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Abstract

In MALDI, electrons were found to be formed by the photoelectric effect on the metal/organic matrix interface. The thin
layer of organic matrix reduces the metal work function, resulting in a high electron yield in a field-free MALDI source.
These electrons were detected in a FTICR mass spectrometer indirectly, by the observatign @nSFproduced by
electron capture. The number and velocity distribution of these electrons were estimated. It is shown that the yield of electro
strongly depends on the thickness of the organic sample. In the case of non-metallic substrates or thick matrix layers, mt
fewer electrons were detected. Electrons confined in a FTICR trap can cool negative ions produced by MALDI by long rang
Coulomb interaction, thus increasing the resolving power and sensitivity. (Int J Mass Spectrom 220 (2002) 11-19)
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction yield? Are they responsible, as it has been suggested
[3], to reduce multiply charged analyte positive ions
The yield of charged species in matrix-assisted to charge statey = 1? The possibility that must
laser desorption/ionization (MALDI), is rather low, be considered is that electrons are simply extracted
on the order of 10* [1,2]. In negative mode, a signal  from the plume by the high acceleration field usu-
for electrons is normally detected in addition to neg- ally present in MALDI ion sources. Some MALDI
ative ions from the MALDI matrix and the analyte. experiments, however, are carried out field-free, e.g.,
The origin of these electrons has been unclear. It has,in delayed extraction time-of-flight MS, and, in par-
for example, been reasoned that they are produced byticular, in internal source MALDI Fourier transform
photoionization of matri3] but photoionization has  ion cyclotron resonance (FTICR) mass spectrometry
been shown to be of minor importance in MAL[A. [5,6]. Our internal source FTICR set-up permitted us
The fate of electrons in a MALDI plume is also of to study the origin and effects of electrons in MALDI
interest. For example, are they able to produce neg- in more detail. One key idea of this work was to use
ative ions by electron capture? Will they neutralize these electrons for cooling of negative MALDI ions,
positive ions thus decreasing the overall useful ions thus improving sensitivity and resolution.
A variety of experimental approaches have been
* Corresponding author. E-mail: zenobi@org.chem.ethz.ch pursued for improving the sensitivity and efficiency of
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FTICR mass spectrometfy—9]. Reduction of the ion
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trapping of MALDI ions[6,23]. The instrument has

translational energy leads to a decrease in ion axial an internal MALDI source located in the low-pressure

oscillation amplitudes and their axial energy distribu-
tion, resulting in an increase in resolution and relative
peak intensities. A number of experimental techniques
have been developed for cooling of ions prior the ex-
citation and detection events. The buffer gas cooling
is a widely used methofll0,11] but it is not always

region 5cm from the ICR cell. For laser desorption, a
Nd:YAG laser (Continuum, Minilite ML-10) operated
at 355 nm was employed. Laser desorption/ionization
was accomplished at a pulse energy of abouf.20
MALDI samples were prepared using the standard
“dried droplet” method. 2,5-Dihydroxy benzoic acid

convenient because of the low pressure requirements(DHB) and trihydroxyacetophenone monohydrate

of FTICR. Other techniques include adiabatic cool-
ing [12,13], evaporative coolinflLl4], radiative cooling
[15], resistive coolind15], and laser coolingl6].
Electrons trapped in a magnetic field have a very
high cyclotron frequency and are cooled down fast by
electromagnetic emission. This radiative decay is the
dominant energy relaxation mechanism for electrons
in a strong magnetic field at low pressure. Electrons
can be cooled to near room temperature in a few mil-
liseconds. In a “sympathetic” cooling, cold electrons
(or ions) cool translationally hot ions by electron—ion
(or ion—ion) long range Coulomb interactiofis,18]
The exponential time constant for energy damping by
sympathetic cooling was calculatfd®]. This constant
is inversely proportional to the number density of the
cold ions (electrons) and proportional to the product
of their masses. For example, it was shown that the
time constant for sympathetic cooling of Auons by

electrons produced by an electron gun (number den-

sity 10’ cm3) is close to 2520]. The application
of sympathetic cooling for FTICR mass spectrometry
has been demonstrated recenfl9,21] Sympathetic
cooling of trapped negative ions by self-cooled elec-
trons in a MALDI FTICR has also been shojy2?].

2. Experimental

Experiments were performed on a Fourier trans-
form ion cyclotron resonance mass spectrometer
that consists of a home-built vacuum system with
a 4.7 T superconducting magnet (Bruker, Fallanden,
Switzerland) and an Odyssey data acquisition sys-
tem (Finnigan FT/MS, Madison, WI). A home-built
cylindrical open cell 6.cm in diameter was used for

(THAP) were obtained from Fluka (Buchs, Switzer-
land), and sulfur hexafluoride was purchased from
Aldrich (Buchs, Switzerland).

The MALDI matrix layer was prepared by the
“dried droplet” method, which resulted in many small
crystallites on the sample surfaf4]. Usually more
than 100 shots were utilized in one experiment. We
refer to “thin” matrix layers for cases where the sub-
strate is partially exposed to the laser beam, and to
“thick” matrix layers for cases where the target is
completely covered for the duration of the experi-
ment. We assume that even for “thin” samples, some
monolayers of organic matter are present on the target
surface, but the laser can penetrate through them. On
the other hand, consider a situation where the laser
beam is focused onto a single large crystallite: the
crater depth (several micrometer per laser shot in our
experiment, increasing with the number of laser shots
[25]) would then be much less than the thickness of
such a crystallite, and we can consider this to be a
“thick” sample. Typically, we used depositions with a
final thickness>1 mm for the “thick” samples to en-
sure that the target surface is not visible for thousands
of laser shots. However, for both cases it is impossi-
ble to provide a number for the sample thickness, due
to the erratic and heterogeneous nature of crystalline
MALDI samples.

Upon laser desorption/ionization, the ions and elec-
trons drifted in a field-free region into the open cell
and became trapped. After an appropriate reaction
delay period, analyte ions were excited by chirp exci-
tation and detected. For each measurement 20 scans
were co-added. Gated trapping was used for all ex-
periments. The typical pressure in the cell region was
5 x 102 Torr. The Sk pressure was % 10 Torr.
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Fig. 1. Trapping of electrons and negative ions in a FTICR cell.

3. Results and discussion valve) after the electrons had been trapped into the
FTICR cell.
3.1. Origin of electronsin MALDI The spectra irFig. 2 show the SE~ signal at dif-

ferent drift delay times. The sample was a DHB dried

Positive and negative ions, neutrals and electrons droplet prepared on a stainless steel target (“thin” ma-
are emitted in a MALDI desorption procedsid. 1). trix). At a drift delay time of 1Qus a strong signal of
Negative ions and electrons can be trapped in a FTICR Sk~ is observed. At longer drift delay times thesSF
cell if a negative potential is applied to the trap elec- signal becomes smaller, and signals from matrix ions
trodes. In MALDI, all ions regardless of their mass ([DHB]~, [DHB-H]~, and [DHB-2HY") appear inthe
have roughly the same velocity and can be trapped in spectrumFig. 2B and §. The summary of this exper-
the cell after an appropriate drift delay perif2b]. iment is presented ifig. 3. The maximum signal of
This drift delay time depends only on the ion veloc- Sk~ ions, corresponding to the maximum number of
ity and distance from the target to the cell if the ion trapped electrons was found at a short drift delay time
motion occurs in the absence of an electric field. The of 10uws. The most efficient trapping of MALDI ions
optimum drift delay time for our instrument is &, was at 8Qus. This means the electron velocity distri-
corresponding to an ion velocity of 800 m/s. Electrons bution peaks at >8000 m/s, and that electrons have a
cannot be detected directly in FTICR, due to their low rather broad velocity distribution. It was not possible
mass and high cyclotron frequency. We expected that to set a shorter drift time delay to measure the electron
electrons would have much higher velocity and could velocity distribution entirely because of limitations in
be trapped at a shorter drift delay time. In order to the instrument control electronics. The energy of elec-
check the presence of electrons in the cellg §&s trons was estimated to lie within the range from 0 to
was added to the vacuum systefig(. 1). Sulfur hex- 2 eV from a measurement of the &Fion appearance
afluoride has a high (& 10-1°cn?) cross-section for  curve [27]. Surprisingly, we found that the number
low energy electron capture. We assume that the final of electrons in our experiment exceeds the number of
number of generated negative (SFions is propor- negative and positive ions. This number can be esti-
tional to the number of trapped electrons. mated from the area under the curves-ig. 3.

SFks gas was added to vacuum system through In order to find the source of electrons an exper-
a pulsed valve (general valve dual-solenoid pulsed iment with a pure metal target was carried out. We
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Fig. 2. Mass spectra of F and negative DHB ions at different drift times.
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Fig. 3. Relative signal intensity as a function of the drift delay time fog"SBEnd negative matrix ions ([DHB-H) for a thin DHB
sample on a metal substrate.
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Fig. 4. Relative signal intensity as a function of the drift delay time fog"SBnd negative matrix ions ([DHB-H) for a thick (>1 mm)

DHB sample on a metal substrate.

found that there were no photoelectrons emitted from

the metal. The reason for this is the work function of

Photoelectrons ejected from the metal/matrix in-
terface may play role in ion formation. In an internal

the metal (stainless steel), which is greater than the MALDI FTICR experiment all particles move into the

photon energy. To estimate the number of photoelec-

trons from the matrix, experiments with thick (>1 mm)
matrix and with matrix on a Teflon substrate were
done.Fig. 4 shows the result obtained from a thick

cell in the absence of an electric field. Positive ions,
negative ions, and some of the electrons can interact
with each other during the drift time. Neutralization is
probably the dominant process such that mostly neg-

DHB sample on a metal substrate. There are very few atively charged ions are survived. This explains some

photoelectrons produced from the matrix, which can
be detected via SF signal at a short drift delay time.
An identical result was obtained when a thin layer of
DHB matrix was placed on Teflon substrate. The total
number of Sk~ ions was less than 1% of the number
of negative ions.

In general, we found that electrons can only be
produced from the metal substrate when it is cov-
ered with a thin layer of matrix. The electron yield
strongly depends on the thickness of the matrix. It
has a maximum at very low matrix thickness (several

puzzling observations in internal MALDI FTICR ex-
periments, i.e., that the total signal of negative ions
usually exceeds that of positive ions.

Fig. 5shows a comparison of positive and negative
mode spectra for thin and thick matrixes. The presence
of electrons apparently results in a reduction of the
positive ion signal in the experiment with a thin matrix.
Thus, the positive mode spectrum shows only very
low signals. In the negative mode, on the other hand,
there is an additional peak of [DHB]due to electron
attachment. When a thick matrix layer was used, there

nanometer) and decreases when the matrix thicknessare only few photoelectrons generated from the matrix,

is increased. A possible explanation of this effect is
that the metal/organic interface has lower work func-
tion as compared to a pure mefa8,29] A thin layer

of organic material shifts the Fermi level of the metal
and decreases the work function.

which does not change the charge balance; in this case,
the number of positive ions was found to be similar to
the number of negative ions.

It should be noted that the situation is different in
a standard MALDI TOF experiment. There is strong



16 V. Frankevich et al./International Journal of Mass Spectrometry 220 (2002) 11-19

60 153" Negative ions 12 137% Positive ions
Thin DHB Thin DHB
40 8 177
(A) G 273*
20 | 4
0 R Il 0 - \ !
120 140 160 180 200 100 150 200 250 300
m/z Pressure 5x10° Torr m/z
120 4 150" Negative ions 120 177+ Positive ions
153" Thick DHB Thick DHB
80 1 SOl

B8) 1375
40 1 401 @ 273*
1 4 I N

120 140 160 180 200 100 150 200 250 300

m/z m/z

Fig. 5. Comparison of positive and negative mode mass spectra for thin and thick matrixes layers. (A) Thin DHB matrix; (B) thick DHB
matrix.

extraction field {10° V/m) in a TOF mass spectrom-  similar to the velocity of the ions. These low energy

eter ion source. This field will extract electrons from electrons are always trapped together with negative
the plume in negative mode, while it accelerates them ions and can influence the spectrum.

onto the target in positive mode. The Coulomb force  In the electron cooling experiment shown here,

for positive ions and electrons formed at a distance some of the faster electrons were trapped in the cell
of 1 wm is weaker than the force from the extraction first, and the “gate” was opened again to admit slowly
field. It is possible that for delayed extraction experi- moving negative ions into the same trap. Electrons
ments some neutralization of positively charged ions were trapped in a-1V potential, and after the ion

will take place. introduction the “gate” was closed and trap potentials
were set to-3 V.
3.2. Electron cooling of negative MALDI ions Electrons can always be trapped regardless the

drift time delay, as already discussed. In order to

As follows from the previous discussion, electron compare the spectra obtained with and without elec-
cooling in FTICR will occur when normal, thin lay-  trons in the cell the electrons were ejected from the
ers of matrix are employed. The electron yield is trap by a quench pulse. The duration of this pulse
negligible from thick (>1 mm) organic samples. The was rather short (1@s, 9 V) in order to eject elec-
maximum of the electron velocity distribution was trons only. Because of the difference in the axial
found to be in the >8000 m/s range and the optimum velocity, electrons will be ejected much faster than
drift delay time that could be set for trapping electrons ions.
was less than 1@s. However, as follows from the Fig. 6 presents the signal intensity as a function
Fig. 3, there are still a lot of electrons with a velocity of the cooling time for ions trapped together with
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Fig. 6. Sympathetic cooling of negative THAP ions. The signal intensity as a function of the cooling time is shown.
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Fig. 7. Signals and mass spectra of negative THAP ions trapped with electrons (A and B) and without electrons (C and D).



18 V. Frankevich et al./International Journal of Mass Spectrometry 220 (2002) 11-19

electrons and ions only. For short cooling times there Acknowledgements

is no large difference in the signals. Sympathetic elec-

tron cooling becomes effective after several seconds We thank Dr. Michael Gorshkov and Juan Zhang
of simultaneous trapping of both THAP negative ions for help and useful discussions on the subject of this

and electrons. In contrast, buffer gas cooling is not
effective at this low (5x< 10~° Torr) pressureFig. 7

shows the signal and mass spectra of negative THAP

ions trapped with and without electrons. The cooling
period was 10s. There is a better resolving power

article.

References

[1] C.D. Mowry, M.V. Johnston, J. Phys. Chem. 98 (1994) 1904.

and higher signal-to-noise ratio when electrons were [2] A A. Puretzky, D.B. Geohegan, Chem. Phys. Lett. 286 (1998)

trapped together with ions. A very respectable resolv-
ing power, greater than §0was obtained without

425.
[3] M. Karas, M. Gliickmann, J. Schafer, J. Mass Spectrom. 35
(2000) 1.

any special efforts. The space charge can increase in 4 r. zenobi, R. Knochenmuss, Mass Spectrom. Rev. 17 (1998)

an ICR cell due to the presence of electrons. How-

337.

ever, no frequency shift due to space charge effects [5] M. Knobeler, K.P. Wanczek, J. Am. Soc. Mass Spectrom. 7

was observed in our experimef80-32] indicat-
ing that the cell geometry is well suited to handle

(1996) 1026.
[6] V. Frankevich, R. Zenobi, Rapid. Commun. Mass Spectrom.
15 (2001) 979.

the higher number of negative charges present. The [7] A.G. Marshall, P.B. Grosshans, Anal. Chem. 63 (1991) 215A.

cooling period is inversely proportional to the elec-
tron number density, so it strongly depends on the
number of trapped electrori20]. Sympathetic cool-
ing could be observed even in a standard negativ
mode MALDI FTICR experiment at long drift de-
lay time where some electrons were still present,
although the cooling time required will be much
longer.

4. Conclusions and outlook
Metal substrates covered with a thin layer of or-

ganic material emit a photoelectrons under UV laser
radiation. The electron yield depends on the thick-

ness of the organic material and becomes negligible

for thick (>1 mm) samples. These electrons play an
important role in internal source MALDI FTICR ex-

periments because they reduce the positive charge

[8] A.G. Marshall, C.L. Hendrickson, G.S. Jackson, Mass
Spectrom. Rev. 17 (1998) 1.

[9] S. Guan, A.G. Marshall, Rapid. Commun. Mass Spectrom. 7
(1993) 857.

e[lO] R.E. March, R.J. Hughes, Quadrupole Storage Mass

Spectrometry, Wiley, New York, 1989, p. 471.

[11] D.L. Rempel, M.L. Gross, J. Am. Soc. Mass Spectrom. 3
(1992) 590.

[12] M.V. Gorshkov, C.D. Masselon, G.A. Anderson, H.R. Udseth,
R.D. Smith, Rapid Commun. Mass Spectrom. 15 (2001) 1558.

[13] A. Kastberg, W.D. Phillips, S.L. Rolston, R.J.C. Spreeuw,
Phys. Rev. Lett. 74 (1995) 1542.

[14] M.H. Anderson, J.R. Ensher, M.R. Matthews, C.E. Wieman,
E.A. Cornell, Science 269 (1995) 198.

[15] L.S. Brown, G. Gabrielse, Rev. Mod. Phys. 58 (1986) 233.

[16] D.J. Wineland, Science 226 (1984) 395.

[17] D.J. Larson, J.C. Bergquist, J.J. Bollinger, D.J. Wineland,
Phys. Rev. Lett. 57 (1986) 70.

[18] G. Gabrielse, X. Fei, L.A. Orozco, R.L. Tjoelker, J. Haas,
H. Kalinowsky, T.A. Trainor, W. Kells, Phys. Rev. Lett. 63
(1989) 1360.

[19] L. Spizer, Physivcs of Fully lonized Gases, Interscience, New
York, 1962.

[20] G.Z. Li, S. Guan, A.G. Marshall, J. Am. Soc. Mass Spectrom.
8 (1997) 793.

and disturb the charge balance. Free photoelectrons[21] G.Z. Li, H.S. Kim, S. Guan, A.G. Marshall, J. Am. Chem.

from the metal/organic interface can be used for
sympathetic cooling of negative MALDI ions or

for electron attachment ionization of neutrals with
high electron affinity. Sympathetic cooling of neg-
ative ions results in an increase of resolution and
sensitivity.

Soc. 119 (1997) 2267.
[22] V. Frankevich, R. Zenobi, Chem. Phys. Rep. 21 (2002) 28.
[23] V. Frankevich, R. Zenobi, Int. J. Mass Spectrom. 207 (2001)
57.
[24] Y. Dai, R.M. Whittal, L. Li, Anal. Chem. 68 (1996) 2494.
[25] I. Fournier, C. Marinach, J.C. Tabet, G. Boldach, in:
Proceedings of the 49th ASMS Conference on Mass
Spectrometry and Allied Topics, Chicago, IL, 2001.



V. Frankevich et al./International Journal of Mass Spectrometry 220 (2002) 11-19 19

[26] R.C. Beavis, B.T. Chait, Chem. Phys. Lett. 181 (1991) 479. [30] M.L. Easterling, T.H. Mize, 1.J. Amster, Anal. Chem. 71

[27] M. Gorshkov, V. Frankevich, R. Zenobi, Eur. J. Mass (1999) 624.

Spectrom. 8 (2002) 67. [31] G.T. Uechi, R.C. Dunbar, J. Am. Soc. Mass Spectrom. 3
[28] K. Seki, N. Hayashi, H. Oji, E. Ito, Y. Ouchi, H. Ishii, Thin (1992) 734.

Solid Films 393 (2001) 298. [32] E.B. Ledford Jr., D.L. Rempel, M.L. Gross, Int. J. Mass

[29] G. Bordier, C. Noguera, Surf. Sci. 251 (1991) 457. Spectrom. lon Process. 55 (1984) 143.



	The origin of electrons in MALDI and their use for sympathetic cooling of negative ions in FTICR
	Introduction
	Experimental
	Results and discussion
	Origin of electrons in MALDI
	Electron cooling of negative MALDI ions

	Conclusions and outlook
	Acknowledgements
	References


