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Abstract

The fundamental work and current knowledge on the mechanisms of matrix-assisted laser desorption ionization with puls
infrared lasers is reviewed and discussed, with a special emphasis on the work performed in the laboratory of the authors
the recent past. The role of the different relevant irradiation parameters (laser wavelength, laser pulse duration, irradiated a
and laser fluence) and matrix properties (absorption, state of aggregation) in the MALDI process is summarized as well
results on the dynamic parameters of the expanding desorption plume. New results include an extension of former wavelen
studies to the 1.m wavelength range. Furthermore, a detailed analysis of matrix ion signals generated at infrared lase
wavelengths around 3 and {un is presented and compared to those generated by UV-MALDI, revealing a complex picture
of the hitherto hardly understood IR-MALDI ionization mechanisms. Preliminary results from a photoacoustic study of the
desorption process pointto a prolonged material evaporation in case of liquid matrices and pulsed Er:YAG laser excitation. T
combined description of the various fundamental work promotes the understanding of the IR-MALDI desorption and ionizatio
processes and allows an assessment of possible solutions for current mass spectrometric limitations of the IR-MALDI methc
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction use of pulsed UV-lasers (UV-MALDI-MS). From
the potentially useful lasers, mostly pulsed Idsers
Whereas, historically, pulsed infrared lasers and are employed for UV-MALDI. After a short time of
in particular pulsed C® lasers were the first with  rapid methodological and instrumental development,
which the analysis of involatile, thermally labile UV-MALDI-MS has become an established tech-
biomolecules by (direct) laser desorption ioniza- nique for the analysis of a wide range of biomolecules
tion (LDI) mass spectrometry was demonstrafel and technical polymers.
matrix-assisted laser desorption ionization mass spec- First results for MALDI with pulsed infrared (IR)
trometry (MALDI-MS) has since its invention in the lasers were reported by Overberg et al. in 1990, em-
mid 1980s[2,3] essentially been associated with the ploying, in afirst study, an Er:YAG laser with an emis-
sion wavelength of 2.94m (pulse duration;v200 ns)
"+ Corresponding author. [4] and, shortly later, a CQlaser with an emission
E-mail addressdreisew@uni-muenster.de (K. Dreisewerd). wavelength of 10.am (pulse duration, 70 ns[5].
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Over the recent years continuous progress has beerrelatively low and about a few ten only. A number

achieved in a number of work with respect to both, of studies have been performed in the authors’ lab-
mechanisms and applications of the method, as will oratory to elucidate the reasons for these limitations
be delineated in this article. In addition to the erbium- and will be reported in the present publication. For
and CQ lasers, wavelength-tunable optical paramet- large proteins, mass resolution is generally higher and
ric oscillator (OPO) lasers and a free electron laser about 100—200; mass resolution for peptides, finally,

(FEL) have been employed in a number of studies with
mainly fundamental background.
A critical discussion of the IR-MALDI character-

is on the order of a few thousand (see below).
In the latter, low to medium mass range, peptides
with weakly bound side groups, e.g., phospho- and

istics with respect to mass spectrometric performance sialic acid-containing glycopeptides, were recently
(sensitivity, accuracy/precision, mass resolution, and demonstrated by Cramer et al. to be advantageously

applicability to different analyte classes) has previ-
ously been given by the authors for the 3 anduib®
wavelength rangefs,7]. In a general statement and

analyzed by IR-MALDI[10]. Photosensitive com-
pounds with a high absorption at the wavelength of
the common UV-lasers form other, intrinsic examples

summarizing the present status one could say thatwhen IR-MALDI is advantageously applied, as was,

IR-MALDI-MS can, in principle, be used for essen-
tially all fields for which UV-MALDI has proven to
work. For most of the more widespread applications
like the TOF-MS analysis of peptides in, e.g., pro-
teomics, the current UV-MALDI performance is, how-
ever, generally not reached.

IR-MALDI has on the other hand been demon-

for example, reported by Siegel et fl1].

Because energy deposition proceeds via vibronic
modes rather than electronic excitation as in the UV,
IR-MALDI also allows the choice from a wider col-
lection of matrix compounds. In particular the use of
a number of liquid matrices is possible which barely
exist for the UV. One advantage can, for instance,

strated to be advantageously implemented wheneverbe the use of matrices with pH properties resembling

particularly large and/or labile compounds have to be

physiological environment conditions of the analyte

analyzed, samples which are frequently not amenable of interest (e.g., glycerol, Tris—HCI).

to UV-MALDI analysis at all. Comparing the two, UV
and IR wavelength regimes, IR-MALDI is, hence, gen-

An interesting utilization of IR-MALDI from a lig-
uid matrix was recently demonstrated by Lawson and

erally regarded as the softer desorption method and asMurray, who coupled capillary electrophoresis (CE)

to lead to a particularly low degree of metastable ion
fragmentation. As a result, the generation of intact pro-
tein ions with molecular weights exceeding 500 kDa
has been demonstraté?].

Even more pronounced differences between UV-
and IR-MALDI are found in the analysis of high
molecular weight DNA and RNA sampl¢8,9]. Em-
ploying glycerol as IR matrix, Berkenkamp et al.
demonstrated the detection of up to 2180 nt DNA and
1200 nt RNA from samples containing as few as a
few hundred attomolf9]. In contrast, the useful mass
range for UV-MALDI is currently limited to about

90 nt due to extensive metastable ion fragmentation.

Unfortunately, the FWHM mass resolution of the

with IR-MALDI-TOF-MS [12]. In this work, ethanol
mixed with low concentrations of glycerol was uti-
lized as effluent for the CE system, delivered on-line
to a stainless steel frit forming the MALDI target,
and finally desorbed/ionized from this frit. Very re-
cently, Twerenbold et al. described a micro-machined
silicon injector device with which small droplets of
glycerol/analyte solution were injected into the mass
spectrometer and deposited directly on the front side
of the silicon target holdef13]. A pulsed CQ laser
was used for desorption/ionization from the small
droplets of 4um size. Insulin and lysozyme were
used as protein samples.

IR-MALDI, on the other hand, is in some respect

high mass oligonucleotide ion signals generated by currently still associated with a few yet to solve

IR-MALDI from a glycerol matrix is presently still

drawbacks when compared to the established
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UV-MALDI performance. If solid state matrices are of solving the plume dynamics problems while mak-
used, a major obstacle is, for example, formed by the ing advantageous use of the soft desorption properties
high sample consumption per laser exposure, which [14,15] An assessment of the potentials of these in-
frequently allows only a very limited number of laser strumental combinations will be given at the end of
exposures per preparation. Previous studies also in-the present publication.
dicated early on a disadvantageous need for higher It should be noted that a wider use of IR-MALDI is
concentrated samples, as compared to UV-MALDI at present also hampered by the relatively high costs
requirementg6]. As a result, a lower analytical sen- of potential IR-lasers, considerably exceeding those
sitivity follows for IR-MALDI and (stable) peptides.  of the most common plasers for the UV. To our
For peptides, sensitivities in the low femtomole range experience, all currently available IR-lasers, moreover,
have thus been demonstrated, which has to be com-still exhibit a considerably lower long-term stability
pared to the middle to lower attomol range accessible and will therefore, in general, require more efforts for
with UV-MALDI. maintenance (e.g., readjustment of the laser resonator).
Liguid matrices have in many respects proven to  Several groups have in the recent past performed
form a viable alternative. These matrices have the in- work on different aspects of the desorption/ionization
herent advantage of providing an intrinsically homo- processes. Overall, these studies have revealed a rather
geneous sample morphology and a high shot-to-shot complex and sometimes contradictory picture of the
signal stability. In terms of reproducibility they have, IR-MALDI mechanisms. It is the objective of the
in fact been, found to provide a performance very com- present publication to outline the essential findings
parable to optimal UV-MALDI[6,9]. Also the “life- from these studies and in particular extract those rele-
time” of the preparation, i.e., the possible number of vant for the analytical application of IR-MALDI-MS
laser exposures per preparation, is effectively incre- and potential future methodological and instrumental
ased. Among the known liquid IR-matrices, best resu- developments.
Its have hitherto been obtained with the “FAB-matrix” This overview will be supplemented by results
glycerol. A certain disadvantage in the preparation from recent work from our laboratory. This includes
protocol is the eventual need for cooling of the target the extension of former wavelength studies in the
because of the relatively high volatility of glycerol. 2.5-4.0um wavelength range (absorption by O-H,
So far, IR-MALDI has mostly been coupled to axial N-H, and C-H stretch vibratio{46]) to the 10um
time-of-flight (TOF) instruments in which ions are ex- wavelength range (absorption by O—H bending and
tracted in the direction of the initial plume movement. C-O stretch vibrations), with a somewhat unex-
Unfortunately, the use of liquid matrices in combina- pected result. A detailed comparison of matrix ion
tion with these most common instruments is typically signals generated at IR wavelengths in the 3 and
accompanied by a significant and for many applica- 10pm wavelength range, and with those observed
tions unacceptable reduction in the achievable massfor UV-MALDI revealed a complex picture of the
resolution. As is discussed in detail in this publication, ionization mechanisms. Preliminary results from a
the reasons for these problems must be regarded agphotoacoustic study, in which stress waves, generated
being essentially process-related. Above all, they are by the laser—matrix interaction and material ablation,
apparently caused by an unfavorable expansion dy- were analyzed, are also presented and allow a tempo-
namics of the MALDI plume. ral analysis of the overall material ablation. Finally,
Coupling of IR-MALDI sources with alternative  results from recent studies on the dynamics of the
analyzers, and in particular the employment of colli- IR-MALDI plume expansion will be reported and the
sional cooling of the plume prior to acceleration in, for associated problems for TOF-MS analysis discussed.
instance, orthogonal extraction (o-TOF) instruments,  This article is published as part of an honor bio-
has recently been shown to provide an elegant meansgraphy issue of the journal on the occasion of the 65th
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birthday of Prof. Franz Hillenkamp, infunder whose
laboratory and supervision the described investiga-
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erbium lasers were employed as fixed-frequency
lasers emitting at 2.78m (Er:YSGG) and 2.94m

tions have essentially been carried out. They therefore (Er:YAG). The Er:YSGG laser was an SEO 1-2-3

also reflect a significant part of his scientific work in
about the last decade.

2. Experimental
2.1. Mass spectrometer

All experiments were carried out with an in-house
built single-stage reflectron time-of-flight mass spec-
trometer (TOF-MS) of 3.5 m equivalent flight length.
The instrument can also be used in the linear TOF
mode with a flight length of 2.16m. lons were
accelerated through a total potential difference of
16-25kV in a two stage Wiley/McLaren ion ex-
traction source with distance$, and & of 6 and
12.5mm, respectively. Delayed extraction was ap-
plied with a maximum switched voltage of 6kV.
Venetian-blind secondary electron multipliers (SEM)
(9643/A, Emi-Thorn, Ruislip, UK), equipped with a
CuBe conversion dynode, mounted 10 mm in front of

the first dynode of the SEM, were used as standard

detectors for ion detection. For analytes exceeding

(Schwartz Electro Optics, Orlando, FL; pulse du-
ration, 70ns, Q-switch mode). The Er:YAG laser
(Speser, Spektrum Laser GmbH, Berlin, Germany)
was also used in Q-switch mode. The pulse duration of
this laser can be adjusted to some extent between ca.
70 and 200 ns by variation of the delay between flash
tube discharge and electro-optical switching. A laser
pulse duration in between 90 and 100ns was used
in the described studies. All three lasers were emit-
ting with Gaussian-shaped temporal pulse profiles, as
measured with a fast IR-sensitive HgCdTe-detector
(Radec Infrared-Detector R0O04-0, Boston Electronics
Co., Brooklin, MA; time resolutior<5 ns).

Three transversely excited atmospheric pressure
(TEA) COs-lasers (all from Laser Science, Inc.,
Franklin, MA) with emission lines of 9.25, 9.59, and
10.59um were used for IR-MALDI in the 1p.m
wavelength range. The widths of the principal first
spike of these lasers were 110, 130, and 80ns, re-
spectively, followed by a slowly decaying tailing of
low intensity for up to 1.5us.

In the also reported earlier experiments by Ehring
(chapter 3.2.2), a different CQaser ¢ = 10.6 um;

10kDa the potential between the conversion dynode Excimer laser 500, Lumonics, Ottawa, Canada) was

and the SEM was usually set tol5kV in order to
increase the ion signal by efficient detection of sec-

used. The output of this laser consisted of a princi-
pal pulse of ca. 100 ns in length, followed by a tail-

ondary ions, produced at the conversion dynode. Sig- ing of lower intensity on the order of several hundred
nals were processed by a transient recorder (LeCroy nanoseconds. In the study by Ehring, the Er:YAG and
9350A, Chestnut Ridge, NY, USA) with a maximum Er:YSGG lasers also emitted with somewhat longer
time resolution of 2 gigasamples/s, and the digitized than the above pulse durations (ca. 150-200ns) due

data transferred to a PC for storage and further evalu-
ation. Samples were observed with a CCD camera at

a resolution of about 2@m.

The instrument is equipped with a number of differ-
ent IR-lasers. An OPO laser system (Mirage 3000B,
Continuum, Santa Clara, CA) pumped by the funda-
mental and second harmonic of a Nd:YAG laser (Sure-
lite 11-10, Continuum) served as wavelength-tunable
laser source. Wavelengths between 2.12 anqwthO
have been employed in our study. The width of the
OPO laser pulse is 6ns (FHWM). Two solid-state

to the use of different optical switches.

All IR-laser beams were coupled into the mass
spectrometer via the same port and hit the sample
at an angle of incidence of 45CaF, lenses and
vacuum windows were used in thqugh wavelength
range and ZnSe substrates for the .&d@ser lines.
The instrument was also equipped with a standard
N2-laser for UV-MALDI (VSL-337ND, Laser Sci-
ence, Inc., Franklin, MAA = 337nm,7 = 3ns).
The 1£?-focal spot sizes of all lasers were in the
range of 100-30fim in diameter. Identical foci were
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used in the comparison experiments in which possi- sample chamber, most of the water in the samples
ble laser wavelength and pulse duration effects were was gassed-off at a pressure of ca:4Mbar in the
investigated. transfer lock of the mass spectrometer.

2.2. Photoacoustic experiments
3. Results and discussion

The photoacoustic detector was constructed in-
house on the basis of a sensitive piezoceramic trans- A number of work has been performed in the re-
ducer (FPM202, Marco, Dachau, Germany). This cent past to elucidate the different physico-chemical
sensor had a thickness of 5mm, a diameter of 10 mm, aspects of the IR-MALDI process. In the following, a
and was metallized on both sides with a thin layer concise overview over this work will be given, supple-
of CuNi for electrical contact. The detector disk was mented by, more comprehensively described, recent
mounted high voltage (HV)-proof into a modified results from our laboratory. Reflecting the three initial
MALDI target. Signals were coupled out via HV con-  stages of MALDI-TOF-MS, we have tried to arrange
densators, amplified by a fast differential amplifier, this chapter into three groups, desorption, ionization,
and fed into the second channel of the digital oscil- and plume dynamics, although all three are of course
loscope. The set-up allowed the parallel recording of intermingled to a certain extent. In the first two
mass spectrometric ion signals, which were recorded sections the role of the different laser and material
with the first channel of the oscilloscope. Only glyc- (matrix) parameters in the desorption/ionization pro-
erol was investigated systematically as IR-MALDI cess is discussed and probable desorption/ionization
matrix. Samples were prepared either directly on the mechanisms are addressed. The third section pro-
transducer or on a PMMA spacer between sample vides a description of recent measurements on the
and sensor in order to separate photoacoustic signaldynamic parameters (kinetic energies) of the expand-
and electronic noise produced by the Nd:YAG pump ing MALDI plume and a discussion of their influence
laser of the OPO, picked up by the electrical circuit. on the performance of time-of-flight instruments.
Substance P was used as analyte and prepared in
analyte-to-matrix ratios of~10~4. The transit time 3.1. Desorption
of stress waves through the detector disk was about
1.2us, sufficiently long to separate front and backside 3.1.1. Influence of the laser wavelength

generated signals. Most of the reported fundamental work addressed
the role of the laser wavelength in the process, in
2.3. Sample preparation particular for the range of the O-H, N-H, and C-H

stretch vibrations of IR matrices (2.7—4ufn). Either

All chemicals were purchased from Sigma Chem- wavelength-tunable OPO lasef$6,17-20] or the
ical Co. (Deisenhoven, Germany) or Fluka Chem- Vanderbilt FEL[21-24] were used in these studies.
ical (Buchs, Switzerland) and used without further Making use of the tunability of the FEL over a wider
purification. Solid state matrices were prepared wavelength range, Cramer et §.1,22] Hess et al.
as standard dried-droplet preparations with typical [23], and Papantonakis et §24] extended the wave-
analyte-to-matrix ratios of about 16. Typically, HoO length studies to the absorption by@ stretch vibra-
or HoO/ethanol mixtures were used as solvent for both tions between 5.5 and 6.8n. Results for the 1Am
matrix and analyte. Glycerol samples were prepared wavelength range, in which absorption occurs via the
on-target by thoroughly mixing the neat matrix liquids O-H bending and C-O stretch vibrations of suitable
with the aqueous analyte solution in a 1:1-volume matrices, were obtained recently in our laboratory
ratio. Prior to insertion into the high-vacuum of the and are presented as part of this article.
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It is helpful to differentiate between the three wave- gation by the authors on a series of matrices with
length ranges: different chemical structurfl 6] is depicted inFig. 1
This figure shows the wavelength-dependent thresh-
3.1.1.1. 2.5-4.0um wavelength range.The most old fluence for the generation of cytochroradons
remarkable finding in this wavelength range is proba- along with the IR-transmission spectrum of the used
bly the surprisingly low threshold fluence for typical glycerol matrix. Compared to the IR spectrum, the
IR-MALDI matrices at wavelengths3.0pm, with- threshold fluence curve of the O-H stretch band
out corresponding bands in the IR-absorption or trans- around 3.m is “blue-shifted” by about 130 nm. For
mission spectra of the compounds. Compared to the the longer wavelengths of the C-H stretch vibra-
low-light-intensity infrared spectra, either a blue-shift tion modes around 34m, the spectral courses of
or a significant broadening of the threshold fluence vs. the threshold fluences were, however, found to track
wavelength curves towards lower wavelengths were essentially those of the IR-absorption for all matrices.
reported for a variety of matriced6,18,19,21-23] Together with some supplementary experiments
An example from a recent comprehensive investi- on the mechanisms, as reported16], these results
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Fig. 1. (a) IR-transmittance of glycerol as a function of wave numband wavelengti. (b) Wavelength-dependent threshold fluence
Ho(2) for desorption of cytochrome ions from glycerol. (c) Reflector TOF IR-MALDI mass spectra of cytochramens desorbed from
a glycerol matrix at different wavelengthisof 2.94, 3.20, and 3.40m. The arrows in (b) indicate the laser excitation wavelengths.
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suggested that modified absorption profiles by weakly generation in this wavelength range of C-O stretch
hydrogen-bound OH and NH groups form the prin- and carboxylic O—H bending vibrations to some de-
cipal reason for the deviations around gia. We tail, in extension of previous work on the feasibility of
assumed these effects to be caused by either transientR-MALDI with w-TEA COy laserq7]. Threeu-TEA
laser heating of the matrices, resulting in a thermal or CO, lasers (all from Laser Science, Inc., Franklin,
even acousto-mechanical weakening of intermolecu- MA) with emission lines of 9.25, 9.59, and 10.p8
lar hydrogen bonds, and hence strengthening of the were tested in this study. Experiments were performed
intramolecular binding with corresponding change with glycerol, lactic acid, and diethanolamine. Solid
in the absorption profile. In an alternative explana- state matrices were not investigated because of a rather
tion, strong contributions from surface or interstitial poor shot-to-shot reproducibility in this 10m wave-
molecules, lacking the intermolecular hydrogen bind- length rangg7]. Also for the tested liquid matrices,
ing of the functional groups, were also discussed as the assessment of exact ion threshold fluence values
a potential reason for a broadened absorption profile. turned out to be problematic with these £@sers,
For the liquid matrix glycerol, a dynamic “bootstrap- because of residual temporal pulse tailing and, com-
like” generation of weakly bound absorbers during pared tothe 3um lasers, less well defined spatial beam
the laser pulse could indeed be monitored by laser profiles. Only the overall mass spectrometric perfor-
transmission experiments on thin glycerol filfd€]. mance was, therefore, evaluated in dependence of laser
Absorption by residual crystal water or water of hy- wavelength and matrix absorption characteristics.
dration has previously also been discussed by several The three investigated liquid matrices exhibit a
researchers as possible energy deposition pathwaysstrong modulation in their absorption profile around
[19,20,22,25] Clear experimental evidence for such 10pum. As an example, the IR-transmission spectrum
an effect could, however, not be obtained so[{#]. of glycerol is shown inFig. 2 For this compound,
Best mass spectrometric performance with respect the highest absorption is found at 9,68, followed
to signal-to-noise ratio and achievable mass resolu- by that at 9.2%um. At the most common Cglaser
tion has consistently been found in all studies at those wavelength of 10.58m, the absorption of glycerol
wavelengths for which also low threshold fluences is, however, rather weak. The differences in transmis-
were determinedFig. 1cshows this examplarily for ~ sion between the three wavelengths, as taken from
a cytochromec/glycerol system for three excitation Fig. 2a correspond to about 9 and 17 times higher

wavelengths of 2.94, 3.20, and 3 460. absorptions at 9.25 and 9.5%n than at 10.59.m,
respectively. In fact, the absorption coefficients at

3.1.1.2. 5.5-6.5um wavelength range. Investiga- both 9um wavelengths are even comparable to those

tions in this wavelength region of €O stretch vi- at the two pronounced O-H and C-H bands at 2.9

brations were carried out by Cramer et |1,22] and 3.4um (Fig. 1a [26]), respectively, for which
For this vibration mode, essentially conform spectral excellent spectrum qualities are fourféid. 1¢).
courses of absorption and threshold fluences were The higher absorption at 9.25 and 9,58 is,
recorded. In two subsequent FEL studies by Hess however, not accompanied by advantageous desorp-
et al. and Papantonakis et al., a small blue-shift for the tion/ionization propertiesHig. 2b), in distinct contrast
C=0 band was, however, reported for succinic acid to the above results for they@3n wavelength range.
[23,24]. In agreement with the 8m results the best  In fact, the by far best mass spectra are obtained at
mass spectrometric performance has generally been10.59um. Taking the different signal-to-noise ratios
obtained at wavelengths of low threshold fluence. and the general shot-to-shot variability into account,
the general ion patterns in the three mass spectra
3.1.1.3. 10 um wavelength range.We have re- are furthermore likely rather similar than relevantly
cently investigated the wavelength dependence of ion different, although for the concrete spectraFag. 2
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Fig. 2. (a) IR-transmittance of glycerol as a function of wave numbend wavelength.. (b) Reflector TOF mass spectra of bovine

serum albumin (BSA) ions desorbed from a glycerol matrix at different wavelergihis9.25, 9.59, and 10.59m. Note the different
intensity scales of the mass spectra. The arrows in (a) indicate the laser excitation wavelengths.

a somewhat higher abundance of multiply charged the laser pulse duration, is almost identical for both

BSA oligomers is notable for the 9.59 and 1058 wavelength ranges. As the only obvious experimental
wavelength. difference, the primary energy deposition into C-O
Desorption/ionization at 10.59m was visibly ac- instead of O—-H, (N-H) or C-H stretch vibration

companied by explosive material ablation, a process modes remains as a potential reason for the differ-
which obviously supports the generation of charges. ent extent of ion generation. More work is, however,
Control experiments with a non-absorbing ZnSe sub- clearly necessary to further elucidate the reasons for
strate proved that eventual energy deposition via the these interesting experimental findings.

stainless steel target did not contribute notably to the

overall process. The results are also in qualitative 3.1.2. Influence of the laser pulse duration
agreement with earlier unpublished work by Cramer,  The laser pulse duration forms the second important
carried out during his time in our group. These lat- irradiation parameter. We have recently investigated
ter experiments from the early phase of IR-MALDI its role in the energy deposition in IR-MALDI for
were performed with a different TEA GQaser with wavelengths of 2.79 and 2.94n [27]. In this work,
relatively poorly defined temporal pulse profiles and two fixed-frequency Er-lasers with pulse duratians
solely for solid state matrices. of 75ns (Er:YSGG) = 2.79um) and 90 ns (Er:YAG,

It is actually difficult to understand why compara- A = 2.94um) were compared to the OPO laser (tuned
ble energy densities in the3n-bands and at 9.59 to either of the two erbium laser wavelengths) with
or 9.25um lead to largely dissimilar results. The its short pulse duration of 6 ns. A reduction in thresh-
more because also the rate of energy deposition, i.e.,old fluence within a factor of 1.2-1.7 was observed
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in this study for common IR-matrices by going from protonation takes place when the 6ns laser is em-
the 90ns of the Er:YAG-laser to that of 6 ns of the ployed and proteins are analyzed. Two representa-
OPO. For the Er'YSGG laser, this reduction was tive glycerol-MALDI spectra of bovine serum albumin
somewhat less pronounced but also noticeable. The(BSA) are plotted irFig. 3to illustrate this pulse du-
notable tendency towards a lower threshold fluence ration effect. Whereas abundant multiple protonation
for OPO laser excitation is likely to reflect photome- is observed with the OPO, as compared to the Er:YAG
chanical effects caused by partial stress confinement,laser, the formation of unspecific oligomer ion com-
as has been discussed by Zhigilei et[aB,29] In plexes seems to be suppressed.
this molecular dynamic simulation work, threshold Abundant generation of multiply charged protein
fluences were calculated to drop by the same order of ions has also been reported before for some solid state
magnitude for the transition from thermal (no energy matrices, for instance caffeic ad]. Our recent study
transport by heat diffusion, but dissipation of photoa- revealed that for these matrices charge state distribu-
coustic stress) to stress confinement (no energy trans-tions are, however, pulse duration independent in the
port by thermal and photoacoustic pathways). The probed range. The properties which distinguish the lat-
possible relevance of the photomechanical processester matrices are not known. In case of glycerol, they
are discussed further in Chapter 3.1.5. of this article. are likely to be caused by the different heating rates
Mass spectra (i.e., analyte ion distributions, inten- and time scales of the ablation process, as indicated
sities and mass resolution) were not affected notably by the photoacoustic study described in chapter 3.1.5.
by the laser pulse duration for most of the tested Both, a change in ionization efficiency, e.g., by en-
matrices. Glycerol, the only liquid matrix tested in hanced re-neutralization of higher charge states in case
the investigation, however, formed an remarkable ex- of the 100 ns pulsg0], as well as either an enhanced
ception. With this matrix, enhanced multiple analyte decay of oligomers in case of the higher heating rate
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Fig. 3. Reflector TOF mass spectra of bovine serum albumin ions desorbed from a glycerol matrix, as a function of laser pulse duratic
7: (@) T = 6ns (OPO lasen. = 2.94um); (b) t = 100 ns (Er:YAG laserjp = 2.94m).
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of the OPO laser, or a reduced generation of oligomers 100-200 Imottcm=1 at 2.94um, higher MALDI
due to a possibly less dense plume, are conceivable tothreshold fluences by about a factor of two to three
contribute to the experimental outcome. were determined for this matrix. Volume energy den-
Cramer et al. have previously also reported mea- sities on the order of 50-100kJ mal or 0.5-1eV
surements on the effect of the laser pulse duration per molecule are, hence, calculated for surface vol-
in IR-MALDI, performed in that work with the FEL ~ ume elements. These values are close to both, typical
laser. Macropulses in between ca. 100ns and a fewvalues for UV-MALDI [32], and the enthalpy of
microseconds in duration were switched out by means vaporization of 75kJmof! of this compound. The
of an electro-optical switch; an Er:YAG laser of 200 ns surprisingly different volume energy densities clearly
pulse duration was furthermore used for comparison indicate considerably different desorption/ionization
[22]. For the pulse duration range and laser systems mechanisms for solid and liquid state matrices.
tested in this work, irradiance rather than fluence was  The influence of the laser fluence on the analyte
found to be the determining irradiation parameter, in ion signal intensities was also investigated in the lat-
certain contrast to our study. The reasons for this dis- ter study. For all matrices, a strong increase of ana-
crepancy are not known, they are likely related to the lyte ion intensity with laser fluence was determined.
very different pulse structure of the laser systems how- Fig. 4displays this increase for angiotensin | ions, des-

ever. orbed from the four investigated matrix compounds,
glycerol, succinic acid, thiourea, and 2,5-DHB.

3.1.3. Influence of the laser fluence and laser spot Finally, also the effect of the laser spot size (size

size on the ion signal intensities of irradiated area) on the ion signal intensities was in-

The deposited laser energy per volume of ma- vestigated in the said stud@1]. For all matrices, a
terial forms one of the most informative physical decrease of irradiation area was found to be accompa-
guantities for an assessment of the underlying des- nied by a strong increase in threshold fluence.
orption/ablation processes. Strikingly different energy A general problem in the interpretation of the data
densities at MALDI threshold fluences have been de- obtained in the so far described work is given by the
termined in a previous study by the authors for some fact that all of these investigations relied solely on the
common IR-matrice$31]. In this study, an Er:YAG recording of the mass spectrometric ions. The convo-
laser was used. A fiber optic set-up ensured partic- lution of desorption and ionization mechanisms makes
ularly well defined irradiation conditions (flat-top assessments about either of the two processes, how-
beam profile). For succinic acid with the lowest ab- ever, inherently difficult, and the product ion data may
sorption of all tested matrices, energy densities as low even conceal relevant features of the two intermingled
as 2kJmof! were determined for volume elements processes. Several of the above observations, like, e.g.,
close to the sample surface. Such a low energy den-the largely dissimilar deposited energies per volume
sity at MALDI threshold has been recognized before for the different matrices and the discrepancies be-
for this matrix[22,54] and has triggered speculations tween wavelength courses of threshold fluences and
about spallation as the predominant solid state disinte- molar absorption, may in fact indicate that a second
gration mechanism. 2,5-Dihydroxbenzoic acid (DHB) (possibly strong) and so far more or less unknown
and thiourea have a larger absorption coefficient than wavelength dependence for the ionization step exists.
succinic acid at 2.94m by a factor of 2.5-5 (DHB)
and 20-45 (thiourea), but nevertheless exhibit essen-3.1.4. Photoacoustic study of material ablation
tially identical MALDI threshold fluences of about (preliminary results)

1000 J n72 [31]. In order to deconvolute both processes to some ex-

Although glycerol exhibits the highest absorp- tentand to extend the previous work to the analysis of
tion coefficient of the tested matrix compounds of overall material ablation, a photoacoustic experiment
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Fig. 4. Signal intensities of angiotensin I ions as a function of laser fluence and for desorption from different m#@)cBsigs; (O)
thiourea; () succinic acid; ) glycerol. An Er:YAG laser { = 2.94um, T = 90ns), coupled into a fiber optical set-up to produce a
defined laser spot diameter of 3afh on the sample, was used for desorption/ionization. Reproduced with permissiof8ftp(oopyright
2000, © John Wiley & Sons Ltd.).

was recently set up in our laboratory. Pressure waves produced by the Er:YAG laser were also found to
generated by the interaction of the laser light with the agree with the solution of hydrodynamic stress wave
sample were detected with a sensitive piezoceramic equations, calculated according[&8] and extended
transducer on which the samples were prepared. Onlyin our study for the given sample and irradiation con-
glycerol has been investigated systematically in these ditions. In the case of the OPO laser, thermoelastic
experiments so far. signals are, however, wider than predicted by the
Typical photoacoustic signals as generated by simple theory by about a factor of two to three, for
the OPO, tuned to the Er:YAG laser wavelength of not yet fully known reasons (possible causes are the
2.94um (pulse duration, 6 ns), and the Er:YAG laser opening angle of the spherical stress wave, resulting

(pulse duration,~100ns) are presented iRig. 5 in an arrival time distribution at the planar detector
for low, i.e., “sub-ablative” laser fluence, a fluence surface, and dispersion).

slightly above MALDI ion threshold, and for an el- At higher fluences, thermoelastic signals are super-
evated laser pulse energy. At low fluenc&ig( 59, imposed by a second, purely compressive component,

photoacoustic signals are generally bipolar and sym- which can be directly related to the recoil momentum
metric. The compressive first component is simply of ablated materialKig. 5b and §. Because of the lin-
the result of thermal heating and expansion of excited earity of the thermoelastic signal, the ablation-induced
volume elements. The second tensile component of compressive component can be straightforwardly ex-
the signal results from the reflection of the com- tracted from the composite photoacoustic signal by
pressive stress wave at the surface—vacuum interface extrapolation. The results of this deconvolution are
Because material expansion is fully reversible at these shown inFig. 5cfor the OPO and Er:YAG laser respec-
low fluences, this symmetric bipolar signal is com- tively. Whereas, in the first case, ablation is confined
monly characterized as thermoelastic. In agreementto ~30ns, considerably prolonged material ablation
with photoacoustic theory, we found the amplitude with an approximately exponential decay characteris-
of thermoelastic signals to rise exactly linearly with tic (time constant;~1 ps) is recorded for the Er:YAG
fluence. Shape and width of the thermoelastic signal laser, reminding of a vaporization-like process.
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The study also revealed that with both lasers notable
vaporization of glycerol sets in already considerably
below the MALDI ion threshold fluenci4]. The in-
crease of the ablation-related signals with fluence was,
moreover, found to be weaker than that of the corre-
sponding ion signals. The details and results of these
experiments will be described comprehensively in a
separate publication.

The temporal profiles of the ablation signals point
to considerably different ablation mechanisms for ex-
citation with the two laser pulses. These differences
can be rationalized if laser excitation and stress relax-
ation times are compared; thermal confinement con-
ditions are fulfilled for both lasers. For the given large
aspect ratio (laser spot size,l50um; laser penetra-
tion depthé, ~1.5um at 2.94um), the photoacous-
tic relaxation timers is usually defined by the transit
time of stress waves through the excitation volume,
i.e., ts=38/vs, Wherevs is the velocity of sound in
the material. Withvs ~2000 ms* ands ~1.5um for
glycerol [16], ts follows to ~0.8 ns. Taking into ac-
count the reflection at the surface—vacuum interface,
75 Will in reality be somewhat higher and on the or-
der of 1-2 ns. Although still lower than the laser pulse
duration of 6 ns, build-up of stress is likely to be rel-
evant in this case. For the Er:YAG laser photoacous-
tic stress will, on the other hand, dissipate essentially
within the laser pulse duration 6100 ns.

The results from the photoacoustic study can also
be compared to recent molecular dynamic (MD) sim-
ulations by Zhigilei and coworkerf28,29] reveal-
ing comparable temporal profiles of stress waves for
experiment and simulation. A limitation of the MD
method is, however, formed by the comparably low
maximum simulation volume of 100 nm in depth, one

Fig. 5. Photoacoustic stress waves generated by (a) OPO and (b)to two orders of magnitude below the experimental

Er:YAG laser excitation in glycerol at a wavelength of 20

IR-MALDI conditions. Further details of the MD ap-

and recorded by the piezoelectric transducer after passage throughproach and comparison with experimental results are

the glycerol drop. Displayed are photoacoustic signals generated at

fluences below and slightly above MALDI ion threshold (upper two

discussed in the article of Zhigilei et al. in this issue

traces), and at an elevated fluence (bottom trace). The two traces [29].

in (c) represent the deconvoluted ablation signals, proportional to
the ablation rate (see text for further explanation). “Reduced time”
denotes the “arrival time” of stress waves at the detector minus
the propagation time of the acoustic signal through the sample.

3.1.5. Models for the desorption/ablation process
Summarizing the so far described work, a rather
complex picture evolves for the MALDI desorption
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process with pulsed infrared lasers. The actual path- on the laser wavelength. Provided a fast-enough heat-
ways via which material ablation proceeds appear ing rate, superheating of the material is, therefore,
to depend on the concrete properties of the matrix likely to occur and to lead to both bubble formation
and the laser irradiation parameters, rather exclud- in the overheated sub-surface layers and possibly to
ing a “universal” desorption model. In particular, phase explosiof28].
one apparently has to differentiate between desorp- Considerably more work than on glycerol has
tion from solid and that from liquid state matrices. naturally been performed on laser ablation and
Quite different models have, in fact, also been put laser-induced cavitation effects of/in water or water-
forward in the literature, ranging from spallation, containing tissu¢36,38—-43] Water exhibits not only
as an effective low energy density procd2g,35], a comparably high absorption at aroundir@ as
over photoablation in different effective fornj28] glycerol but also comparable other relevant physico-
to basically thermal modelf31]. A large body of chemical properties. A comparison of these results
information can moreover be extracted from related with those of glycerol-IR-MALDI appears therefore
studies on laser—material interaction, e.g., from those very meaningful. For water, quite diverse processes,
on laser ablation of hard and soft biological tissue or depending on wavelength (absorption), laser fluence
of technical material processirjg6,37] and pulse duration, have, in fact, been determined in

According to the original work by Dingus and these investigationig2]. For water, (micro-)cavitation
Scammon([35], front surface spallation will occur  (bubble) formation, induced either directly by laser
if the tensile component of the laser-induced stress heating and/or supported by the photomechanical ten-
wave exceeds the material strength. As discussedsile stress, have indeed been found to form a dominant
above, stress confinement conditions are indeed ful- mechanism for rapid laser-induced disrupture and con-
filled for certain IR-matrix/laser combinations, e.g., ditions comparable to those for IR-MALOK4,45]
for the combination of succinic acid, 2.94n laser Recent molecular dynamics simulations by Zhigilei
wavelength and the 6ns OPO pulse duration. For and Garrison in which the formation of voids has
the 100 ns pulse duration of the Er:YAG laser, stress been observed for stress confinement conditions fur-
confinement conditions are still partly fulfilled. Spal- ther support these considerations for the IR-MALDI
lation has consequently been assumed by some au-case[28]. The disrupture or possible collapse of such
thors to be a dominant mechanism in IR-MALDI micro-bubbles/voids is moreover forming rather ener-
[22,54] Our experiments on the laser pulse duration getic processes. Such mechanisms are, therefore, also
effect, however, rather disprove these consideration likely to contribute to primary charge generation.
because in contrast to the spallation model, even for
the weakly absorbing matrices like succinic acid only 3.2. lonization
a rather low change in threshold fluence was found
upon change of the laser pulse duration in the critical 3.2.1. Primary charge generation and secondary
range. ion—molecule reactions

Taking glycerol as the other extreme with a high The actual pathways which lead to analyte ioniza-
energy density per volume, basically thermal pro- tion in IR-MALDI must be regarded as hitherto only
cesses appear to form the relevant if not predominant poorly understood. This assessment seems particularly
mechanisms. In fact, the energy densities in excited true for the primary ion generation, whereas ther-
glycerol on the order of 100kJ ntot [31] are very modynamically controlled secondary ion—molecule
similar to those in UV-MALDI[31]. In contrastto ex-  reactions in the plume involving a high number of
citation in the UV, laser penetration depths are higher collisions in a dense environment are believed to lead
by one order of magnitude, however, for glycerol and to an efficient ionization of analytes, once a sufficient
on the order of one to a few micrometer, depending concentration of primary ions or electrons is available
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[46-50] Probable secondary ion—molecule reactions

have been discussed in detail recently by Knochen-

muss et al[48]. Although particular emphasis was put

in this work on the UV-MALDI case, similar if not a) UV: 1 =337 nm
identical secondary mechanisms should be expected (hV=3:67¢V) 1
to occur in the IR-MALDI plume. :

With respect to the preceding step, the primary [M-OHJ* M) MeH)
charge generation, it has been suggested by dif-
ferent authors that the rapid break-up of material
by cavitation, explosive phase transition, or spalla-

[M-OH]*

b) IR: A =2.94 ym
(042 eV)

tion could form sufficiently energetic processes. In [M.OH[* :E
case of IR-MALDI from liquid matrices, processes g (M+HI
similar to “spray ionization” (aero- or thermospray ¢ IR: A =10.6 um <
ionization [51]) are likely to form additional possi-  (0-12¢V) =
ble pathways for analyte ionization, although more
3 y y g 140 160 m/Z

work clearly has to be carried out to further elucidate
this aspect. Quite remarkable in this context are re- rig. 6. Reflector TOF mass spectra of 2,5-DHB as a func-
cent results by lavarone et al. who showed that the tion of laser wavelength.: (a) » = 337 nm (UV-MALDI); (b)
addition of glycerol to acidified electrospray ioniza- * = 2:94pm (IR-MALDI); (c) 4 = 1059um (IR-MALDI).
. . Shown is the mass range of the quasimolecular ions.
tion (ESI) solvents can strongly enhance multiple
protonation of analytes in ESI-M§2]. In particu-
lar ion formation in IR-MALDI with glycerol can, As an example, three mass spectra of 2,5-DHB
moreover, also be directly compared with previous recorded at laser wavelengths of 337 nm, 2.94, and
studies on ion formation from glycerol in liqguid 10.59um, respectively, are displayed ifrig. 6.
secondary ion mass spectrometry/FAMB,53] (see 2,5-DHB can, as most of the common UV-matrices,
below). The observed strongly dissimilar ionization be used in all three wavelength ranges. Especially
efficiencies in the 3 and 3m wavelength ranges 2,5-DHB has, moreover, been recognized before as
(chapter 3.1.1.) will moreover have to be taken into a practical test compound in comparative UV-IR
account for a comprehensive picture for this matrix studies[54].
compound. The figure shows that despite the different (elec-
tronic vs. vibrational) excitation pathways identical

3.2.2. Generation of quasimolecular matrix ions as  DHB maitrix mass spectra are obtained at laser wave-
a function of laser wavelength lengths of 337 nm and 2.94m, with about equal rel-

A rather complex picture of ion formation is also ative abundance for the radical and protonated quasi-
indicated if the above wavelength studies are extended molecular matrix ions at 154 and 155 Da. At 10,58,
to a thorough analysis of the wavelength dependencethe radical cation is, however, either not generated or
of matrix ion generation. Although such an analysis is completely depleted in the course of the overall
appears to be one of the most straightforward, even process. Instead, a somewhat increased abundance of
almost trivial approaches in the context of investiga- [M + H — OH]** ions is now observed.
tions on ionization mechanisms, it has hardly been  On first sight, the observation of abundant radical
addressed in the literature. As shown in this chapter, matrix ions in IR-MALDI appears surprising since the
some interesting features can, indeed, be revealed fromdirect” generation of the radical matrix cation, e.g.,
a detailed analysis of the mass spectra in the matrix by photoionization or even by excited state proton
ion mass range. transfer, can be ruled out for the rather low MALDI
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Table 1
Observed quasimolecular ions of selected matrices as a function of excitation laser wavelength (adopfgf]ffom
Matrix UV-MALDI (2 = 337nm) IR-MALDI
A = 2.79/2.94umP A = 10.59um
2,5-DHB M+ [M + H]*, [M — OHJ* M+, [M + H]*, [M — OHJ* [M + H]*, [M — OHJ*,
[M +H — OH]**
2,5-DHB, M — H]=, [M — 2H]"~ M — H]~ n.m.
negative ions
2,4-DHB M, [M + H]t, [M — OHJt [M +H]t, [M — OH]* M + H]t, [M — OH]*
Succinic acid - [M+ H]*, M + H]T,
[M — OHJ*, [M — OHJ*,
[2M + H]*, higher mass [2M + H]*, higher mass
products products
Sinapinic acid M*, [M +H]", [M — OH]*" Me**, [M — OH]* n.m.
Caffeic acid M*, [M + H]*, [M — OHJ* M*+, [M — OHJ* M*+, [M — OHJ*

n.m.: not measured; (-): non-absorbing at this wavelength.

aCationized quasimolecular molecules, abundantly seen for some of the matrices, are not included here.

b In part of the study, 150-200 ns long pulses (instead of 70-90 ns) of the Er:-YAG and Er:YSGG lasers were used, due to the employme
of different optical switches.

photon fluxes and the low photon energies of 0.4 eV at the ratio between radical and protonated ion intensities
2.94pm, and definitely at 10.5@m where the photon  with IR-laser fluence, dissimilar to the UV. IR-spectra
energy is as low as 0.1 eV. These radical cations mustwere, moreover, found to show a considerable varia-
therefore be attributed either to secondary (plume) re- tion in the ion signal patterns from shot-to-shot.
actions or to “direct” ionization mechanisms by the It is particularly important to point out, that, if
aforementioned rapid disintegration or phase transi- only the analyte ion mass range were looked at,
tion of the condensed phase. mass spectra would mostly look very similar for UV-
Table 1 adopted from the PhD thesis of Ehring and IR-MALDI as well as for the two IR-MALDI
[55], shows the wavelength dependencies of ion for- caseg6,7,56-58] Such findings have previously led
mation for selected matrices in the three wavelength other researchers to conclude that very similar, if not
ranges and confirms the complexity of ion generation equal desorption/ionization mechanisms, must be in-
mechanisms. A different COlaser (Excimer 500 volved in UV- and IR-MALDI [56]. In view of the
with modified IR-optics; Lumonics, Ottawa, Canada) above results, this conclusion appears too simplified,
with a pulse duration 0~100ns was used as de- however.
scribed previouslyf5]. The laser emitted at a wave- We have recently extended the work of Ehring to
length of 10.59um. Spectra were generated from a detailed analysis of glycerol and excitation with the
neat matrix samples under continuous ion extraction Er:YAG laser ¢ = 90 ns). The matrix ion regions from
conditions. two representative, positive and negative ion mode
Besides the above discussed 2,5-DHB, the outcomemass spectra are plotted fig. 7. Again, a relatively
for caffeic acid and sinapinic acid seems especially high variation in ion signal pattern and signal intensi-
noteworthy. For these two matrices only the radical ties is found from exposure to exposure in the matrix
molecular ion is observed for IR excitation. The pro- ion region, whereas analyte ion intensities typically
tonated quasimolecular ion, albeit detected in the UV show exceptionally low scatter for desorption from
next to the cation, is not present in the IR-MALDI glycerol. Alkali-cationized glycerol molecular signals
mass spectra. Abundant [M OH]™ ions are, how-  form the base peak in the positive ion mode mass spec-
ever, recorded. Ehring also noted a general increase oftra (Fig. 7. In the negative ion modé-{g. 7b), adduct
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Fig. 7. Reflector TOF mass spectra of glycerol (matrix ion region) generated with the Er:YAG laser. (a) Positive ion mode; (b) negative
ion mode. Some fragment ion signals have been assigned with their putative structure.

ions with CI~, singly deprotonated glycerol molecules 3.3. Plume dynamics

or ions of the type [Gt alkali — Hz]~ form the most

intense quasimolecular signals. The abundance of the3.3.1. Kinetic energies of analyte and matrix ions
alkali- and chlorine-related signals can be reducedtoa The achievable mass resolution and mass accuracy
certain extent by treatment of samples by ion exchange of an axial time-of-flight mass spectrometer is intrin-
beads; as has been done in the sample preparation fosically affected by the dynamic properties of the gen-
Fig. 7. Analyte ion intensities were not notably af- erated MALDI plume, in particular by the width of
fected by the purification. Glycerol oligomers of both ion velocity distributions. A good knowledge about
protonated and alkali-cationized type are detected up these properties is therefore not only meaningful for
to the 4-mer (not shown). A large number of product a better basic understanding of the processes underly-
and fragment ions are furthermore present. The puta- ing MALDI but also for instrumental improvements. It
tive structures of some of the glycerol fragment ions is generally helpful to differentiate between the mean
are indicated in the figure. Next to various radical initial velocities of molecules or ions, on the one side,
glycerol fragments of minor intensity, radical water and their velocity and angular distributions, on the
ions, HO* T, are furthermore detected with high abun- other.

dance. Together, the large number of different product We have recently investigated the mean axial ini-
and fragment ions points to an overall high reactivity tial velocities of a variety of matrix and analyte com-
of the MALDI plume. Very similar glycerol ion sig-  pounds, as well as the influence of the differentirradia-
nal patterns have been identified before in a detailed tion parameters on these quantitigg]. This study re-
study by Caldwell and Gross on fast atom bombard- vealed quite high mean initial velocities of IR-MALDI
ment (FAB)[53]. In this work detailed considerations generated ions on the order of 700-1300 fs/ery
about possible ionization mechanisms have also beensimilar to values for UV-MALDI. The initial velocities
made. of analyte ions were found to be essentially determined
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by the matrix from which they were co-desorbed and
to approach those of the matrix ions. Consequently,
mean analyte velocities are essentially independent of
the molecular weight, which in turn leads to consid-
erably high mean initial kinetic energies on the or-
der of several 10 or even hundred electron volts for
large compounds. Deviating results with lower analyte
than matrix velocities have recently been reported by
Ermer et al[60]. This work focused on DHB as ma-
trix and angiotensin Il as analyte. The Vanderbilt FEL
laser was used for desorption. The width of the veloc-
ity distribution was determined by Ermer et al. to be

on the same order as the mean velocities, i.e., about

1000 ms'* for the matrix and~600 ms™* for the ana-
lyte. Unpublished work by the authors confirmed this
latter finding for various tested common matrix com-
pounds[61,62] Both widths of the distributionf61]
as well as the mean initial axial kinetic energ[&8]
were found to be particularly large for liquid matrices.
The measurements [B9] have furthermore indicated
that analyte ions acquire a particularly large energy
deficit upon desorption from liquid matrices and sub-
sequent acceleration in axial TOF-instruments.

These differences in the plume dynamics for solid
state and liquid matrices correspond directly to differ-
ent mass spectrometric performances in combination
with axial IR-MALDI TOF-MS instruments, and are
particularly obvious if delayed extraction (DE) is ap-
plied. Whereas signal widths of analyte ions desorbed
from solid state matrices generally correspond to those
known from UV-MALDI (with a FWHM resolution
on the order of 10,000 for the peptide mass range
[7,10,63), mass resolution is significantly lower by a
factor of ca. two to three for IR-MALDI with glycerol
as matrix[7,61].

lon extraction conditions are, furthermore, a quite
critical parameter if glycerol or other liquids matrices
are employed. Generally, the application of low elec-
trical field strengths in the first stage of ion extraction
is favorable for these matrices, which is contradic-
tory to optimal DE-conditions. The significant effect
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Fig. 8. Reflector TOF mass spectra of cytochrome(MW,
12.360kDa) desorbed from glycerol with the Er:YAG laser and
obtained under different continuous ion extraction conditions (elec-
trical field strength in the first extraction regio§;, of the ion
source;S; = 6mm): () E =200V mnt?, (b) E = 600V mnT L.

field conditions on the order of 200V mmh result in
intense cytochrome ion signals Fig. 89, increase

of the electrical field strength gradually gives rise to
high background ion intensities at low to intermediate
m/z, and simultaneously to a decrease in protein sig-
nal, until the latter eventually disappears completely
for yet usual instrumental field conditionBig. 8b
shows the case o£600V mnT?!, as a typical value
for (UV-MALDI) ion sources. Continuous ion extrac-
tion was applied in both cases. Full acceleration to the

the electrical field strength has on the mass spectra isfinal kinetic energy of 16 keV is achieved in the sec-

examplarily demonstrated iRig. 8 for cytochromec
as analyte (MW, 12.360 kDa). Whereas low electrical

ond stage of the ion sourc&,, after thinning-out of
the plume.
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We found even lower electrical field strengths on the
order of 100 V mm? to be advantageous, or even form
a prerequisite in the analysis of very high molecular
weight compounds, e.g., of large proteins and oligonu-
cleotides[9]. This requirement has apparently been
overlooked in some of the work by other groups and
can explain occasional reports of rather disappointing
results with glycerol.

Fig. 8 suggests that rather massive glycerol vapor-
ization takes place under MALDI fluence conditions.
The noted energy deficith9] can therefore be ex-
plained by both, excessive collisions of ions in the
plume upon extraction and a potentially strong field
shielding effect by the dense material cloud. In fact,
long delay times on the order of a microsecond (as

compared to at most a few hundred nanoseconds, op-

timal for UV-MALDI and also IR-MALDI from solid

K. Dreisewerd et al./International Journal of Mass Spectrometry 226 (2003) 189-209

matrices and improvement of mass resolution. The
first would, in analogy to the approach by Cramer
and Burlingame, be a “thinning-out” of the dense
initial plume prior to ion extraction, in order to min-
imize collisions of analyte ions with other plume
constituents and field shielding effects. Second, a
“thermalization” of particle (ion) velocities, i.e., gen-
eration of kinetic energy distributions with a small
width, appears to be highly desirable. At present it
seems at least doubtful, however, whether these re-
quirements can be satisfyingly met with the current
ion source designs on axial-TOF instruments.

3.3.2. Coupling of IR-MALDI with other than
axial-TOF analyzers

A promising approach to overcome the described
problems is the combination of IR-MALDI with an-

state matrices) are advantageously used for desorptionalyzers for which the initial plume dynamics are less

of peptides from the glycerol matrjx]. All attempts

to further improve the performance by using very long
delay times with accordingly lowered extraction volt-
ages in the two-stage ion source did not result in signif-
icant improvements with the current instrument, pos-
sibly simply because of the strong trade-off caused

relevant. Three combinations of IR-MALDI sources
with an orthogonal TOF (o-TOF), an FT-ICR instru-
ment, and a quadrupole ion trap have indeed been in-
troduced successfully, recently.

The combination of IR-MALDI with an o-TOF in-
strument was reported by Bromirski et fl4,15]. An

by the spread in space and time due to the then very Er-YAG laser was employed in this joint work and pep-

long initial plume propagation times. The maximum
adjustable lengthsy, of the first acceleration stage of
the instrument, was 8 mm.

tides and oligonucleotides were desorbed from differ-
ent common IR-matrices. Best results were reported
for glycerol as matri{14]. The essential aspect of the

The latter assumptions are also supported by recentcoupling is the thermalization of the glycerol/analyte

results by Cramer and Burlingame. These authors plume in the first quadrupole of the instrument (filled
introduced a special target design in which liquid with a suitable thermalization gas) and the thereby
matrix samples are prepared in a vial in order to allow generated quasicontinuous ion beam with very low
for a very defined field-free expansion prior to ion energy spread in the direction of final ion extrac-
extraction[64]. In fact, this approach resulted in the tion. In other words, the initial dynamic properties of
standard high mass resolution of the used instrumentions have been transformed after passage through the
for the peptide mass range. Some obvious drawbacksquadrupoles. A matrix and laser-independent mass
in terms of the analytical usefulness of this approach resolution on the order of 10,000 (FWHM) was con-
are, however, formed by the more complicated sample sequently achieved in the work by Bromirski et al.
preparation, higher requirements on laser positioning, [14,15] Whereas this study demonstrated that the
and a considerably limited view on the samples. advantageous features of glycerol-MALDI and a high

Concluding from the above results and the de- mass resolution can be straightforwardly combined
scribed instrumental achievements by Cramer and on this instrument, a yet to be solved problem is the
Burlingame, two aspects appear particularly important occasionally extensive formation of analyte-glycerol
to accomplish for a better use of liquid IR-MALDI  adduct ions as a result of the thermalization.
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To our knowledge, only the study by Budnik et al. toacoustic study revealed novel features, not visible in
has so far explored the combination of IR-MALDI the ion data. This study pointed to a strong influence
with an FT-ICR analyzef65]. A 4.7 T lonSpec in- of the laser pulse duration for glycerol IR-MALDI.
strument equipped with an Er:YAG laser 6fL00 ns
pulse width was employed in this work. Budnik et al.
reported only results for solid state matrices, succinic Acknowledgements
acid and 2,5-DHB in this original work. Recent (un-
published) results obtained in cooperation with these  The experiments reported within this publication
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