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Abstract
A perfluorinated polyether (PFPE) surface is used to enhance the fragment

ion yield for surface-induced dissociation (SID) in a tandem time-of-flight mass
spectrometer. Selection of the parent ion by separation of M+. from (M-H)+ is
obtained with unit resolution by pulsing the voltage on the collision surface. The
benzene radical cation is used as a model compound to characterise the
instrument. Fragment ions are collected with a mass resolution of 100. The
distribution of recoil energies of the SID-fragments leaving the collision surface is
not sufficient to clarify the limited mass resolution. We estimate an average
conversion efficiency of kinetic into internal energy of 30 ± 7% between 20 and 40
eV collision energy, by analysing the relative intensities of the SID-fragments as a
function of collision energy.

2.1 Introduction

In search for methods to obtain more information on the composition of molecules,
dissociation induced by ion/surface collision has been successfully employed in mass
spectrometric analysis [2]. From the relative intensities of the resulting fragment ions it has
been demonstrated that a much narrower distribution of internal energies can be deposited
in the ions with activation by surface collisions than by a collision gas (CAD) [39]. One of
the most challenging perspectives of surface-induced dissociation (SID) is the option of
activating and fragmenting ions above m/z 1500, for which the information content of CAD
spectra becomes less satisfactory [75]. The SID technique promises to yield fragmentation
conveniently and efficiently for such compounds because the collision probability per ion is
unity and the collision energy can be easily defined. However, the (quasi-)molecular ions
often exceed the m/z limit of sector and quadrupole instruments. An apparatus with an in
principle unlimited mass range is a time-of-flight mass spectrometer (TOF-MS). A few
groups have already demonstrated the use of TOF-MS for SID. In the mid-eighties, a time-
of-flight instrument provided Schey et al. [21] the possibility to reach collision energies over
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100 eV to dissociate the relatively stable molecular ions of polycyclic aromatic
hydrocarbons. In the early nineties, Whetten and coworkers showed that fullerenes are
highly resilient with respect to collisional activation by a surface in a tandem linear TOF-
MS even at collision energies up to 200 eV. At higher collision energies, fragmentation is
observed, mainly through sequential C2 loss [9, 36, 40, 76]. Williams et al. [37, 38] have

obtained SID-fragment spectra of singly charged molecular ions in a tandem time-of-flight
apparatus of a geometry similar to Whetten's. They also observed pick-up by the
molecular ion of species unintentionally adsorbed on the collision surface. However, SID
experiments in a TOF-MS have not yet extended far beyond 1000 Da, mainly because the
TOF-MS has a relatively low mass resolution. The low duty cycle of a TOF-MS means that
measuring times can be long. Therefore, the highly efficient but unwanted neutralisation of
the parent ions upon collision with the surface must be minimised. Surfaces which reduce
neutralisation that have been demonstrated for their usefulness are self-assembled
monolayers of various compositions [15, 42, 56, 77], oxide surfaces [78] and, more
recently, thin films of an inert polymer oil [44]. The latter compound, a perfluorinated
polyether (PFPE), proved very efficient in reducing neutralisation and is easy to apply. This
film was first used by Pradeep and coworkers in a sector/quadrupole tandem mass
spectrometer [44].

In this chapter we discuss the combination of a tandem time-of-flight apparatus with
a PFPE collision surface. In addition, we have combined parent ion selection with time-
focusing of the selected ions on the collision surface. With this set-up, SID-fragment mass
resolution has become comparable to that obtained when quadrupole mass spectrometers
are employed to analyse the SID-fragment ions [56, 77, 79]. The benzene radical cation is
used as a model system because it has been studied extensively with SID on several
different collision surfaces: stainless steel [22, 35, 39, 79], hydrogenated and fluorinated
self-assembled monolayers [15, 42, 56, 77] and rhenium oxide [78]. Its transitions for
resonant multiphoton ionisation (REMPI) are known [80, 81] and its fragmentation as
function of internal energy distribution has been studied [57, 82]. With REMPI, a pulsed
technique compatible with TOF-MS, the parent molecular ions can be made with very little
internal energy, high selectivity and high yield. From spectra collected at several collision
energies we constructed a 'breakdown' diagram and estimated the energy conversion
efficiency.

2.2 Experimental

The tandem linear time-of-flight mass spectrometer used in the experiments is
presented in Figure 2.1. It is a modified form of an apparatus described earlier (Bruker-
Franzen) [83]. The original gridless reflector was replaced by one with grids (RM Jordan
Co.), in which the collision surface is mounted on a feedthrough with a linear transfer
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mechanism. The surface was moved close to the grids for the collision experiments. This
set-up is comparable to those used in the groups of Whetten [9, 33, 36] and Zare [37, 38].
The parent ions are selected in the first stage, path length 1.15 m, of the tandem linear
time-of-flight mass spectrometer. The SID-fragments are identified based on their flight
times in the second stage, path length 0.74 m, between the surface and the detector. The
angle defined by the source, the surface and the detector is about 6°. The collision energy
is defined by the potential energy difference at the point of ionisation and at the surface. It
can be tuned by varying the voltage on the surface. The potential energy of the ions at the

laser focus is 830 ± 5 eV depending upon their position in the extraction field (30 V/cm);
therefore, this contribution to the uncertainty in the collision energy is also ± 5 eV.

The gas-phase benzene molecules are introduced into the ionisation chamber
through a skimmer, after cooling in a supersonic expansion from a pulsed nozzle. During

sample inlet, the pressure in the ionisation chamber is typically between 10-4 and 10-5 Pa.
Ionisation is performed in a 1+1 resonance enhanced multiphoton process, employing the
6 10

1
1
0  intermediate state of benzene (253.31 nm, 4.89 eV). The total energy available in this

two-photon process leaves a maximum of 0.54 eV for the internal energy of the benzene
ions if the energy in excess of the ionisation threshold (9.25 eV) [82] were to remain in the
ion. The laser light of about 3 mJ per pulse is focused into the ion source by a cylindrical
lens (focal length 15 cm). Unintentional three-photon processes, probable at the maximum
of the laser intensity distribution, can result in fragmentation of the molecular ion [84]. To
avoid interference of these fragment ions formed in the source with those obtained by
surface-induced dissociation of the molecular ion, the voltage on the collision surface is
pulsed. As the molecular ion enters the deceleration region, the voltage on the collision
surface is increased from ground to the desired potential. Fragment ions with a velocity
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Figure 2.1: Set-up of the linear tandem time-of-flight mass spectrometer
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higher than that of the selected ions are thus removed from the beam. (M-H)+ fragments
formed in the ion source can be separated from the parent M+. ion with unit resolution
(Figure 2.2). The (M-H)+ ion, that has not yet reached the collision surface when the
decelerating field is switched on, only partially experiences the field, and collides with the
surface with a high collision energy (about 200 eV). Neutralisation is very efficient at these

energies, and therefore the (M-H)+ fragments from the source, and their possible SID-
fragments, do not contribute to the SID-fragment spectra. Metastable fragment ions
formed in the first field-free region have the same velocity as the molecular ions and
therefore the pulsed collision surface can not prevent their appearance in the SID-
fragment spectra.

For optimal SID-fragment resolution and optimal performance of the pulsed ion
selection, the parent ions should be time-focused at the collision surface [85, 86]. The
position of the time-focus is a function of the various static electric fields. The electric field
in front of the surface, used to decelerate the ions to the desired collision energy and to
accelerate the SID-fragments towards the detector, acts as a diverging lens affecting the

Figure 2.2: Effectiveness of parent ion selection by pulsing the decelaration field in
front of the collision surface: (a) without pulsed selection, (b) with pulsed selection.
Note that the 13CC5H6

+. can not be eliminated from the spectrum.
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position of the time-focus. We performed time-of-flight calculations to optimise the source
potentials for time-focusing at the surface. In these calculations the initial kinetic energy of
the molecules in the supersonic nozzle was neglected. The position of the time-focus
obtained in a Wiley-McLaren type of ion source is a function of the ratio of the two fields.
The lower the ratio of the extraction and acceleration fields, the further the distance of the
time-focus from the ion source [85]. In our geometry, a ratio of about 1:30 is required for
time-focusing of the parent ions at the surface. This results in relatively low extraction
efficiency and consequently in a low signal-to-noise ratio for the mass spectra, but
significantly improves resolution. Experimentally, after we applied the calculated potentials,
the resolution m/∆m of the SID-fragment spectra improved to 100 at m/z 50 (see Figure
2.3). The detector is an electron multiplier with an intrinsic time width of 10 ns.

To increase survival of the charged state, and therefore improve the signal-to-noise
ratio, the stainless steel collision surface was covered with a high molecular weight PFPE
[44], sold under the trade name Krytox 16256 with structural formula
F[CF(CF3)CF2O]63(ave)CF2CF3. Its average molecular weight is 11000 and its vapour

pressure at room temperature is approximately 10-12 Pa. We obtained a smooth thin film
by allowing the liquid to sheet across a stainless steel surface of 98 by 35 mm.

2.3 Results and Discussion

2.3.1 Liquid insulator surface

Neutralisation is a highly efficient process upon impact of radical cations with a
conductor surface. In mass spectrometers only charged particles are detectable and,
therefore, neutralisation must be reduced. Several groups have shown that adding a thin
layer to the surface that acts as a barrier for electron transfer greatly improves survival of
the charged state [15, 42, 44, 56, 77, 78, 87]. Because of its apparent ease in application
and demonstrated usefulness [44], our choice was to apply a PFPE film to the stainless
steel collision surface. To determine the difference in yield of positively charged SID-
fragments, we compared the results obtained with a stainless steel surface with those of
the PFPE surface. The spectra for this comparison were measured with SID-fragment
mass resolution m/∆m of about 5 to obtain higher intensity of the fragment ions from the
stainless steel surface. The intensity of the detected SID-fragment ions after collision with
the PFPE surface was about 10 times higher than that after collision with the stainless
steel surface (measured between 30 and 70 eV collision energy). Insight in the reduction
in neutralisation efficiency for the PFPE-film is provided by evaluation of the ionisation
energies of the surface species. The work function of a clean metal surface is at most 6 eV
[88], while the ionisation energy of benzene to form a radical cation is 9.25 eV [82].
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Therefore, transfer of an electron from a clean metal surface to the ion is a highly
exothermic process. In a UHV study, Wu and Hanley [87] demonstrated that the thicker
the organic adsorbate layer (up to a thickness of 3 monolayers pyridine) on a clean
Ag(111) surface, the greater the survival of scattered pyridine radical cations after collision
with the surface. They explained this behaviour by the decreased probability of direct
charge transfer from the metal to the colliding ions. Under the vacuum conditions under
which most mass spectrometers operate, the collision surface is not clean but presumably
covered with hydrocarbon adsorbates (pump oil) [2]. However, neutralisation under these
poorly defined circumstances is still significant. This can be explained by either the
thickness of the layer or the ionisation energy of the adsorbate, or a combination of the
two. The PFPE was applied in macroscopically thick layers, i.e. thicker than 3 monolayers,
and ionisation energies of (per)fluorinated ethers are above 12 eV [88]. This is several eV
higher than that of comparable hydrocarbon compounds, making neutralisation by direct
electron transfer from such surface molecules to the incident benzene radical cation
endothermic. Pradeep et al. demonstrated the tendency of the PFPE surface to remain
relatively clean from adventitious hydrocarbons by demonstrating the absence of hydrogen
adducts after colliding pyrazine and benzene molecular ions with the PFPE surface
compared to their presence after collision with a fluorinated self-assembled monolayer
[44]. Though the liquid PFPE surface is considered an insulator, we found no evidence for
charging of this surface: (i) the spectra were well reproducible and (ii) the voltage required
to decelerate the ion beam so that collisions with the surface are just prevented showed no
significant changes in the course of our experiments. These observations are in
agreement with the findings of Pradeep et al. [44] who, even with a much higher ion

current than our estimated 10-16 A, did not see charging of the surface.

2.3.2 Fragment mass spectra

To calibrate the mass scale, we calculated the flight times for the assumed
elemental compositions of eight SID-fragments of benzene, assuming equal flight times for
the parent ions and dissociation at the surface in less than 1 ns. In these calculations, the
instrument is taken to be linear and all fields to be defined by grids. The influence of the
Einzel lens and the X and Y deflection plates on the flight times is neglected. The average
absolute difference between calculated and experimentally observed flight times can be
minimised to below the width of the peaks for only one of several possible ways of
assigning the hydrogen compositions to the chosen eight SID-fragment peaks. For this
minimisation the ion optical parameters used in the calculation are iteratively varied within
about 5% of their values. The mass scale, as shown in Figure 2.3, is calibrated using a
first-order polynomial through the peaks at mass 26 and 63.

Most SID-fragment spectra of benzene reported by other groups [15, 22, 36, 39, 42,
44, 56, 77-79] show the same fragment mass peaks as our spectra. Differences in relative
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intensities are observed as different collision geometries and energies are used. In Figure
2.3, the SID-fragment spectrum of the benzene molecular ion after a 40 eV collision with
the PFPE covered surface is shown. In this spectrum, the peaks of the molecular ion and

the (M-H)+ ion are not well resolved, despite selection and time-focusing of the parent ions
at the collision surface. This is attributed to the overlap with the signal of fragments from
metastable decay in the first field-free region, expected to appear around m/z 75 in the
SID-fragment mass spectrum, which could not be eliminated from the parent ion beam. As
reported by Somogyi et al. [15, 56] the spectra show the same fragment mass peaks as
found in mass spectra of benzene from EI, MPI and CAD [84, 89-91]. The peak at m/z 63
is abundant in SID-fragment spectra of benzene on the reported surfaces [15, 36, 39, 42,

50, 56, 77-79] and is assigned as C5H3+ since Wysocki et al. observe SID-fragment mass

66 upon collision of deuterobenzene with an ethanethiol self-assembled monolayer (SAM)
surface [77]. It is also commonly observed in EI [89] and CAD [91] mass spectra, but with
much lower intensity relative to the other fragments. The route to this fragment remains
unclear. For collisions of benzene radical cations with perfluorinated SAM surfaces,
several groups have observed peaks at m/z 95 and 96, reported to result from pick-up of
fluorine and subsequent hydrogen loss [15, 42, 56]. However, the small signal at m/z 95 in
our spectrum can not be interpreted as resulting from a product of a pick-up reaction, due
to the low signal-to-noise ratio.

Figure 2.3: Fragment ion mass spectrum obtained upon 40±5 eV collisions of
benzene molecular ions with a PFPE surface, with time-focusing of the primary
ions at the surface. This spectrum was obtained from 1250 laser shots and
processed with a three-point smoothing routine. Calibration was obtained by fitting
a first-order polynomial once the hydrogen composition of the fragments had been
determined.
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2.3.3 Energy conversion efficiency

The internal energy of ions acquired in a collision with a surface has been studied
experimentally [39, 42, 44, 57] and theoretically [92]. The internal energy is frequently
expressed as a percentage of the collision energy and values between 15% and 33% have
been reported for various systems. For organic molecules, published breakdown curves
can be used to derive the internal energy by comparison with the relative fragment
intensities in the SID spectra. Although the internal energy distribution is relatively narrow
in SID, both the mean value and the width of the distribution must be taken into account for
a meaningful interpretation. The accuracy of the comparison depends strongly on unique
fragment ions characteristic for the particular energy domain being investigated. For this
purpose, transition metal hexacarbonyl ions are very useful because of the sequential loss
of carbonyl groups with increasing internal energy. Recently, Vékey et al. [57] developed
an analogous procedure for benzene ions. With this method, a conversion efficiency of
28% was derived for benzene radical cations colliding with a surface covered with a
perfluorinated self-assembled monolayer [57].
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Figure 2.4: Energy-resolved SID diagram of selected fragmentations of the
benzene molecular ion. The uncertainty in the relative intensity is about 5%,
except for the fragment at m/z 77, for which it is about 20%.
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In Figure 2.4, the diagram of the relative fragment ion intensities measured for the
range of 15 to 45 eV collision energy is displayed. The uncertainty in the collision energy is
± 5 eV and the uncertainty in the intensities is in the order of 20%. Application of the
deconvolution method described by Vékey allows us to calculate the internal energy
distribution. The mean energies, estimated from the first moments of the distribution, scale
with (0.30 ± 0.07)*Ecoll. The widths are approximated by twice the second moment of the

distributions and are 4.6 to 6.0 eV. The conversion efficiency of 30% is relatively high
compared to values reported for metal hexacarbonyls (15-20%) [42] and peptides (13%)
[31], but within the error of determination, the same as the value of 28% reported by Vékey
et al. for benzene [57]. In their experiment, the molecular ions collide with the surface at an
angle of 45° and are detected at an angle of 45°, while in our experiment, the ions collide
nearly normal to the surface. These results indicate that the conversion efficiency is not

very sensitive to the angle of impact. This is confirmed by scattering experiments of CF3+

ions on a PFPE surface [47], which show that the relative intensities of the fragment ions
are independent of the angle of incidence of the parent ions, as long as the total scattering
angle is held constant.

2.3.4 Width of SID-fragment peaks

The time widths of the fragment peaks in the SID mass spectrum displayed in
Figure 2.3 vary from 60 ns at m/z 26 to 90 ns at m/z 78, full width at half maximum
(FWHM), limiting the mass resolution m/∆m to 100. In search of improvements in mass
resolution, we investigated the influence of a number of parameters on the distribution in
fragment ion flight times. The results of varying one parameter at a time, while holding the
others fixed at their mean values, were calculated. For simplicity, all variations, except the
angular dependence of the recoil energies, were assumed to follow a Gaussian
distribution. The calculated flight times were segmented into bins of 5 ns, the time
resolution of the acquisition system used. Fixed instrument parameters were set to the
values determined from the optimisation of the mass scale described above.

First we focus on the ionisation and flight times in the first linear TOF. The REMPI
pulse leads to a 5 ns spread in flight times of the parent molecular ions at the surface. The
Gaussian laser intensity profile with σlaser=1 mm similarly leads, for the instrument

parameters concerned, to a 10 ns distribution of arrival times of the molecular ions at the
surface. A difference in flight paths caused by a 6° opening angle of the parent ion beam
would result in a time width of 10 ns at the collision surface. Combining these three
independent effects, we calculate a distribution of arrival times at the surface of 15 ns.

Second we consider the flight time distributions after collision with the surface which
are caused by the spread in kinetic energy of the fragments, by the spread in scattering
angle and the detector response time. Neither the energy nor the angular distribution of
the fragment ions is known. Based on the observations of Wu and Hanley [14], Morris et



24

al. [42] and Winger et al. [93], we estimate that 20% of the collision energy is retained as
kinetic energy. This energy is shared over neutral and ionic fragments, proportional to their
masses. In our case, this leads to a mean value of the 'recoil' energy of 0.13 eV/Da.
However, the width of the distribution about this mean is very poorly known. Morris et al.
[42] measured a FWHM value of 4 eV for fragment ions and deduced a molecular ion
distribution width of 5 eV. Adopting this value, we take σrecoil = 25 meV/Da. The angular

distribution is approximated by a cosine squared distribution. The finite size of the detector
(1 cm radius) leads to an acceptance angle of only 6°. This severely limits the
combinations of energies and angles with which the fragment ions can reach the detector.
Therefore, the combined influence of these distributions has to be evaluated. The
convolution of recoil energy and angular distribution leads to FWHM values of 10 ns and
50 ns for fragment ions of 26 Da and 78 Da, respectively. Also, there is a, mass
dependent, effect of flight path differences due to the angle of the detector relative to the
surface (3°), resulting in broadening of 10 ns for ions at m/z 26 and 20 ns at m/z 78.
Combining the effects from the first and second stages of the tandem TOF-MS, assuming
all broadening effects are independent of one another, the FWHM at m/z 26 and at m/z 78
are 35 ns and 75 ns, respectively. It is clear that the recoil energy is the dominant factor for
the larger fragments, while for m/z 26, the different contributions are of comparable
magnitude. The experimental width for m/z 26 (60 ns) can not be explained by any
reasonable value for the recoil energy. Therefore, the discrepancy between experimental
and calculated widths must be due to parameters which have been misinterpreted or
neglected in the calculations. Two possibilities are readily apparent: time focusing of the
molecular ion at the surface could not be tested experimentally. A width of 30 ns of the
parent ion beam at the surface can explain the discrepancy. Although on one hand we
calculated that to obtain a 30 ns width of the parent ion beam by misfocusing the Wiley-
McLaren ion source, the voltages on the source plates would have to be about 50 V off, on
the other hand we did not include the influences of the Einzel lens, the X and Y deflection
plates, and the absense of grids in the ion source. A second possibility is that the ion
optical elements are not well-aligned. If the last grid before the surface is not parallel to the
surface, off by 0.5 mm for example, a flight time difference of 30 to 40 ns (m/z 26 to 78)
would also be observed.

To meet the resolving power required for the study of larger molecular systems, the
contribution of the misalignment factors to the time width of the fragment peaks must be
decreased. The contribution of recoil energy alone would theoretically limit m/∆m to about
500 at m/z 50. This is acceptable only for the study of small bio- and synthetic polymers.
An ion reflector is required to energy-focus the SID-fragment ions onto the detector for
larger molecular systems. If different ionisation methods are used to create the parent
ions, there will be different experimental requirements to time-focus the ions at the collision
surface, and other adaptations of the TOF-MS will be necessary to obtain sufficient mass
resolution in the SID-fragment spectra.


