 8.
Population of states involved in REMPI. Panel A for REMPI via the 61 state,
panel B for REMPI via the 71 state. The laser pulse is indicated by the dotted line, the evolution
of the ground, resonant and ionic states by solid lines marked by g, r and i, respectively. The
laser power density is 5 ×105 W/cm2.
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Experimental Results and Discussion
The absorption spectrum of benzene, measured in solution, is characterized by a
weak absorption band at a wavelength of around 250 nm consisting of five sub bands,
and strong bands at wavelengths below 212 nm [26]. The weak band consists of
vibrational progressions in the lowest singlet, B2u . In vapour phase spectroscopy at
room temperature, many of the transitions in these bands can be identified [22], but
overlap between bands and the widths of the bands make assignment of positions and
states involved not easy. Reducing the temperature with the aid of a supersonic
expansion helps in narrowing the absorption bands and increasing of the signal
strength. Part of the B2u band was measured with REMPI and is shown in Fig. 9.
Indicated, with using Ref. [22], are the 610 and 710 transitions, as well as the
combination bands of vibrational modes 6 (E2g) and 1 (A1g); 610110 and 610120 . The
energy scale covers the wavelength range of 242.131 to 259.740 nm. The ion
abundance, on the vertical scale, hardly reflects the oscillator strengths since the
spectrum was measured with a coarse step in wavelength, 0.025 nm which is
equivalent to about 4 cm-1, and narrow bands in the spectrum will be undersampled.
610110

Ion Abundance

610120

710
610

38500

39900
Energy [cm -1]

41300

Fig. 9.
REMPI spectrum of jet cooled benzene (mass 78 Da) taken over the full range of
the dye. Some resonances could be identified with Ref.[22].

The effect of jet cooling can be observed clearly in Fig. 10 where the measured
rotational band of transition 601 is plotted twice on the same scale, for benzene molecules
at room temperature and for jet cooled molecules. Comparison of the two spectra reveal
that the maximum in ion abundance from room temperature molecules does not coincide
with the maximum in ion abundance from jet cooled molecules. The reason for this is
that for room temperature benzene the maximum population is reached at J equal to 22,
while for jet cooled benzene the maximum is reached at J equal to 3.
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The peaked shape of the R-branch in the room temperature spectrum is caused by
the formation of a band head due to the fact that the rotational constants for the ground
state are larger than those for the excited state.
The benzene molecule (mass 78 Da)
The difference between the band contours of vibrational modes 6 (Fig. 11A) and
7 (Fig. 12A) of the benzene molecule (mass 78 Da) is dominated by a difference in
coupling between the vibrational and rotational parts of the wave function. In a
degenerate vibrational state this coupling is a first order effect [27]. The Coriolis
constants for vibrational modes 6 and 7 are -0.5785 and 0.0, respectively, for the
excited state. Because of the large Coriolis coupling in mode 6 the linewidth of the laser
is small enough to resolve different J levels in the absorption spectrum. In Fig. 11A we
can recognize the P, Q and R branches. In the P and R branches transitions from levels
with different J are resolved. The simulated spectrum is shifted to have an optimum
overlap with the P and R branches. Occasional deviations in the position of peaks can

Ion Abundance

be due to errors in the controlling of the grating of the dye laser.

38530

38580
Energy [cm -1]

38630

1

Fig. 10.
REMPI spectrum of the 60 band of benzene (mass 78 Da) at room temperature
(solid line). The spectrum of jet cooled benzene (identical to the one in Fig. 11A) is shown by
the dotted line.

The signal to noise ratio in the spectra is also different for modes 6 and 7. This is
caused by the difference in absorption cross-sections and lifetimes as shown in the
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previous section. To obtain a reasonable ion yield, a slightly higher laser intensity was
used when measuring the absorption band of mode 7. This leads to a small nonresonant contribution at the edges of the absorption band (see Fig. 12A).
The rotational contour of the absorption band of mode 6 can be simulated well
since all constants for the ground and excited state are known from the literature with a
good accuracy. From a comparison between simulations with different temperatures
and experimental results (Fig. 11A) we conclude that the rotational temperature of the
molecules is 1.75 ± 0.25 Kelvin. This result was used further in the simulations of
absorption bands of all jet cooled molecules reported here.
The rotationless band origins in the experimental spectra are within 2.0 cm-1 of
the rotationless band origins reported in the literature (6 01 Ref. [3] and 710 Ref. [22]).
The error is within the readout accuracy of the dye laser wavelength.
Deviations in intensity between measured and calculated contours can be
attributed by various factors. First of all, the calculations do not take into account
processes like relaxation. This can cause discrepancies where the relaxation is
dependent on J and K levels. A strong rotational dependence of the non-radiative decay
rate has been observed for states higher than 3000 cm-1 above the origin [28] and
therefore this can have an influence on the band contours of mode 7. Secondly, in
resonant photon ionization the second photon absorption step can have effects on the
observed rotational contour; the second step can be resonant with a state in the molecule
or ion above the ionization energy. This step is then also governed by selection rules
and cannot be modelled because the final state is not known. Duncan et al. [29] have
shown the presence of Rydberg states near the ionization energy in two-colour twophoton ionization experiments via the 61 state in benzene. These resonances have
widths of 100 cm -1 indicating a lifetime of 5 ×10-14 s. However, the main contribution
to ionization comes from direct ionization. Since in our one colour experiment the two
photons have an energy excess over the ionization energy of more than 2600 cm -1, we
do not expect the second photon absorption step to have a significant influence on the
absorption contour.
Thirdly, variations in laser intensity can cause deviations between intensities of
simulations and experimental data. We have scaled the intensity of the experimental
results with the square of the measured laser intensity. However, the trend of a higher
ion abundance caused by a higher laser intensity can still be recognized in the corrected
absorption spectra. In Fig. 11A the P branch is systematically higher than the simulated
contour, whereas the R branch is systematically lower than the simulated contour. This
can also be observed in Fig. 11B where the total abundance in band 6b is smaller than
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A

0

P 10

10 R

1

B

38602

38608
Energy [cm -1]

38614

Fig. 11.
REMPI spectrum of jet-cooled benzene (A) and its isotopomer 13C12C5H6 (B).
The solid line represents experimental data, the dotted line represents the simulated spectrum.
The vibrational mode is 6. In spectrum B the splitting of both modes is observed. The
degeneracy in vibrational energy is removed because the symmetry for the isotopomer is lower
than for benzene. The band at lower energy is mode 6a, at higher energy 6b. The position of the
transitions from the ground state J=1 to 10 in the P-branch and from the ground state J=0 to 10
in the R-branch is marked. For both series K=J holds.
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in band 6a, while they are expected to be equal. In both cases this is caused by a
monotonic variation in laser intensity.
The benzene isotopomer (mass 79 Da)
The rotational contours of the absorption bands for modes 6 and 7 can be
simulated using the model of an asymmetric top rigid rotor [15]. In this case Coriolis
coupling is not important since the degeneracy in the vibrational wave function is
removed and the coupling is now a second order effect. The signal to noise ratio in the
experimentally obtained contours of the 7a and 7b band are much worse than in the
contours obtained of the 6a and 6b bands. The reason for this, as mentioned before, is
that both the absorption cross-section and the lifetime for band 7 are smaller than for
band 6. In the bands of modes 7a and 7b a contribution of non-resonant ionization is
suspected.
The simulated bands of mode 6a and 6b fit well to the measured spectra since the
widths of the experimental bands match the widths of the simulated bands and have
roughly the same shape. The simulated bands of modes 7a and 7b are fitted with more
difficulty to the experimentally obtained bands since the latter are of a rather poor
quality which could not be improved. The band origins for the 6a, 6b, 7b, and 7a mode
in the isotopomer containing one 13 C are shifted by -1.9, +2.7, -1.3 and +1.7 cm-1 ,
respectively, with respect to the band origins of 6 and 7 in benzene. The splittings in
vibrational modes 6 and 7 of the isotopomer are therefore 4.6 (± 0.1) and 3.0 (± 0.5)
cm-1.
The value for mode 6 is consistent with the value reported in reference [30] and
the theoretical value of 5 cm-1 cited therein for the B2u state. Force field calculations on
the A1g ground state [4] yield a splitting of 5.5 cm-1 in the harmonic frequencies of
mode 6 (608.13 cm-1 in 12C6H6). When we assume that the splitting scales with the
frequency, the frequency of mode 6 in B2u is 522.4 cm-1, we get good agreement
between experimental values and values from force field calculations.
For the splitting of mode 7 in B2u no value has been reported before, but in force field
calculations of the ground state a value of 0.2 cm-1 was found for the splitting of the
harmonic frequencies. The frequencies of mode 7 in B2u and in A1g are 3077.2 cm-1
and 3056.6 cm-1, respectively, therefore we would expect to find a similar spitting in
B2u. The deviation between the calculated value and our experimental value can have
two causes. Mode 7 is claimed to have a high anharmonicity (118 cm-1) due to, amongst
other things, large anharmonicities in CH stretch vibrations. From Fig. 3 it can be seen
that mode 7a has more CH stretch vibrations than mode 7b which might lead to a
difference in anharmonicity between the two modes. The uncertainties in the
anharmonicities, calculated in Ref. [4] are 5 cm-1, larger than the splitting we measured,
so that differences between anharmonicities of modes 7a and 7b cannot be
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41156

41162
Energy [cm -1]

41168

Fig. 12.
As figure 11 for vibrational mode 7. The band at lower energy is mode 7b, at
higher energy 7a, opposite to the sequence in mode 6.

observed in the results of the simulations. Another cause might be that mode 7a has a
possible Fermi-resonance in A1g as claimed in Ref. [4] which can shift mode 7a with
respect to 7b with an unknown amount. However, this resonance might not occur in
B 2u .
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The assignment of 6a, 6b, 7a and 7b, with 6a and 7b belonging to the transition at
lower energy, is chosen based on the order reported in [4] with the assumption that the
vibrational frequencies in the ground and excited state are comparable. The same order
has been reported for 12C6H5D [21].
Conclusions
The combination of resonant multiphoton ionization and mass spectrometry
provides a very selective tool in the analysis of organic molecules, but the use of a
supersonic jet is essential to cool the molecules rotationally and vibrationally. A
rotational temperature of 1.75 ± 0.25 Kelvin was found by comparison of experimental
and simulated spectra, for room temperature benzene co-expanded with 3.5×105 Pa of
argon. It has been possible to ionize one component only from a mixture of 12C6H6 and
13C12C5H6 by selection of the correct wavelength.
From the good agreement between theory and experimental data in the contour of
vibrational mode 6 in 12C 6H 6 we conclude that the absorption process of a second
photon has no noticeable influence on the experimentally determined band contour.
The band origins for the 6a, 6b, 7b, and 7a mode in the isotopomer containing
one 13C are shifted by -1.9, +2.7, -1.3 and +1.7 cm-1, respectively, with respect to the
band origins of 6 and 7 in benzene. The splitting of vibrational modes 6 and 7 of the
isotopomer are therefore 4.6 (± 0.1) and 3.0 (± 0.5) cm -1. The splitting found in force
field calculations of the ground state for mode 6 are in good agreement with
experimental values reported here, the splitting found in force field calculations for
mode 7 are smaller than experimental values reported here due to differences in the
anharmonicities of modes 7a and 7b or a possible Fermi-resonance with 7a.
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Appendix
Character tables for symmetry groups C2v and D6h . Indicated is also the
symmetry of translations along x,y and z (Tx, Ty and Tz) and the symmetry of rotations
about these axis (Rx, Ry and Rz)
Table 7.
Character table for point group C2v. The sixth column specifies the symmetry of
the translations and rotations.

C2v

E

C2

σv

σv'

A1

1

1

1

1

Tz

A2

1

1

-1

-1

Rz

B1

1

-1

1

-1

T x, R y

B2

1

-1

-1

1

T y, R x

Table 8.
Character table for point group D6h . The last column specifies the symmetry of
the translations and rotations.

2C6 2C3

C2

3C 2 ' 3C2"

i

2S3 2S6

σh

D6h

E

A1g

1

1

1

1

1

1

1

1

1

1

1

1

A2g

1

1

1

1

-1

-1

1

1

1

1

-1

-1

B1g

1

-1

1

-1

1

-1

1

-1

1

-1

1

-1

B2g

1

-1

1

-1

-1

1

1

-1

1

-1

-1

1

E1g

2

1

-1

-2

0

0

2

1

-1

-2

0

0

E2g

2

-1

-1

2

0

0

2

-1

-1

2

0

0

A1u

1

1

1

1

1

1

-1

-1

-1

-1

-1

-1

A2u

1

1

1

1

-1

-1

-1

-1

-1

-1

1

1

B1u

1

-1

1

-1

1

-1

-1

1

-1

1

-1

1

B2u

1

-1

1

-1

-1

1

-1

1

-1

1

1

-1

E1u

2

1

-1

-2

0

0

-2

-1

1

2

0

0

E2u

2

-1

-1

2

0

0

-2

1

1

-2

0

0

The multiplication rules are as follows:
A⊗A=A, A⊗B=B, B⊗B=A
A⊗E1=E1, A⊗E2=E2, B⊗E1=E2, B⊗E2=E1
E1⊗E1=E2⊗E2=A1⊕A2⊕E2
E1⊗E2=B1⊕B2⊕E1
For subscripts 1 and 2 on A or B: 1⊗1=1, 2⊗2=1, 1⊗2=2
For subscripts g and u on A, B or E: g⊗g=g, u⊗u=g, g⊗u=u
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Chapter 5

5
COOLING LASER DESORBED MOLECULES

To evaluate the necessity of cooling laser desorbed molecules to obtain molecular
ions and minimal fragmentation, mass spectra of a series of laser desorbed methoxybenzene molecules have been measured using two different experimental
configurations. In one geometry, the desorbed molecules were entrained in a pulsed
supersonic jet before ionization. In the other geometry, the desorbed molecules were
ionized directly after desorption. The samples were ionized with laser generated
vacuum ultraviolet radiation in a single photon process or ultraviolet radiation in a
multiphoton process.
Introduction
Entrainment of laser desorbed molecules in a beam of expanding gas has been
shown to efficiently cool thermally labile molecules thereby minimizing fragmentation
and rearrangement [1]. Careful selection of experimental parameters is crucial for
optimum cooling after desorption and efficient entrainment. However, even under
optimum conditions not all of the desorbed molecules are entrained. The internal energy
of laser desorbed molecules, and therefore the importance of cooling, is a matter of
some controversy [2].
The effects of cooling after CO2 laser desorption are evaluated by measuring the
mass spectra of a series of five molecules with and without jet entrainment. The
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molecules, shown in Fig. 1, vary in complexity both in terms of number of
chromophores and number and types of substituents. Included in the group are free and
ether-bound methoxybenzene structures with various functional groups which serve as
model compounds for subunits of the plant structural biopolymer lignin. The polymer
structure of lignin is considered to be a three dimensional co-polymer network
composed of the structural units 1-hydroxy-2-methoxy-4-(1-hydroxy-prop-2-enyl)
benzene and 1-hydroxy-2,6-dimethoxy-4-(1-hydroxy-prop-2-enyl) benzene [3]. Unlike
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Fig. 1.
Molecules studied: DMCA (3,4-dimethoxycinnamic acid), HVA (homovanillic
acid), Compound I, Compound II and Compound III

other cell wall polymers such as cellulose, lignin has several different types of linkages
between its monomeric units. The linkage types in the model compounds investigated
cover more than 50% of the total inter-unit linkages found in native lignin. Fragment
structures can be formed from larger structures by fragmentation after desorption and
after ionization. Analysis leading to assignment of specific linkages in native lignin has
been obstructed so far by the ability to form dimer and trimer fragments from the
biopolymer.
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Experimental

Ion sources
The Time of Flight Mass Spectrometer (TOF-MS) used in these measurements
has been described in Chapter 2. The two set-ups for desorption are repeated in Fig. 2
and Fig. 3. In the set-up shown in Fig. 2, the molecules are desorbed using the pulsed
CO2 laser beam and then seeded into a pulsed supersonic jet of argon or CO2. During
transport in the jet the molecules lose internal energy through collisions with the bath
gas. Part of the jet travels with seeded molecules through a skimmer into the ionization
chamber where the seeded molecules are ionized by single photon or multiphoton
ionization in a static electric field. The field accelerates the ions into the drift tube of the
TOF-MS. A detailed discussion of the timing parameters is given in Chapter 2.
L
W

S

V

I

P

Ph

Ph

Fig. 2.
Configuration of ion source for the TOF mass spectrometer with cooling:
experimental set-up for laser desorption and entrainment in a supersonic jet. P, sample probe; I,
inlet for bath gas of jet; V, pulsed valve; L, focussed CO2 laser beam; W, ZnSe window; S,
skimmer; Ph, vacuum pump holes.

In the second geometry, shown in Fig. 3, the molecules are desorbed directly in
the ion source of the TOF- MS. After desorption, the molecules can be ionized by SPI
or MPI. Since cooling is omitted in this case, the molecules are expected to have a
higher internal energy prior to ionization. The locus of ionization is at a lower potential
than that of desorption so the ion reflector in the TOF-MS can be used to discriminate
ions produced at the surface of the probe in the direct desorption experiment. In the
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configuration with entrainment in the supersonic beam, ions formed during desorption
are excluded from the ionization volume by the static electric field which is present in
the source. The use of in-source desorption is expected to give a higher ion yield for a
number of reasons: the ionizing laser beam is close to the desorption spot and both are
of comparable size (at least for MPI), whereas in jet entrainment the size of the
desorption spot is ten times the size of the valve orifice.
For both configurations, a CO2 laser pulse of 30 mJ of energy and 10 µs duration
is used. However, as shown in Fig. 3, with in-source desorption the laser beam
impinges upon the probe with a glancing angle producing a lower power density at the
probe surface.
L

W

P

V

Ph

Ph
Fig. 3.
Configuration of ion source for the TOF mass spectrometer without cooling: setup for in-source laser desorption and post ionization without entrainment in a supersonic jet. L,
focussed CO2 laser beam; W, ZnSe window; P, sample probe; V, vacuum lock; Ph, vacuum
pump holes.

Laser beams
There are two laser ionization sources available. Firstly, as shown in Chapter 2, it is
possible to use the 9th harmonic (118.2 nm,VUV) of a Nd:YAG laser by frequency
tripling the 3rd harmonic (354.6 nm, UV) of the light from the Nd:YAG laser in a cell
containing xenon gas. The photons formed in this way have an energy of 10.49 eV
which is sufficient to ionize most organic molecules with a single photon. The
dispersion of the LiF lens between the gas cell and ion source is used to spatially
separate the 354.6 nm UV light from the 118.2 nm VUV light. This is necessary to
avoid absorption of UV photons in addition to the 10.49 eV photons used for ionization
86

Chapter 5

since absorption of the extra UV photons would increase the internal energy of the
molecular ion and possibly induce extra fragmentation.
The second ionization method employs a frequency doubled dye laser which
gives an output of up to 4.5 mJ in 7 ns pulses at wavelengths tuneable between 240 and
285 nm. Molecules can be ionized with this light through a two photon process. When
the energy of the first photon matches the energy of an electric dipole transition in the
molecule, resonant enhanced multiphoton ionization is possible.
In the majority of the data presented here, SPI has been used because the amount
of energy absorbed by the neutral molecule is well defined and because SPI is a nonselective ionization method. All of the investigated molecules do absorb in the UV so
MPI is also possible as long as there is an electric dipole transition in (near) resonance
with the photon energy.

Samples
The molecules under investigation here are listed in Table 1. The basic structure
consists of one or more methoxybenzenes. DMCA is closely related to precursors in the
biosynthesis of lignin [4]. HVA, in contrast to DMCA, does not have a double bond
conjugated to the aromatic ring. This affects the energy of the lowest electric dipole
transition in the molecules and the rigidity of the side chain. Both DMCA and HVA
resemble molecules that are often used as a matrix in matrix assisted laser desorption.
DMCA and HVA were purchased from Aldrich and used without further
purification. Compounds I, II and III were generous gifts from Dr. O. Faix, Inst. für
Holtzchemie, Hamburg. Solutions of all samples were prepared in ethanol,
approximately 0.01 molair. 3 to 5 µl of solution were deposited on a stainless steel
probe and allowed to dry in air before insertion into the mass spectrometer.
Results and discussion
In all the spectra presented here, the horizontal axis is in Dalton (1 Da = 1 a.m.u)
rather than the unit of mass to charge ratio. The validity of this choice is supported by
the fact that we do not observe other than singly charged ions. The vertical axes of the
spectra show the ion abundance in arbitrary units.
The spectra of the cooled molecules sometimes show peaks of molecules that are
present in the jet either due to previous experiments (memory effect) or due to
molecules that were mixed with the bath gas to monitor the VUV generation through
their ion abundance.
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Table 1
The molecules used for this study. Column 1 lists the mnemonics, column 2 the
names, column 3 the molecular mass, column 4 the linkage type in the molecule and column 5
the structural formula.

abbreviated name
name

mass
[Da]

linkage structural
formula

DMCA

3,4-dimethoxycinnamic acid (3-(3,4-dimethoxyphenyl) propenoic acid, predominantly trans)

208.07 -

C11
H12
O4

HVA

2-(4-hydroxy-3-methoxyphenyl) ethanoic
acid

182.05 -

C9
H10
O4

Compound 1-(4'-hydroxy-3'-methoxyphenyl)-2326.15 β-5
I
methyl-5-(propen-1-yl)-7-methoxyphenylcoumaran

C20
H22
O4

Compound 2-(2'-methoxyphenoxy)-3- hydroxy-3II
(4"-hydroxy-3"-methoxy-phenyl)ethyl propanoate

362.13 β-O-4 C19
H22
O7

Compound 1-(3'-methoxy-4'-(1"-phenyl)-methoxyIII
phenyl)-2-(2", 6"-dimethoxyphenoxy)
ethanal

408.15 α-O-4 C24
and
H24
β-O-4 O6

The presence of argon and CO2 ions in the spectra, created from the bath gas,
looks suspicious at first glance since the respective ionization thresholds are 15.8 and
13.8 eV which is more than the energy available in the photon. However, argon and
CO2 can be ionized by photoelectrons generated either from acceleration plates in the
ion source or from sample molecules. Due to the high density of bath gas molecules
with respect to seeded molecules, ions produced this way give an substantial peak in
the mass spectra.
In general, the mass spectra of in-source desorbed molecules have a total ion
abundance which is more than a factor of ten higher than the total ion abundance in the
mass spectra of desorbed and jet entrained molecules.

DMCA and HVA
The first molecule studied here is 3,4-dimethoxycinnamic acid, DMCA (208 Da).
The mass spectrum shown in Fig. 4 was measured using SPI and jet cooling between
desorption and ionization, while the spectrum in Fig. 5 was measured without cooling.
Neither of the spectra shows any fragmentation. The spectrum of desorbed and cooled
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molecules, Fig. 4, shows an additional peak at 416 Da which is tentatively assigned to
a van der Waals dimer of the DMCA molecules. These van der Waals clusters are not
observed in the case of desorbed molecules without cooling: they must either be formed
by collisions in the jet or they are clusters formed during desorption from the surface
and too hot to survive ionization unless they have been cooled by collisions with the
bath gas.
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Fig. 4.
Mass spectrum of DMCA (3,4-dimethoxycinnamic acid) measured with cooling
and single photon ionization (118.2 nm). The peak at 86 Da is from hexane molecules seeded in
the CO2 (44 Da) bath gas used to monitor VUV generation and as mass calibration.
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Fig. 5.
Mass spectrum of DMCA (3,4-dimethoxycinnamic acid) measured without
cooling and with SPI.

Photochemical (2π + 2π) cycloaddition of (substituted) cinnamic acid molecules,
to give truxinic and truxillic acids containing cyclobutane-type linkages, has been
observed to occur in the solid state after irradiation with 365 nm light by Stewart et al.
[5]. If this type of reaction were to occur in the gas phase with DMCA, to give an ion
with mass 416 Da, we would expect to observe it not only in the spectrum in Fig. 4,
but also in the spectrum in Fig. 5. Since it is not observed in the spectrum in Fig. 5, we
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conclude that the ion peak at mass at 416 Da is a van der Waals dimer. The absence of
fragmentation in the spectra of both cooled and uncooled molecules reflects the stability
of this highly conjugated molecule; cooling is not necessary to get an intense signal
from the molecular ion.
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Fig. 6.
Mass spectrum of HVA (homovanillic acid) measured with cooling and MPI
(282.0 nm).
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Fig. 7.
Mass spectrum of HVA (homovanillic acid) measured without cooling and with
SPI + MPI (354.6 nm).

In the mass spectra of the second acid discussed here, homovanillic acid, HVA
(182 Da), a curious difference between the spectrum of the cooled and of the uncooled
molecules occurs. The spectrum in Fig. 6 was measured using 282 nm MPI after
cooling of the desorbed molecules in a CO 2 expansion. In this process, van der Waals
clusters are formed between the seeded molecules and the bath gas molecules, for
example the van der Waals dimer of HVA•H2O (200 Da), HVA•nCO2 (226, 270, 314,
358 and 402 Da), as well as of the seeded molecules only; HVA2 (364 Da) and, not
shown, HVA 3 and HVA4. When these molecules are directly desorbed in-source and
ionized with SPI, we obtain the spectrum shown in Fig. 7 in which a new peak appears
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at mass 328 Da and all the van der Waals clusters are absent. If the xenon, used for
third harmonic generation, is pumped out of the gas cell, the peak at mass 328 Da is
still present with the same intensity. This clearly demonstrates that the ion at mass 328
Da must be ionized by the 354.6 nm radiation rather than the 118.2 nm radiation.
To check whether the molecule corresponding to mass 328 Da was present in the
molecular beam but not ionized in the first experiment (Fig. 6), an experiment was
performed using cooling and ionization via overlapping 280 and 354.6 nm UV laser
beams. The result is shown in Fig. 8, the van der Waals clusters are present, but no
peak is observed at 328 Da. From a comparison between the spectra in Fig. 6 - 8 and
the conditions under which they were measured, we conclude i) that the ion responsible
for the peak at 328 Da is not formed via a gas phase reaction of electronically excited
HVA (the origin of the lowest singlet-singlet transition is near 282 nm) ii) it is not
formed from a cluster of two molecules of HVA and iii) this condensation reaction must
occur during CO2 laser desorption via a reaction between two 'hot' molecules of HVA.
To check whether the reaction had not occurred in solution, a sample of the same
solution used in the measurements shown here, was measured on a reversed geometry
double focussing mass spectrometer (JEOL SX-102) using thermal desorption from a
Pt/Rh wire and electron impact ionization at 16 eV and 70 eV. No evidence of the
condensed molecule was observed.
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Fig. 8.
Mass spectrum of HVA (homovanillic acid) measured with cooling and
multiphoton ionization (280 + 354.6 nm).

A Diels-Alder (2π + 4π) cycloaddition of reaction of laser desorbed 3indoleacrylic acid has been observed by Rogers et al. [6]. In their experiments,
reactions between, in one case, 2 molecules of 3-indoleacrylic acid and in a second
case, one molecule of 3-indoleacrylic and a derivative of maleic anhydride, were found
to be associated with CO2 laser desorption and not with UV MPI. Ferulic acid (3-(4hydroxy-3-methoxyphenyl)propenoic acid) was one of the other molecules studied by
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Stewart et al. [5] According to their arguments, this molecule formed head-to-tail
hydrogen bonded dimers. Since HVA is a derivative of ethanoic acid rather than
propenoic acid like ferulic acid, the rigidity of the olefinic side group is absent. The side
group containing the acid is thus able to rotate away from the plane of the ring and to
minimize repulsion between the π electrons of the two halves of the HVA cluster better
than in the case of ferulic acid.
In Fig. 9 the structure of a cyclic diester which could be formed by head-to-tail
loss of two molecules of water to give an ion with mass 328 Da is shown. Although the
reaction presumably proceeds via a two step mechanism, one for each esterification
reaction, we do not see a peak in our mass spectrum which corresponds to the loss of
only one molecule of H2O.
H
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H3 C
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CH 3
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H H

Fig. 9.
The proposed structure of the HVA cyclic diester. The rings are parallel and the
distance between the rings is approximately 3.2 Å.

The difference in abundance of the clusters in the spectra of Fig. 6 and 8 is due to
differences in jet entrainment, timing conditions, the power density and wavelength of
the ionization laser, and the resonant wavelengths in the molecule and cluster. In
Chapter 2 an example is given of the influence the timing conditions have on the
production of clusters (see Fig. 10 and 11, Chapter 2).
The peak at mass 137 Da in the spectrum of Fig. 8 is due to the loss of the
carboxyl radical after ionization [7]. A homolytic cleavage between carbons 1 and 2
explains the produced fragment. This fragmentation is not observed in DMCA in either
SPI or MPI spectra and would be less likely to occur since the conjungated structure
stretches from the aromatic ring to the carboxyl group, and furthermore a hydride shift
is needed to form a stable structure in the fragment ion.

Compound I
The SPI spectrum in Fig. 10 is of cooled molecules of compound I (326 Da) and
Fig. 11 shows the SPI spectrum of the same molecules which were not cooled. When
molecules are desorbed in-source, the plume of desorbed molecules is sufficiently
extended in space to be intersected by both the VUV and UV laser beams. The UV
photons are orders of magnitude more abundant than the VUV photons, the efficiency
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of the tripling process is very low (10-4), making multiphoton absorption highly
probable in the UV beam. To confirm that the spectrum in Fig. 11 was from VUV
photons alone, the xenon gas was pumped out of the tripling cell. No mass spectrum
was observed, therefore the peaks in the spectrum must be from the SPI. No
fragmentation is visible in either spectrum. (The small peaks are all from background
gas and from molecules in the jet). Since the two monomeric units are linked together
by a five membered ring, at least two bonds have to be broken to fragment the molecule
into monomers. This requires more energy than is available in a VUV photon. An
estimate of the energy required to produce fragments can be made by comparing the
sum of the approximate energies required to break two (C-C or C-O) bonds,
approximately twice 3.6 eV, and the estimated energy required to ionize the molecule, 8
eV, with the energy available in the VUV photon, 10.5 eV. This photon provides
insufficient excess internal energy for fragmentation even without cooling. The single
C-C bond between the methoxyphenyl and the propane chain is unlikely to break since
it will give a methoxyphenyl ion which cannot form mesomeric structures.
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Mass spectrum of compound I measured with cooling and SPI.
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Mass spectrum of compound I measured without cooling and with SPI.
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Compound II
The SPI spectra of compound II (362 Da), are shown in Fig. 12 (with cooling by
collisions with Ar bath gas) and Fig. 13 (without cooling). No ions were observed in
either geometry when the xenon gas was pumped away, demonstrating once again that
the ions are exclusively formed by VUV radiation. The energy deposited in the
molecule during ionization must be the same in both cases and any differences in
fragmentation which are observed are due to the differences in internal energy before
ionization. (The peak at 78 Da in Fig. 12 is from benzene which is co-expanded with
the Ar bath gas (peak at mass 40 Da) to monitor the VUV production). In both spectra,
the major peak at 210 Da is from a fragment ion which could be formed in a McLafferty
rearrangement [8]. There are several indications that this fragmentation occurs after
ionization rather than after desorption. For example, the shape of the fragment ion
peak, the tailing to higher mass, equivalent with longer time of flight, indicates that the
fragmentation occurs in the ion source. Dependence of the fragmentation rate on the
CO2 laser intensity is also not observed and the reaction mechanism of the McLafferty
rearrangement is only valid for ions and has never been observed in neutrals.
210
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Mass spectrum of compound II measured with cooling and SPI.
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Fig. 13. Mass spectrum of compound II measured without cooling and with SPI.
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Fig. 14.
McLafferty rearrangement of compound II that could give the ion with mass 210
Da as observed in Fig. 12 and 13. The 'fishhook' arrows indicate the transfer of a single electron.

This rearrangement, shown in Fig. 14, gives this molecule an indicator of the
reduction of internal energy caused by cooling. The abundances of the molecular ion
compared to the abundance of the fragment ion at mass 210 Da is significantly higher in
the case of cooled molecules. The internal energy of the in-source desorbed molecules
is clearly higher than that of the molecules entrained in the adiabatic expansion.
Quantification of the internal energy of the molecule prior to ionization can be done with
the use of Quasi Equilibrium Theory as was demonstrated in Chapter 3 for n-hexane.
However, for this system, not enough information is available to perform these
calculations. One would need many factors such as the critical energies for ionization
and appearance of fragment ions and distribution functions appropriate for the amount
of energy deposited by the VUV photon, for the photoelectron energy and for the
internal energy in the molecule before ionization. Fig. 15 shows the homolytic cleavage
that lead to fragment ions of masses 153 Da and 138 Da.
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Fig. 15.
Proposed fragmentation pathway, a homolytic cleavage, of compound II
explaining the peaks at mass 153 Da and 138 Da.
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Compound III
The spectrum in Fig. 16 is taken of jet cooled compound III (408 Da). The
spectrum in Fig. 17 shows molecules which were not cooled. The spectra differ
significantly. Whereas in the case of cooling, Fig. 16, all the ions are from the VUV
radiation, in the case of in-source desorption, Fig. 17, the ions are from the 354.6 nm
UV radiation. The same spectrum was obtained when the Xe was removed from the
tripling cell. The difference between VUV and UV is dramatic: while with VUV no
fragmentation is observed, with UV and without cooling, the highest peak in the
+
spectrum is from the especially stable C7 H 7 ion. Proposed cleavages leading to
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Mass spectrum of compound III measured with cooling and SPI.
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Mass spectrum of compound III measured without cooling and with MPI.

fragment ions of mass 91 Da, 153 Da, 241 Da and 255 Da are indicated in Fig. 18.
The fragmentations leading to fragment ions with those masses are almost all homolytic
cleavages. The fragment ions at mass 39 Da and 65 Da are from C7H7+, the ion at mass
51 Da from C6H5+. Since two photons of a wavelength of 354.6 nm correspond to only
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Fig. 18.
Proposed fragmentation pathways of compound III leading to fragment ions at
masses observed in Fig. 17.

7.0 eV, ionization must be via at least a three photon process in which the total energy
is at least 10.5 eV, the same as that in SPI. In our experiments, we did not vary the
intensity of the 354.6 nm beam and therefore do not know whether fragmentation was
not induced via a 4 or more photon process in the case without cooling. If the total
energy contained in the photon(s) was the same as in the case of SPI, the relative
amounts of energy which remain in the internal degrees of freedom of the molecule or
which leave with the photoelectron must be different in the two cases. In experiments
by Köster and Grotemeyer [9] there were also differences in fragmentation observed
between SPI (118.2 nm, 10.49 eV) and MPI (2 photons of 236.4 nm, 5.25 eV) postionization of some small, CO2 laser desorbed, peptides containing (UV absorbing)
tryptophan. For the larger di- and tripeptides, more fragment ions were obtained with
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VUV than with UV ionization. However, when the behaviour of tryptophan monomers
was compared, SPI gave less fragmentation than 236 nm MPI. The ionization of the
molecules via MPI for compound III interferes with the determination of the influence
of cooling. With cooling, that is, with confinement of the molecules in the pulsed
beam, it is easier to remove the contribution of multiphoton processes in the
experiment.
From the fact that the UV laser beam does not create ions from compound I and II
it can be concluded that compound III must have a resonant transition near 354.6 nm.
Most likely this is caused by the carbonyl group conjungated with the disubstituted
phenyl ring.
Conclusions
In spite of some structural similarities, the five molecules discussed here display
rather different behaviours in the production and fragmentation of molecular ions with
SPI depending upon whether or not the molecules are cooled in a supersonic expansion
between desorption and ionization. 3,4-Dimethoxycinnamic acid and compound I are
very stable and do not fragment, rearrange or react even without cooling; cooling is
superfluous for the production of molecular ions from these molecules. In fact, when
cooling is used, the signal to noise ratio degrades due to losses in the entrainment and
the skimming processes. Similar to compound I, compound II does not show simple
cleavage reactions of the molecular ion with or without cooling. However, with cooling
compound II does show an increase in the relative intensity of the molecular ion
compared to a fragment ion formed by a McLafferty rearrangement.
When cooling is omitted, not enough thermally induced fragmentation is created
to be valuable for elucidation of molecular structures, but if fragmentation occurs a
relative lower molecular ion abundance is observed.
A disadvantage of direct desorption in our source is MPI with the (354.6 nm) UV
which competes with SPI since the two beams are less efficiently separated from one
another in the direct desorption configuration. This problem is demonstrated in the
spectra of compound III in which a strong absorption in the UV results in a high degree
of fragmentation when the molecules are not (spatially) entrained in the molecular
beam. Homovanillic acid, unlike compound III, does not absorb at the wavelength of
the 3rd harmonic of the Nd:YAG (354.6 nm). However, a molecule, which is believed
to be a cyclic diester formed upon desorption of HVA from the probe surface, does
absorb this UV wavelength to give an intense peak in the spectrum of the molecules
desorbed in-source. The mechanism for the formation of this ion is as yet unclear.
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6
SELECTIVE IONIZATION BY REMPI MASS SPECTROMETRY

In this chapter the absorption spectra of five molecules are measured using
resonant enhanced multiphoton ionization. For one of the molecules, guaiacol, part of
the spectrum is compared with transitions between eigenstates of a one dimensional
Schrödinger equation describing the hindered rotation of a methoxy group. Mass
spectra of a laser generated pyrolysis product mixture are recorded at some of the
wavelengths corresponding to resonances found for the five molecules.
Introduction
Resonant enhanced multiphoton ionization (REMPI) is potentially a powerful tool
in mass spectrometric analysis of complex mixtures/samples. With non-selective
ionization techniques all components in the sample will appear in the mass spectrum.
Therefore, additional separation techniques are often used to purify sample molecules
before their introduction into the mass spectrometer. In contrast, selective ionization
allows one to introduce the whole sample into the mass spectrometer and to ionize only
the molecules of interest. In REMPI, selective excitation to intermediate vibronic states
of the molecule is used to enhance its ion abundance in the spectrum and to discriminate
against other molecules as was demonstrated in Chapter 4. One strategy to detect certain
species in a mixture is to measure the REMPI absorption spectrum of the target species
and its isotopomers first, and then to check at a photon energy resonant with transitions
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in the target molecule whether ions of the correct mass are obtained from the complex
sample. This second step can be done for the target molecule as well as its isotopomers
at several resonant photon energies.
In this chapter the absorption spectra of five selected molecules are reported and
some of the resonances found are used to resonantly enhance the ionization of pyrolysis
products from a CO2 laser irradiated lignocellulosic polymer sample.
Lignin
Lignin is generally considered to be a 3 dimensional network built up from the
monolignols p-coumaryl alcohol, coniferyl alcohol and sinapyl alcohol, see Fig. 1,
which differ in the number of methoxy groups attached to the phenol ring. The
presence of methoxy groups can prevent certain cross-linkages between monomeric
units of the polymer. Lignin from angiosperms (hardwood) consists of monomeric
units with one or two methoxy groups, lignin from gymnosperms (softwood) consists
of monomeric groups with one methoxy group. Coumaryl units might occur in primary
cell walls and do occur in compression wood.
OH
H2C
HC

OH

OH

H2C
CH

HC

H2C
HC

CH

O
OH

p-Coumaryl alcohol
Fig. 1

CH 3

H3C

OH

Coniferyl alcohol

CH

O

O

CH 3

OH

Sinapyl alcohol

Precursor molecules in the biosynthesis of lignin.

Due to the thermal lability of ether linkages compared to C-C linkages [1],
pyrolysis methods are well suited for research on lignins. Indeed, pyrolysis mass
spectrometry (Py-MS) has proven to be a valuable technique to characterize complex
biopolymers [2]. In pyrolysis mass spectrometry samples are heated under vacuum
conditions to release constituent fragments of the polymer into the gas phase. Heating
methods vary from the relatively slow heating of a platinum-rhodium wire using an
electric current, 1-102 K/s, to the faster methods like inductive heating of a
ferromagnetic wire to its Curie point, 103 K/s, and laser irradiation, 109 K/s. During
the heating, the sample disintegrates into gaseous, liquid and solid fractions. In insource analysis, the volatile fractions are ionized and directly mass analyzed in the mass
spectrometer. Alternatively, a gas chromatograph (GC) can be used to separate
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components before introduction in the mass spectrometer (Py-GC-MS). However,
under these conditions interaction between released fragments in the high pressure
carrier gas and contact with hot surfaces in the pyrolysis unit may lead to secondary
pyrolysis products.
In general, lignins are classified according to the ratio of p-hydroxyphenyl,
guaiacyl and syringyl units. In pyrolysis experiments these appear mainly as pcoumaryl alcohol, coniferyl alcohol and sinapyl alcohol. These compounds can easily
be ionized by MPI due to their absorption in the UV region of the spectrum. Selective
ionization, using REMPI, seems promising since the absorption bands of such
molecules are strongly influenced by the type of substituents and their positions on the
phenyl ring.
From absorption spectra measured in solution [3] the absorption bands of lignin
monomers and oligomers are known to shift to lower energies when the number of
electron releasing substituents on the phenyl rings increases. In experiments on
molecules in a supersonic jet, where solvation effects on the absorption spectra are
absent, the same effects are observed for the singlet-singlet transition with the lowest
0
energy, S0 [4]. The type and number of substituents and their positions on the ring
determine how much the energy will shift.
The alcohols shown in Fig. 1 do pose an experimental problem in the applied two
photon REMPI technique, however. The energies of the lowest, and therefore
strongest, transitions lie well below half the ionization energy due to the conjungation
of the double bond in the propene group with the phenyl ring. Therefore, these
transitions can only be used in two colour REMPI where the molecules is excited to an
intermediate state by absorption of the low energy photon and ionized by the absorption
of the high energy photon. As will be demonstrated, the alcohols in Fig. 1 could be
ionized in a two photon process where the first photon is resonant with a transition to a
highly excited state. Since the density of states increases with increasing energy, a
possible coincidence of two states in different molecules is highly probable and hence a
high selectivity cannot be obtained.
The target molecules selected for this study, shown in Fig. 2, are chosen because
they contain the three chromophores that occur in lignin, they show an increasing
complexity, and they can be expected in the pyrolysate of lignin. Furthermore, the
region of the absorption spectrum near the S00 transition, i.e. the transition from the
vibronic ground state to the vibrational ground state of the lowest excited singlet state,
is expected to be accessible with one colour REMPI.
In Py-MS mass spectra the origin of the peaks can not be assigned uniquely,
while in REMPI mass spectra the assignment is unique since fragment ions can only
occur after the parent molecule is selectively ionized. To some extend, the degree of
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fragmentation can be controlled through the laser power, although this does affect the
selectivity in the ionization process. For example, a peak at mass 124 Da in the mass
spectrum can be the molecular ion of guaiacol or methyl-dihydroxybenzene, but a
fragment ion at this mass is also observed with electron impact ionization of coniferyl
alcohol. Kovacik et al. [5] assigned a structure identical to guaiacol to this fragment
ion. Analogous for a peak at mass 94 Da, this can be from a molecular ion of phenol,
present in the pyrolysate, but also fragment ion created after electron impact ionization.
Phenol

Syringol

Guaiacol

O
OH

OH

CH 3

H3C

O

O

O

OH

CH 3

HO

O

CH 2

CH 3

OH

4-Methyl-guaiacol
Fig. 2

CH 3

O

CH 3

OH

Homovanillic Acid

The molecules investigated in this chapter.

Experimental results
The cooling of the molecules is essential for the measurement of good quality
REMPI spectra of molecules. In the experiments described here, cooling is obtained by
co-expanding the sample molecules with 2×105 Pa of argon into the vacuum of the TOF
mass spectrometer. For one of the molecules, homovanillic acid, the vapour pressure
was too low to co-expand the sample with the argon. Therefore, the sample was
desorbed in vacuum by pulsed CO2 irradiation and gas-phase molecules were entrained
in the supersonic jet of argon. In this case, cooling may be less efficient since the
desorbed molecules do not undergo the complete expansion. The experimental set-up
has been described extensively in Chapter 2.
Another factor that influences the quality of the absorption spectra is the power
density of the laser light used to ionize the molecules. At high power densities the
resonances appear broadened due to contributions of non-resonant ionization
processes. The optimum laser intensity was determined experimentally by measuring
the absorption spectrum repetitively with decreasing power densities until the maximum
resolution in the absorption spectrum was obtained. The power density of the laser also
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determines the number of observable transitions in the spectrum. At low power
densities transitions with small cross-sections will not appear in the spectrum.
The photon energy in the spectra is calculated from the wavelength of the ionizing
laser radiation. This wavelength has not been corrected for the refractive index of air.
This correction is approximately 10.4 to 10.9 cm-1 over the wavelength range
investigated in this study. The photon energy calculated from the corrected wavelength
is therefore approximately 10.5 cm-1 lower. The absorption spectra have not been
corrected for variations in the ionization laser intensity. Therefore, the ion abundance is
expected to be lower near the edges of the wavelength range of the dye in the laser.
The wavelength range of the absorption spectrum that can be measured by 1+1
REMPI is limited in the case of one colour REMPI since the total energy of two
photons must exceed the ionization energy. The spectra shown here have an upper limit
of 36800 cm -1, which corresponds to an ionization energy of 9.13 eV for two photon
ionization.
Phenol, guaiacol, syringol, 4-methyl-guaiacol and homovanillic acid were
purchased from Aldrich. The samples were used without further purification.
Homovanillic acid was dissolved in methanol, the solution was deposited on the probe
and dried in air before the probe was inserted into the vacuum.
Phenol
The first molecule discussed here, phenol, is the simplest of the set of molecules
studied. Its absorption spectrum is shown in Fig. 3. The solid line is the spectrum
measured with a low laser power density, approximately 1.7×105 W/cm2, the dotted
line is measured with the maximum available laser power, 3.2× 10 6 W/cm2 . The

Ion Abundance

S00

35400

36100
Energy [cm -1]

36800

Fig. 3.
The absorption spectrum of phenol measured by 1+1 REMPI. The solid line is
the spectrum measured at low laser power, the dotted line is the spectrum measured with a high
laser power.
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0
position of the S0 transition, the highest peak in the spectrum, corresponds with values
found in the literature [6]. The two peaks at photon energies below that of the major
peak are resonances in phenol-argon clusters and have been reported in Ref. [7]. Due to
the fragmentation of the cluster, phenol ion signals appear in the spectrum at absorption
wavelengths in the cluster. This was also observed in absorption spectra of benzene,
see Chapter 4, and of guaiacol.
The barrier to rotation of the hydrogen out of plane motion is reported [6] to be
1000 to 1500 cm -1 in the ground state and approximately 4500 cm-1 in the excited
state. These values are so high that, at room temperature, the hydroxy group effectively
stays in the plane of the phenyl ring. Only one conformer, i.e. a minimum energy
conformation, is therefore expected. This explains, in part, the simplicity of the
spectrum.
Additional peaks might have occurred at energies higher than the energy of the S00
transition. However, excitation of vibrations or of internal rotations can not be
observed since these transitions are expected, on the basis of their frequencies [8], at
higher photon energies than covered by the dye used in the laser. Note also that 'hot
bands', i.e. transitions from vibrationally excited molecules to the vibrational ground
state of the electronically excited molecule, are hardly observed in the spectrum taken at
low power density. This indicates that the population of vibrationally excited states is
very small. The spectrum measured at high laser power shows evidence of some
population of vibrationally exited states. A vibrational temperature cannot be assigned
since the ion abundance of different transitions is governed by different Franck-Condon
factors and a saturation of transitions occurs at high power density.

Ion Abundance

S00

35400

36100
Energy [cm -1]

36800

Fig. 4.
The absorption spectrum of guaiacol measured by 1+1 REMPI. The solid line is
the spectrum measured at low laser power, the dotted line is the spectrum measured with a high
laser power.
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Guaiacol
The spectrum of the second molecule, guaiacol, is shown in Fig. 4. Again, the
spectrum is taken at two laser powers, comparable to those at which the phenol spectra
were measured. The spectrum shows more congestion than the spectrum of phenol
which is partially due to the fact that, for the investigated energy range, more transitions
0
appear because the S0 transition is shifted to a lower energy. The increase in congestion
is also caused by the addition of a methoxy group to phenol. Most of the resonances in
the observed spectrum are due to rotations of the methoxy group and will be discussed
extensively in the next section.
Like in phenol, small resonances can be observed at photon energies lower than
the energy of the S00 transition. The intensity of these resonances depends strongly on
the delay between the opening of the pulsed valve and the firing of the ionization laser,
and therefore the position in the gas pulse from the supersonic jet. This is demonstrated
if we plot the absorption spectrum as a function of this delay, see Fig. 5. We observe
that the resonances are only sharp and intense during a narrow range of delays, while at
longer delays they disappear in a broad background signal. These resonances are

-490

Ion Abundance

Delay [µs]

-390
278

279
Wavelength [nm]
0

Fig. 5.
Part of the absorption spectrum around the S0 transition of guaiacol measured for
different delays between the triggers for valve opening and firing of the ionization laser. The
figure shows the change in sharpness and relative abundance of the peaks through the gas pulse
from the jet.

107

Selective ionization using REMPI

Ion Abundance

A

18.5×

Ion Abundance

B

35800

35900
Energy [cm -1]

36000

Fig. 6.
The absorption spectrum of guaiacol, mass 124 Da, (A) and guaiacol-argon
cluster, mass 164 Da, (B). Both spectra were measured simultaneously. The sharp features that
are present in both the absorption spectrum of the guaiacol molecule and the absorption
spectrum of the cluster are resonances in clusters of guaiacol and (one or more) argon. Due to
fragmentation of the cluster after ionization the resonant transitions of the cluster also appear in
the absorption spectrum of guaiacol.

caused by resonant absorption in guaiacol-argon clusters. The resonances of the cluster
are slightly shifted with respect to the resonance of the guaiacol molecule. The origin of
the resonances was found in measurements in which the absorption spectrum of both
guaiacol, mass 124 Da, and the guaiacol-argon cluster, mass 164 Da, were recorded,
see Fig. 6. In Fig. 6A the absorption spectrum of guaiacol and in Fig. 6B the
absorption spectrum of the guaiacol-argon cluster is shown. Both were measured
simultaneously. Clearly the resonances in the cluster coincide with the resonances
observed in the spectrum of the molecule. The series of resonances may be due to an
increasing number of argon atoms attached to the molecule, or different positions of the
argon atom on the molecule. The broad background around the peaks of the cluster
resonances at longer delays (Fig. 5) is most probably due to solvation effects, expected
when the guaiacol molecule is surrounded by a large number of argon atoms. Clusters
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with an increasing number of argon atoms are more abundant towards the end of the
gas pulse, as was also shown in Chapter 2 Fig. 8, for clusters of n-hexane.

Ion Abundance

Syringol
The third molecule, syringol, has two methoxy groups substituted on the phenol
ring. Due to the extra methoxy group, the energy of the lowest resonance is expected to
decrease with respect to the energy of the lowest transitions in phenol and guaiacol.
However, the expected resonances are not observed in the absorption spectrum, see
Fig. 7.
Possible explanations for the absence of transitions in this wavelength range are a
high ionization energy or a short lifetime for the intermediate state. The ionization
energy might have increased in a way that, for photon energies less than 36200 cm-1,
two photons do not have enough energy to overcome the ionization energy. In that case
the resonance observed in the spectrum in Fig. 7 is probably the first resonance at an
energy higher than half of the ionization energy. An estimate for the ionization energy is
therefore 72400 ± 200 cm-1 (8.98 ± 0.03 eV) which is rather high compared to
ionization energies of similar molecules. Di-methyl-hydroxybenzenes have ionization
energies in the range of 8.0 to 8.26 eV, di-methoxybenzenes in the range of 7.5 to 7.8
eV, methoxy-methylbenzenes in the range of 7.9 to 8.0 eV and the ionization energy of
benzene is 9.25 eV [9].
The lifetime of the intermediate states used in REMPI may be short if these states
couple to other states. For instance, in a process like Inter System Crossing, the
population of molecules in a singlet state leaks to a triplet state. The threshold of 36200
cm -1 is in such a case a threshold at which the ISC slows down and above which
ionization becomes possible.

35400

36100
Energy [cm -1]

36800

Fig. 7.
The absorption spectrum of syringol measured by 1+1 REMPI. The solid line is
the spectrum measured at low laser power, the dotted line is the spectrum measured with a high
laser power.
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The two curves in Fig. 7 show the ion abundance as a function of photon energy
measured at two laser intensities. The vertical scales of the two measurements differ,
the ion abundance of the dotted curve is 10 times higher than than of the solid curve.
Note that at high laser powers no ionization is observed for photon energies lower than
the resonance, as was generally observed for phenol and guaiacol. This support the
assignment of a threshold, due to an ionization energy or coupling between states, at
36200 cm-1.

4-Methyl-guaiacol
The partial blanking of the absorption spectrum, as observed for syringol is not
observed for 4-methyl-guaiacol, which shows that the effect observed for syringol is
specific for the type and position of the substituents. The absorption spectrum of
4-methyl-guaiacol shows, with respect to guaiacol, a shift of the lowest transition
towards lower energies, see Fig. 8. The spectrum shows a non-resonant background
over the investigated range. The laser power could not be decreased further without
losing the signal in the noise. The maximum ion abundance that could be obtained was
10 and 20 times lower than the maximum ion abundance in guaiacol and phenol,
respectively. One reason for this is that 4-methyl-guaiacol is less volatile, other reasons
might be differences in transition moments and differences in the lifetimes of the
intermediate states. For this spectrum and other absorption spectra, the ion abundance
is measured by adding 20 mass spectra for each of the 761 points in the spectrum. It
took 40 minutes to measure this spectrum.

Ion Abundance

S00

35400
Fig. 8.

110

36100
Energy [cm -1]
The absorption spectrum of 4-methyl-guaiacol measured by 1+1 REMPI.
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Homovanillic acid
The last molecule discussed in this section is homovanillic acid. This sample is
introduced into the mass spectrometer by desorbing the molecule with a pulsed CO2
laser beam and entrainment in the supersonic jet. The spectrum, the solid line in Fig. 9,
is recorded in two scans, one from 35650 to 36130 cm-1 and one from 36130 to 36630
cm-1, since during the first scan the sample was exhausted. For each scan 6000 shots
were needed, 20 averaged at each wavelength. The dotted line in Fig. 9 is an absorption
spectrum measured with a different dye in the laser. The quality of that spectrum is not
high since at the time it was measured, it was not possible to control the laser intensity
well and the vertical scale for the spectrum is different.

35400

36100
Energy [cm -1]

36800

Fig. 9.
The absorption spectrum of homovanillic acid measured by 1+1 REMPI. The
solid is the spectrum measured at low laser power, the dotted line is the spectrum measured with
a high laser power and a different dye in the laser.

On the basis of ion abundance we assign the S00 to the band at 35575 cm-1. Other
bands, at lower energies, are most likely hot bands known to appear at high laser
powers. Li and Lubman have reported on one band between 35336 and 35461 cm-1
[10]. In their case, the poor resolution might be caused by inefficient cooling due to a
different set-up for entrainment.
Homovanillic acid has also been used to determine the sensitivity of detecting
molecules with laser desorption, jet entrainment and REMPI. The resonance used was
the transition at 35714 cm-1. To determine the sensitivity, 1 µl of solution from a range
of concentrations between 1000 and 0.1 ng/µl, was deposited on the probe. The total
amount of homovanillic acid ions obtained from this spot was measured. A detection
limit of 400 fmol (750 pg) was calculated by linear extrapolation to a signal to noise
ratio of 2 (log I = 2), see Fig. 10.
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log A
Fig. 10.
Ion abundance I [mV] measured as a function of amount A [ng] of homovanillic
acid present on the probe. Symbols represent measurements, the line is a linear fit to the points.
Molecules were desorbed, jet entrained and ionized resonantly. The signal was accumulated
during the measurement. The two points at top-right were excluded from the fit since it was not
possible to exhaust the amount deposited on the probe in 256 shots.

Internal rotations of the methoxy-group of guaiacol
The resonances in the spectrum of guaiacol, shown in Fig. 4, are mainly due to
hindered rotation of the hydroxy and methoxy groups of the molecule. Pure vibronic
transitions are not likely to be found within the first 400 cm-1 above the S 00 transition.
In this section it will be shown that, even with very few parameters, most of the peaks
in the lowest 400 cm-1 can be simulated.
With the aid of a molecular modelling program [11], the internal energy of the
guaiacol molecule was calculated as a function of the position and orientation of the
hydroxy and methoxy groups. For four conformations a local minimum in the energy
was found, see Fig. 11. At each of the minimum energies both substituents on the
phenyl ring have a position such that the COC and COH bond of the methoxy and
hydroxy groups, respectively, lie in the plane of the ring or very nearly so. The four
conformers are also indicated in Fig. 11.
A description of the torsional modes involves solving a one dimensional
Schrödinger equation which describes the rotation of a substituent. The Schrödinger
equation is given by


∂2
−B
+
V(φ)

ψ m = Emψ m
2
 ∂φ
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in which B is the rotational constant of the rotating group, φ the rotation (torsion) angle
and V(φ) the potential as a function of this angle, ψm(φ) the wavefunction and Em its
eigenvalue. The potential V(φ) is periodic over 2π and is strongly dependent on the
symmetry of the substituent and its environment. In the case of the methoxy group of
guaiacol, the potential will have minima and maxima due to the steric hinderance of the
adjacent hydroxy group and interaction with the ring and its π electrons. The potential
can be expanded in a cosine series with the interaction with the neighbouring hydroxy
group described by
V1 (φ) =

V1
(1 − cos(φ))
2

(2)

and the interaction with the phenyl ring by
V 2 (φ) =

V2
(1 − cos(2φ)) .
2

(3)

The potential V(φ) is the sum over these contributions. Rotation of the hydroxy group
is neglected since, as mentioned before, the barrier to rotation out of plane is very high.
This type of Schrödinger equation and eigenvalues belonging to the wave function can
kcal/mol
8.79
9.24
9.68
10.13
10.57
11.02
11.46
11.91
12.35
12.80
13.24
13.69
14.13
14.58
15.02
15.47
15.91
16.36
16.80
17.25

450

φ methoxy [degrees]

360

270

180

90

90

180

270
360
φ hydroxy [degrees]

450

Fig. 11.
Contour plot of the potential energy surface of the guaiacol molecule as a function
of the angle that the hydroxy and methoxy groups make with respect to the ring. Angles of 180˚
and 360˚ are in the plane of the phenyl ring. The table indicates the energies of the contours.
The conformers corresponding to the minima are also shown.
1kcal/mol = 359.92 cm -1/molecule and 1 eV/molecule = 23.05 kcal/mol.
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be solved with numerical techniques suitable to solve Sturm-Liouville types of
differential equations [12].
The solutions of the Schrödinger equation represent the wave function of a free
rotor when V(φ) = 0. The solution is then given by
ψ m (φ) =

1 ±imφ
e
2π

(4)

with eigenvalues
E m = m 2 B.

(5)

If the energy is larger than the local maxima in the potential these solutions are a good
approximation for the rotor.
If the energy is lower than the local minima in the potential, the wave function is
that of a restricted rotor; rotation is only achieved by tunneling through the potential
barrier. For energies much lower than the potential energy barrier between different
conformers, the wave function is that of a torsional vibrator.
Driscoll et al. have concluded [13] that the population of the conformers observed
in a supersonic jet corresponds to the population at room temperature but frozen out in
the lowest state in the local energy minima. Transitions are allowed, on the basis of
Franck-Condon factors, between vibrational states of the same symmetry. The
transitions that have been identified in the absorption spectrum shown in Fig. 4 are
indicated in Fig. 12.
Assuming that the potential can be modelled well by the first two terms in the series, the
parameters in the problem are the V1 and V2 of the lower and upper level, the phase
between the potential of the lower and upper level and the moment of inertia of the
rotor. In the simulations described here we assume on the basis of the results of the
molecular modelling programme that the minima of V1(φ) and V2(φ) of both the lower
and upper states lie in the plane of the phenyl ring. For the ground state, the values for
the V1 and V2 are determined by fitting the potential energy surface from the molecular
mechanics programme. The values for the V1 and V2 for the excited state are
determined from an iterative fit to the experimental data. The values used in the fit are
given in Table 1.
From the absorption spectrum of the isotopomer containing one 13C, indications
can be obtained about which peaks are due to the rotation of the methoxy group. The
rotational constant B will have a different value depending on whether the 13C is
located in the methoxy group, 12 C 6 H 4 OH(O 13 C H 3 ), or located in the ring,
13C12C5H4OH(O 12CH3). The different values for B cause a shift of the transitions in
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Table 1.
Values for B, V1 and V2 used in the simulation of the transitions in the
absorption spectrum of guaiacol.

B= 0.746 cm-1
V1 = 238 cm-1
V2 = 560 cm-1
(Fig. 12C) Excited state

V1 = 1074 cm-1
V2 = 550 cm-1
(Fig. 12B) Ground State

V1 = 161 cm-1
V2 = 580 cm-1
(Fig. 12D) Ground State

Ion Abundance

V1 = 1100 cm-1
V2 = 500 cm-1
(Fig. 12A) Excited state

35850

36100
Energy [cm -1]

36350

Fig. 13.
Origin region of the absorption spectrum of guaiacol. Indicated are the series of
transitions that can be explained by the calculations and which are also indicated in Fig. 12. The
peaks indicated by the upper markers are due to transitions found in Fig. 12 A and B, peaks
indicated by the other two markers are due to transitions found in Fig. 12 C and D.

Selective ionization of pyrolysis products
The resonances found in the experiments described in the previous sections can
be used to selectively ionize phenol, guaiacol, 4-methyl-guaiacol and homovanillic acid.
The resonance found for syringol can not be used since it does not provide us with the
required selectivity. Selective ionization was tested on pyrolysis products made by CO2
laser irradiation of a cottonwood milled wood lignin (MWL) sample. The powdered
sample selected for this study was isolated by milling the wood during one week in a
ball mill, followed by vacuum filtration and extraction with a dioxane-water mixture
[14]. The sample was provided by the National Renewable Energy Laboratory,
Golden, Colorado. This sample has been characterized in earlier experiments with
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Curie-point-GC-MS and in-source pyrolysis mass spectrometry with electron impact
ionization and ammonia chemical ionization [15].
In those in-source-Py-MS experiments, the total ion current (TIC) may show
peaks at different temperatures during heating of the sample. A distinction is made
between thermal desorption, the evaporation of volatile compounds in the sample, and
pyrolysis, thermal degradation of the polymeric sample. The TIC curve of the
cottonwood MWL shows one sharp peak corresponding to a well defined pyrolysis
event. The narrow pyrolysis temperature window points to the dissociation of a well
defined polymer with mainly linear domains.

Ion Abundance
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Fig. 14.
The in-source-Py-MS spectrum of cottonwood lignin. Ionization has been carried
out by 16 eV electron impact. The spectrum was measured on a JEOL double focussing mass
spectrometer model DX303.

The mass spectrum of the cottonwood MWL sample, obtained by in-source-PyMS and electron impact ionization with 16 eV electrons, is shown in Fig. 14. The
major peaks in the spectrum have been identified as coniferyl alcohol, mass 180 Da,
and sinapyl alcohol, mass 210 Da. The reaction pathways in which these monomeric
molecules can be generated from the polymer have been proposed in Ref. [16]. The
peaks at 124 and 137 Da are mainly fragment ions from coniferyl alcohol, the peaks at
154 and 167 Da are fragment ions from sinapyl alcohol. Since in Py-GC-MS
experiments phenol, mass 94 Da, and guaiacol, mass 124 Da, are found, ions leading
to peaks at mass 94 Da and 124 Da may have their origin in pyrolysis as well in
fragmentation occuring after electron impact ionization. The series of peaks at masses
272, 302 and 332 Da was identified as stilbenoid types of structures. These structures
are non-ether linked dimeric compounds of which the linkage survives pyrolysis.
Fig. 15 shows three mass spectra. Mass spectrum A is recorded at a resonant
wavelength of homovanillic acid (35714.3 cm-1, λair = 280.000 nm), mass spectrum B
is recorded at the lowest resonant wavelength of phenol (36359.7 cm-1, λair = 275.030

117

Selective ionization using REMPI

nm) and mass spectrum C is recorded at the lowest resonant wavelength of guaiacol
(35925.0 cm -1, λair = 278.358 nm).
Spectrum A is measured at a resonance of homovanillic acid. However, since no
peak at mass 182 Da is observed in the mass spectrum it is concluded that homovanillic
acid is not generated in the pyrolysis process. Instead, peaks at 180 and 210 Da from
coniferyl alcohol and sinapyl alcohol are present.
As explained before, these compounds are ionized with two photon ionization via
a highly excited state. The density of states does not allow any selectivity, at nearby
wavelengths the same ratio between the peak abundances is obtained. Note that this
ratio is different from the ratio in the mass spectrum recorded using electron impact
ionization in Fig. 14.
The peaks at 137 and 167 can be formed via a rearrangement reaction [17] from
180 and 210 Da, respectively. The fragment with mass 137 is observed in electron
impact ionization of coniferyl alcohol [5]. The proposed reaction is shown for coniferyl
alcohol in Fig. 16, the reaction for sinapyl alcohol is analogous. From the results of
Py-GC-MS experiments [15], the small peak at 150 Da was assigned to guaiacyl-ethene
rather than p-coumaryl alcohol.
Mass spectrum B is taken at a wavelength in resonance with a transition in
phenol. The spectrum contains, apart from the phenol peak at mass 94 Da, a peak at
mass 56 Da and peaks at 124, 180 and 210 Da. The peaks at 124, 180 and 210 Da are
also present in the in-source-Py-MS spectrum (Fig. 14) and in mass spectrum A. The
peaks at mass 180 and 210 Da are coniferyl alcohol and sinapyl alcohol. The total ion
abundance is very low; the peaks are smaller than the peak from background ion (mass
226 Da) which is marked by an asterisk.
The peak at mass 56 Da is assigned to Fe since iron shows a strong resonance at
λair = 275.0140 nm [18] and the specific iron isotopes (mass 54 and 57 Da) are also
present in the correct ratio. It is remarkable that in in-source-Py-MS experiments iron is
found to desorb from the hot filament at temperatures of 1400˚C [2]. This would
indicate that this temperature is reached in the laser irradiated sample.
Mass spectrum C is measured with a photon energy of 35925.0 cm-1, resonant
with the S 00 transition in guaiacol. Indeed a peak at the mass of guaiacol (124 Da) is
obtained as well as a peak due to methyl loss from guaiacol at mass 109 Da. The peaks
at 180 and 210 Da are observed again, in practically the same ratio as in spectrum A.
From the results discussed above it is concluded that in the pyrolysis process
trace amounts of phenol are generated, but no homovanillic acid. Furthermore, guaiacol
is selectively detected, at a selected wavelength, and is present as such in the pyrolysis
product mixture. The simplicity of the spectra in Fig. 15 A and 15 C makes it relatively
easy to identify the parent of a fragment ion.
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Fig. 15.
The laser pyrolysis TOF mass spectra of cottonwood milled wood lignin.
Ionization has been carried out by multiphoton ionization. Spectrum A with a photon energy of
35714.3 cm-1 , spectrum B with a photon energy of 36359.7 cm-1 , spectrum C with a photon
energy of 35925.0 cm -1.
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Proposed reaction pathway for the formation of a fragment ion with mass 137 Da
from coniferyl alcohol (mass 180 Da).

As stated before, structures like p-coumaryl alcohol, coniferyl alcohol and sinapyl
alcohol cannot be ionized with resonant two photon ionization via the lowest
transitions. The same argument holds in general for compounds consisting of two
monomeric units, although this depends on the type of linkage. A rough way of
accessing the dimer region of the lignin mass spectrum is by using resonances at longer
wavelengths to ionize with a total of three photons. Since high powers are needed, the
third harmonic of the Nd:YAG (3.5 eV photons) was selected for this purpose. The
mass spectrum recorded at this photon energy is shown in Fig. 17. Apart from peaks at
mass 23 and 39 Da, assigned to sodium and potassium, the spectrum shows a series of
peaks at mass 272, 302 and 332 which has also been observed in Py-MS experiments.
The peaks have been assigned to structures shown in Fig. 18. The substitution of a
hydrogen by a methoxy group increases the mass of the molecule by 30 Da, which is
equal to the spacing of peaks in one series. An alternative for the proposed structure
would be a β-O-4 link between the ethene and the guaiacyl unit. However, in that case
the conjungated structure is less extended and the molecule would be expected to
absorb, and thus ionize, at shorter wavelengths too, and the ether linkage is likely to
break in the pyrolysis process.
Since some similar structures, reported in [19], have ionization energies of
approximately 7.0 eV, it might be possible that the ions are formed in a two photon
process rather than a three photon process. In addition to the peaks mentioned above,
two series of peaks are observed at 284, 314 and 344 Da and 342, 372 and 402 Da
which appear just above the noise level in Py-MS experiments and have not yet been
assigned to a structure. On the basis of the fact that these compounds are ionized by
354.6 nm radiation they are believed to be similar in structure to the compounds in
Fig.18.
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Fig. 17.
The laser pyrolysis TOF mass spectra of cottonwood lignin. Ionization has been
carried out by multiphoton ionization. The ionizing laser was the third harmonic of the Nd:YAG
laser, 354.6 nm.
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Proposed structures for the ions of mass 272, 302 and 332 Da which are found in
the spectra in Figs. 13 and 16.

From the fact that the remains of the sample appear to be charred after laser
irradiation, and the fact that we observe the same peaks as are observed in Py-MS, as
well as the fact that a CO2 laser power of 3×105 W/cm 2, high compared to what is
optimal for desorption, is needed to produce a signal, it is concluded that the
mechanism for the release of compounds from a laser irradiated cottonwood MWL
sample is pyrolysis.
Conclusions
Absorption spectra of phenol, guaiacol, syringol, 4-methyl guaiacol and
homovanillic acid have been measured with mass resolved resonant enhanced multiphoton ionization. For guaiacol the transitions due to hindered rotations of the methoxy
group are simulated by a one dimensional Schrödinger equation, the potential of which
is fitted to the observed transitions in the spectrum.
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The resonances found in the absorption spectra are for the first time successfully
applied to selectively detect compounds in pyrolysis product mixtures. This has
resulted in positive identification of guaiacol. Phenol proved to be present in trace
amounts, and the presence of homovanillic acid has not been demonstrated.
With non-resonant multiphoton ionization it proved possible to ionize coniferyl
alcohol and sinapyl alcohol simultaneously. The simplicity of the spectra makes it easy
to distinguish parent from fragment ions.
With non-resonant multiphoton ionization, using a wavelength of 354.6 nm, and
possibly a three photon process, three series of stilbenoid types of structures are
ionized. One has been identified, the other two are unidentified but must have similar
structures.
From the resemblance of these results with results of Py-MS experiments and the
appearance of the sample after laser irradiation, it is concluded that upon laser
irradiation of milled wood lignin, the released volatile products are formed by pyrolytic
degradation of the material.
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S UM MA RY
In this thesis the application of single and multiphoton ionization to the analysis
of organic molecules is described. A Time of Flight mass spectrometer was used to
identify the mass of the generated ions. Chapter 1 gives a short outline of the historical
developments that made the technique usable for analytical purposes. Chapter 2
describes the experimental set-up and characterizes the instrument.
The experiments described in Chapter 3 investigate the performance of Single
Photon Ionization and the influence of internal energy on the fragmentation of
molecular ions. The photons of 10.5 eV were made by frequency tripling the third
harmonic of a Nd:YAG laser in Xe gas. The molecules used for these experiments
were linear, branched and cyclic alkanes containing six carbon atoms. To vary the
amount of internal energy the molecules were heated to 280˚C prior to ionization. The
fragment ions formed after ionization proved to be specific for the structure of the
molecule. For normal-hexane the temperature dependent fragmentation was compared
with predictions from Quasi Equilibrium Theory. This showed that, in this case, the
photon energy in excess of the ionization energy is divided equally over the kinetic
energy of the outgoing electron and the internal degrees of freedom in the molecule.
In the experiments in Chapter 4 the application of multiphoton ionization for
selective ionization is investigated. Absorption spectra of benzene are measured by
monitoring the ion abundance as a function of photon energy. To obtain high spectral
resolution the sample molecules were introduced into the mass spectrometer by coexpanding them in a supersonic jet. From simulations of the rotational profile of one
of the vibronic transitions in benzene, a rotational temperature of 1.75 K was assigned.
This low temperature is necessary to obtain sharp absorption peaks. At this
temperature the selectivity is high enough to ionize one component only in a 12C6H6
and 13C12C5H6 mixture.
In the experiments in Chapter 5, the cooling effect of the supersonic jet on the
fragmentation of laser desorbed molecules that were seeded into the jet is investigated.
The molecules that are the subject of these studies are model compounds for lignin, a
biopolymer found in plant cell walls. Ions are made by single photon ionization so that
the energy deposited in the molecules is well defined. Both with and without cooling,
fragmentation in the majority of the investigated molecules is found to be absent. Only
for one molecule is fragmentation observed. The relative intensity of the fragment ion
abundance decreases when these desorbed molecules are cooled in the supersonic jet
prior to ionization. The decrease in total ion abundance, due to the lower transport
efficiency between desorption and ionization, does not justify the use of cooling in a
supersonic jet in combination with single photon ionization for this class of molecules.
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In the experiments in Chapter 6, resonant enhanced multiphoton ionization is
successfully applied to selectively ionize pyrolysis products of lignin formed by laser
irradiation. To apply this technique, the absorption spectra of five molecules had to be
measured first. Some of the resonances found were then used to analyse a lignin
sample that had been characterized before by other pyrolysis techniques. It proved to
be possible to ionize selectively certain products formed in the pyrolysis process and
thus simplify the mass spectrum and its interpretation.
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S AM ENV A TTIN G
In dit proefschrift wordt de toepassing beschreven van foto-ionizatie van
organische moleculen door één of meerdere fotonen. Een vluchttijd
massaspectrometer werd in de experimenten gebruikt om de massa van de ionen te
bepalen. In Hoofdstuk 1 wordt een kort historisch overzicht gegeven van de
ontwikkelingen in ionen optiek die vluchttijd massaspectrometrie bruikbaar hebben
gemaakt voor analytische doeleinden. In Hoofdstuk 2 wordt de apparatuur beschreven
alsmede enkele karakteristieke resultaten.
De experimenten die beschreven zijn in Hoofdstuk 3 hebben tot doel de
toepassing van één foton ionizatie en de invloed van interne energie van de moleculen
op de fragmentatie, die na ionizatie kan optreden, te bestuderen. De fotonen van 10.5
eV werden gemaakt door de derde harmonische van een Nd:YAG laser frequentie te
verdrievoudingen in Xe gas. De moleculen die in deze experimenten gebruikt werden
waren alkanen met zes koolstof atomen. Om de interne energie te variëren werden de
moleculen verhit, to maximaal 280˚C, voordat ze geionizeerd werden. De fragment
ionen die na ionizatie gevormd werden bleken specifiek voor de structuur van het
molecuul te zijn. Voor normaal-hexaan konden de resultaten van de temperatuur
afhankelijke fragmentatie vergeleken worden met voorspellingen van Quasi
Evenwichts Theorie. Hieruit bleek dat, in dit geval, de foton energie die over is na
ionizatie gelijkelijk verdeeld wordt over de kinetische energie van het vrijgemaakte
electron en de interne energie van het molecuul.
De experimenten die beschreven zijn in Hoofdstuk 4 hebben tot doel de
toepassing van foto-ionizatie met meerdere fotonen te onderzoeken. Absorptie spectra
van benzeen werden gemeten door de ionen opbrengst als een functie van de foton
energie. Om met hoog oplossend vermogen de absorptie spectra te meten werden de
benzeen moleculen door middel van een supersone straalstroom in de massaspectrometer gebracht. Door simulaties van een van de rotationele banden uit het
spectrum kon een rotationele temperatuur van 1.75 K worden toegekend. De lage
temperatuur is een vereiste om een hoog oplossend vermogen te bereiken. Bij deze
temperatuur is de selectiviteit hoog genoeg om naar keuze één component uit een
mengsel van 12C6H6 en 13C12C5H6 te ionizeren.
Door middel van de experimenten die beschreven zijn in Hoofstuk 5 werd het
koelende effect bestudeerd van een supersone straalstroom op de fragmentatie van
moleculen die met een laser gedesorbeerd en vervolgens in de straalstroom
meegevoerd werden. De moleculen die gebruikt werden voor dit onderzoek zijn model
stoffen voor lignine, een bio-polymeer die in cel wanden van planten voorkomt. Ionen
werden door één foton ionizatie gemaakt, zodat de energie die het molecuul krijgt
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aangeboden goed bepaald is. Met en zonder koeling wordt, afgezien van een molecuul,
geen fragmentatie waargenomen. In het geval dat fragmentatie optreedt neemt de
relatieve intensiteit van de fragment ionen in het massa spectrum af als de moleculen
gekoeld worden voor ionizatie. Koeling kan beter achterwege gelaten worden omdat,
door minder efficient transport tussen desorptie- en ionizatievolume, de ionen
opbrengst sterk afneemt als er koeling wordt toegepast en er bij deze klasse van
moleculen met één foton ionizatie vrijwel geen fragmentatie optreedt.
In Hoofdstuk 6 worden experimenten beschreven waarin foto-ionizatie wordt
toegepast met meerdere fotonen waarvan er één resonant is met een overgang in een
molecule. Deze techniek is succesvol toegepast om selectief pyrolyse producten van
lignine, gevormd in laser bestraling, te ionizeren. Om de techniek toe te kunnen passen
werden eerst absorptie spectra van vijf moleculen gemeten. Vervolgens werden enkele
van de gevonden resonanties gebruikt om een lignine monster te analyseren dat ook
met andere pyrolyse technieken gekarakteriseerd was. Het bleek mogelijk om selectief
bepaalde producten, gevormd in het pyrolyse proces, te ionizeren en zo het massa
spectrum en interpretatie ervan te vereenvoudigen.
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