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Introduction
Modern mass spectrometry has undergone rapid change due to many factors, but not  

least thanks to development of two soft ionization methods, electrospray1 and matrix-

assisted laser desorption / ionization (MALDI).2-4 These have had considerable impact 
on many fields, particularly where large molecules need to be analyzed. Bioanalytics 
and  synthetic  polymers  are  examples  of  disparate  applications  which  have  profited 
enormously from these ionization techniques.

In  spite  of  the very considerable effort  expended in development and application of 
electrospray and MALDI, fundamental understanding of them has come relatively slowly. 
Both start  from the condensed phase and progress to dilute gas or vacuum, making 
them  dauntingly  complex  phenomena.  In  addition  they  might  suffer  from  a  certain 
interdisciplinary niche status- neither mainstream chemistry nor physics and hence more 
a target for applied rather than basic research.

Progress has  nevertheless  been made,  and  some agreement  may be emerging  on 

electrospray mechanisms.5-7 In contrast, MALDI development has been slowed by a 
lack of guiding mechanistic principles,  leading to much empirical  work.  Consider the 
early efforts to identify good matrices, in which hundreds of compounds were briefly tried 

with a few analytes and given qualitative ratings.8, 9 Very few have entered common 

use, the handful of widely used matrices mostly were identified early on.9-14

This empirical approach to MALDI becomes less profitable as time goes on, but urgent 
analytical needs remain, as can be seen from the difficulties practitioners daily confront 
in  absolute  sensitivity,  variable  response  factors,  range  of  applicability  and 
reproducibility. Without mechanistic understanding, the way forward is unclear. With it, 
we  can  either  purposefully  advance,  or  know  when  fundamental  limits  have  been 
reached. Recent progress makes it appropriate to review the field now, in the hope of  
spurring new developments.

The  goal  is  to  quantitatively  predict  or  interpret  the  observed  mass  spectrum as  a 
function  of  all  experimental  variables.  These  are  primarily:  matrix  choice,  analyte 
physical and chemical properties, concentrations, preparation method, laser wavelength, 
spatial  and temporal characteristics, local environment (such as ambient pressure or 
substrate temperature) and ion extraction method. This review is focussed on ionization 
mechanisms in MALDI using ultraviolet (UV) excitation, and so does not encompass all  
factors affecting a MALDI result.  Infrared MALDI mechanisms are currently less well  
understood, but many aspects of UV models apply to infrared MALDI as well. 



The  matrices  of  interest  here  are  generally  solids,  but  the  recently  developed  UV-

absorbing  ionic  liquid  matrices15,  16 probably  function  similarly  since  they  are 
derivatives of conventional solid matrix molecules. New techniques involving interactions 
of matrix with metal substrates will be briefly discussed, but methods which (appear to) 
depend  primarily  on  physical  properties  of  the  substrate  will  be  excluded,  such  as 

desorption from laser-absorbing particles  like  those used by Tanaka17 or  structured 

surfaces such as porous silicon18 or nanowires.19 These are probably dominated by 
thermal mechanisms due to  the high peak temperatures reached during short  pulse 
irradiation  of  strongly  absorbing  structures  with  poor  thermal  conductivity  to  the 

underlying bulk.20 

Ideas about MALDI ionization can be traced through the reviews and summary articles 
that  have  appeared  over  the  years.  Already  in  1983  Hillenkamp  was  discussing 
characteristics of "true" laser desorption (and noted the variety of biomolecules under 

study).21 After the advent of modern MALDI in the mid 1980s,2-4 it was not long until 

significant reviews appeared.22, 23 A variety of possible mechanisms were under active 

consideration, Ehring, Karas and Hillenkamp24 presented three excitation schemes with 
pathways leading to seven kinds of ions. Notably, the key intermediate step for all was 

highly excited matrix, foreshadowing some modern models. Liao and Allison25 followed 
in 1995 with an extensive discussion of processes that could lead to protonated and 
sodiated adduct ions. This work was particularly progressive in that it recognized the 
central  role  of  of  ion-molecule  reactions  in  the  MALDI  desorption  plume,  and  the 
relevance  of  the  gas-phase  thermodynamics  of  these  reactions  to  observed  mass 
spectra. 

Karas,  Bahr  and Stahl-Zeng  considered several  aspects  of  matrix  function in  1996, 

ranging from desorption to ionization and analyte fragmentation.26 They emphasized 
proton transfer reactions of the matrix with analyte. The International Journal of Mass 
Spectrometry  published  a  MALDI  issue  1997  (vol.  169-170),  but  ionization  was  not 
extensively addressed. A review focussed on MALDI ionization mechanisms appeared in 

1998.20 In addition to an overview of the models then in use, the concept of distinct 
primary  and  secondary  ion  formation  processes  was  explicitly  introduced.  The 

secondary reaction concept is reminiscent of the SIMS "selvege" idea.27

In 2003 an issue of Chemical Reviews (vol. 103, nr. 2) was devoted to laser ablation of 
molecular substrates, and contains important contributions surveying several aspects of 
MALDI.  Of  particular  importance are the microscopic view of  the desorption/ablation 

event provided by the molecular dynamics work of the Zhigilei and Garrison groups,28 

the  overview  of  MALDI  desorption  by  Dreisewerd,29 the  synopsis  of  the  recently 

developed  cluster  model  by  Karas  and  Krüger,30 and  the  treatment  of  secondary 

mechanisms by Knochenmuss and Zenobi.31 The most recent collection of ionization-
relevant papers will appear in an issue of the European Journal of Mass Spectrometry in 
2006.



The two-Step Framework and Primary vs. Secondary Mechanisms
Current models of UV MALDI ionization have substantially converged in one important 
respect, that of the two-step framework: Initial (primary) ion formation or separation is 
the first step. Ion-molecule reactions in the desorption/ablation plume follow, giving rise 
to  secondary  ions  which  reach  the  detector.  The  various  models  for  generation  of 
primary ions are still somewhat divergent, but secondary reactions in some form are no 
longer  controversial.  The models  of  secondary  processes are  also  converging.  It  is 
increasingly accepted that the plume is usually dense enough, long enough to apply 
conventional kinetics and thermodynamics. In other words, local thermal equilibrium is 
believed to be approached in the plume under typical MALDI conditions, in both UV and 
IR MALDI. 

Both the two-step model and secondary models are fundamentally a consequence of the 
physical characteristics of the MALDI event, which will be briefly discussed next.

Physics of desorption/ablation

MALDI desorption/ablation has been extensively reviewed by Dreisewerd,29 we note 
only the key observations here. The first role of the matrix is to absorb the laser energy  
and convert most of it to heat, causing the sample to disintegrate. Although this is an 
"energy-sudden" technique, the deposition time scale is not so dramatically short as in 
FAB or  SIMS,  for  two  reasons.  First,  the  typical  lasers  used  emit  pulses  of  a  few 
nanoseconds duration  (e.g.  N2,  337  nm,  3  ns  or  tripled  Nd:YAG,  355 nm,  4-7 ns), 

although both shorter and longer pulses have been studied.32-36 This is slow compared 
to intramolecular motions. Second, and more important, the excited states of the matrix 
act as buffers, storing the laser energy and releasing it on a time scale similar to or 
longer  than that  of  intra-  and  intermolecular  relaxation.  Excited  state  (generally  S1) 

lifetimes  of  free,  gas  phase,  single  matrix  molecules  are  on  the  order  of  tens  of 
nanoseconds,  but  are  reduced  to  the  order  of  1  ns  or  less  in  the  solid  state  by 

nonradiative pathways involving intermolecular interactions.37-39 The heat pulse from 
excited state decay can be no shorter than this, regardless of laser pulse duration, and 
so  never  reaches  the  femtosecond  or  low  picosecond  range  which  would  lead  to 
significant disequilibration of different degrees of freedom. 

The  expansion of the material  as it  converts  to a dilute gas is much slower,  up to  
several microseconds. This difference in time scales is the origin of the two-step nature 
of MALDI. Processes which create separated ion pairs can only occur during or shortly 
after the laser pulse, because this requires concentration of energy. Later, the energy 
density is drastically reduced by conversion to heat and physical expansion, and the 
material  begins  to  relax,  both  physically  and  chemically.  Complete  relaxation  and 
thermal equilibrium is never  attained because the expansion becomes so dilute  that 
reactions effectively stop, and because ions may be extracted from the plume by applied 
fields. A schematic illustration of the time scales in MALDI is shown in Fig. 1.

Fig 1 



As has been shown by simulations28, 40-44 and experiment,45-48 the disintegration 
event  may  be  characterized  as  "desorption"  or  "ablation,"  depending  on  the  laser 
fluence. 

In the desorption regime, the solid to gas transition is smooth, at the top surface of the 
sample, and the emitted material contains little or no condensed particles, droplets or 
clusters.  At  higher,  ablative,  fluences  the  sample  is  sufficiently  overheated  that 
subsurface nucleation occurs, leading to "phase explosion," or turbulent, frothy, boiling. 
This  ejects  condensed  material  that  can  be  captured  on  a  cold  plate  and  directly  

imaged,46 or measured by aerodynamic sizing methods47, 48 In the MALDI context it is 
useful to differentiate between particles and clusters. The former are large aggregates of 
many molecules, and of macroscopic or mesoscopic size. Their properties are similar to 
those of bulk material. Clusters are small aggregates of a few molecules, which may 
have  properties  different  from the  bulk  and  from those  of  isolated  molecules.  Both 
particles  and  clusters  are  an  important  part  of  some  models,  and  MALDI  is  often 
performed in the ablation regime. However, it should not be forgotten that aggregates 
which can be physically collected represent material which did not vaporize, so any ions 
within were not available for analysis. Examples of the desorption and ablation regimes 
are shown in snapshots of molecular dynamics simulations in Fig. 2.

Fig. 2 

In addition to ablation due to phase explosion, another type of disintegration can occur 
under certain conditions. If the laser pulse is sufficiently short compared to thermal and 
mechanical  relaxation  of  the  irradiated  volume,  the  material  can  experience  stress 

confinement,  leading  to  spallation  of  larger  chunks  or  layers  of  material.40 High 
amplitude expansion waves following the laser-induced compressive wave can exceed 
the cohesive strength of the material well below the surface. This is not believed to be 
common for typical MALDI experiments, since it requires either short  pulses (tens of 
picoseconds) or atypically high pulse energies. The spallation chunks also will not have 
sufficient  internal  energy  to  fully  vaporize,  since  they  are  mechanically  rather  than 
thermally ejected from relatively cold layers of the sample.

The temperatures at which typical matrices have high vapor pressures and hence high 

desorption fluxes are moderate. Values of a few 100° C have been suggested49  For a 
MALDI  event,  the  threshold  surface  energy  density  and  temperature  appear  to  be 
independent of excitation characteristics such as wavelength or pulse width, for a given 

matrix.50 MALDI is thus correlated with the vapor pressure achieved during the laser 
pulse. Consistent with this, the minimal laser fluence required is strongly correlated with 

the initial  sample temperature.51, 52 The heat of matrix sublimation, however,  is not 

correlated with MALDI efficiency,53 even though it represents the energy required to 
remove a given amount of material from the surface. 

Reports vary regarding peak sample temperatures in UV MALDI, partly because it is 
dependent on laser pulse energy. Measurements of physical properties in the plume 

give values around 500 K54, 55 Recent efforts using "thermometer" molecules with well-



defined unimolecular decay kinetics56, 57 allow inference of higher values, around 1000 
K,  but  interpretation of  the fragmentation yield  data in  terms of  temperatures  is  not 
without complication. One report of infrared emission measurements suggests similarly 

high temperatures,58 but IR emissivities of matrix materials are not known, especially at 
elevated temperatures, so uncertainty remains in the results.  Theoretical  models are 
consistent with the experimental ranges, giving values between 600 and 1200 K, for 

typical  MALDI  fluences.59,  60 The  material  initially  cools  rapidly  due  to  the  phase 
transition then more slowly as the gas expands. The simulations also show that the gas  
does not have a uniform temperature, but rather a gradient, due to the depth-dependent 
energy deposition by the laser.

The gas pulse, or plume, undergoes a dramatic density reduction during the MALDI 
event: from solid density to high vacuum (or 1 atm in some instruments). This has been 
compared to adiabatic supersonic expansions used for creation and isolation of very 

cold molecules and clusters.60, 61 This analogy is appropriate, but it must be recalled 
that a polyatomic gas does not cool strongly. Adiabatic cooling depends on the heat 
capacity ratio Cp/Cv, which is largest for monatomic gases, and nearly 1 for molecules 

such as MALDI matrices.62 For this reason molecular beam experiments are always 
carried  out  with  a  large excess  of  rare  gas  as  carrier  of  the  molecules  of  interest.  
Decomposition of some matrices to low molecular weight neutral fragments (such as 
CO2) may aid in expansion cooling, as well as accelerate the plume. These fragments 

are a central part of the pneumatic assistance model discussed below. 

The  plume  has  been  modeled  using  hydrodynamic  equations63-66 and  as  a  pre-

accelerated adiabatic expansion.60 The time scale for density reduction to collision free 
conditions is, as noted above, orders of magnitude larger than that of the laser pulse.  
These models do not directly account for the mixed gas/cluster/particle nature of the 
plume in the ablation regime, but are still useful as a first approximation. They also do 
not reflect changes in plume development as the complex crater shape develops and 
deepens during a single laser shot, or over the course of several shots in the same 

place.67, 68 The mixed-phase aspect of ablation arises naturally in molecular dynamics, 
with  the  disadvantage  is  that  it  is  not  possible  to  perform simulations  over  the  full 
temporal  and  spatial  extent  corresponding  to  most  experiments,  for  computational 
reasons.  Nevertheless,  molecular  dynamics  has  provided  impressive  insight  into 

numerous aspects of the phase transition aspect of MALDI.28, 43, 69-73

Ion Energetics, Matrix and the Plume
When discussing MALDI ion generation, it is important to recall the limiting energetics of 

the process. Breaking a C-H or O-H bond to yield R- and H+ requires about 14 eV or 
1350 kJ/mol. Compare, for example the value reported for the hydroxyl proton of phenol: 

14.65 eV.74 This would be a 4.2-photon event with a 355 nm laser, and hence not a very 
probable direct process. Even "preformed" ions such as salts of matrix or analyte must  
still be separated into individual ions, although this is less endothermic than for covalent 
bonds. 



Of course the ions are not formed in vacuo but in the condensed matrix, early in the 

expansion. Matrix molecules have significant proton affinities, so mH+ will be formed in 
the above example (m=matrix), and the energetics are more reasonable: around 5 eV or 
480 kJ/mol for:

ROH + m → RO- + mH+

Such reactions will be discussed further below, but this illustrates an important point: 
MALDI ionization probably always relies on assistance from the matrix in a variety of 
ways. 

But the role of the matrix does not end with facilitation of initial charge separation. It is  
still  necessary  to  fully  isolate  the  charges  so  they  can  be  transferred  to  the  mass 
analyzer. After initial partial separation, an ion pair may still have a few eV of Coulomb 
attraction,  and will  recombine in  the absence of  further  influences.  Again the matrix 
supplies the necessary assistance, in the form of collisions. Since plume temperatures 
are moderately high, so are thermal collision energies. This is  apparent from the axial 
plume velocities, mean values are a few 100 m/s, but the distributions extend past 1000 

m/s,61, 75-80 although analytes tend to be somewhat slower than the fastest matrix 

ions78,  80,  81 and  the  distributions  can  be  somewhat  non-thermal  (see  below). 
Individual collisions can impart over 1 eV, so final ion separation by multiple collisions in 
the  early  plume  is  usefully  frequent.  This  has  been  shown  in  detail  in  molecular 

dynamics simulations.59

Primary Ionization Mechanisms
Generation  of  the  first  ions  in  MALDI  remains  the  most  controversial  aspect  of  the 
method. Of the two main modern approaches for UV-MALDI, one argues that excited 
matrix  is  intimately  and  crucially  involved,  another  views  the  matrix  as  mainly  the 
desorption/ablation vehicle. We begin with the latter.

The Cluster Model
This model was proposed and largely developed by the Karas group, the "cluster" label  
refers to aggregates of any size, not just small clusters as defined here. It began as the  

"lucky survivors"  model.82 The ions were taken to be largely  preformed in the solid 
matrix, and undergo extensive neutralization in the plume, often by electrons in the case 
of  positive  ions.  Hence  the  moniker-  it  seems  meant  to  emphasize  an  incomplete, 
stochastic recombination process which leaves us some useful ions at the end. It has  

since been developed further with somewhat less emphasis on electrons.30 Some of the 
key processes in this and other cluster models are sketched in Fig. 3.

Fig. 3 

The focus on preformed ions arises from the observation that analytes are often charged 
in the preparation solution, with the subsequent hypothesis that they retain this charge in 
the matrix solid, much as in crystallization of an ionic material like salts. The main direct 



evidence  for  this  was  the  preparation  of  MALDI  samples  of  pH  sensor  dyes,  from 

solutions of different pH.83 The solid samples tended to retain the color of the original 
solution,  indicating  that  the  dye molecules had  the  same de/protonation  state  as  in 
solution. 

This is a very interesting result, but the fate of the counterions cannot be inferred from 
the color. The same issue arises for any analytes that are charged in solution, either 

naturally  or  "charge  tagged"  by  derivitization.84-93 All  analytes  which  are  ionic  in 
solution are very probably closely associated with the appropriate counterions in the 
solid sample prior to desorption. This is also true of added or opportunistic salts which 
lead to cation complexes in the mass spectrum. Consistent with this are indications of a 

gas-phase pickup process,94-97 although "backside" desorption would seem to suggest 

otherwise.98 Many matrices are highly ionized in polar solvents, but solids are molecular 

in nature, so the matrix generally does not contribute preformed ions.99   

In the cluster model some counterion separation is a result of photoionization and loss of 
the resultant electrons from the sample, which thereby acquires a net positive charge.  
This undoubtedly occurs, but not to a large extent. Electron capture cross sections have 

subsequently  been  measured  for  MALDI  matrix  materials,100,  101 allowing 
demonstration that  only  a thin,  few nm, top layer  looses electrons,  in the remaining 
material  they  are  captured  to  form  matrix  anions  (leading  to  further  secondary 

products).102 There is also a limit to positive surface charging, given by the electric field 
at  which  photoelectrons  have  insufficient  energy  to  escape,  and  fall  back  to  the 

surface.102

The major charge separation is instead suggested to occur mechanically during ablation. 
Rapid disintegration of the solid matrix may sometimes lead to an excess of positive or 
negative charge on aggregates. These must then either evaporate by loss of neutral 
matrix to free the analyte ions, or the ions must be ejected. In this picture, the ion yield  
under desorption conditions, where vaporization is smooth, should be negligible. This is 
not  consistent  with  experiment,  MALDI  ions  can  be  observed  at  fluences  where 
aggregates are not found. 

Charge in a  cluster  or  particle may internally  migrate (via proton,  cation or electron 
transfer),  to  yield  the  most  favorable  ions,  this  falls  into  the  category  of  secondary 
reactions,  as  does  any  intra-aggregate  neutralization.  Electrons  originally  figured 
prominently in neutralization,  but  more recent  developments  of  the model  have also 

recognized the importance of matrix anions.30

Among the earliest studies invoking clusters in MALDI ionization was work by Kinsel et.  

al,103, 104 where insulin ion flight time distributions were investigated. It was concluded 
that these resulted either from late release of ions entrained in the dense plume, or  
downstream secondary reactions. Krutchinsky and Chait used MS/MS to show that the 
"chemical noise" in MALDI spectra is often composed of charged clusters with a high 

matrix content.105 



Recently, the Tabet group has also investigated late ions from a cluster viewpoint. Using 
a variable repulsive potential prior to ion extraction in a time-of-flight spectrometer, they 
selected ions with a large effective initial  m/z ratio,  much larger than that of  the ion 

observed  later  after  inversion  of  the  field.106,  107 Using  2  common  matrices  and 
various analytes, they interpreted the peak shapes as evidence for massive precursors 
of up to 50000 Da, containing many matrix molecules. The detected ions were proposed 
to result from complete evaporation of the aggregates, possibly assisted by collisions 
during extraction of ions through the neutral gas by external fields. 

Cluster/particle  vaporization  ("desolvation")  has  been  considered  in  detail  by  this 

group.108 They find evidence for  both  "hard"  and "soft"  pathways.  The soft  path is 
characterized by loss of neutral  matrix, so the net  charge does not  decrease during 
desolvation.  The observable associated  with  this  is  a  high yield  of  multiply  charged 
analytes. In contrast, charged matrix is ejected in "hard" desolvation, so only low analyte 
charge  states  result.  Further,  these  two  pathways  should  have  different  kinetics, 
depending on the exothermicity of matrix-analyte proton transfer and the characteristics 
of the associated transition states. This means the charge state of a given analyte can 
be  modulated  by  matrix  choice,  which  is  somewhat  consistent  with  experimental 
experience.  

The entrainment/late release and cluster/particle interpretations of the data would not  
appear to be entirely compatible. Current evidence indicates that delayed ion formation 
is not limited to conditions of very large cluster formation. In addition, simulations show 
extensive ion entrainment, but when clusters form, they usually do not contain sufficient  
internal energy to fully evaporate. These results are more consistent with entrainment, 
but further study is clearly needed. 

The Photoexcitation/Pooling Model
Direct two- or multi-photon ionization of matrix or matrix-analyte complexes does not 
generally appear to be a major contributor to UV-MALDI, as will be discussed below. 
Instead,  a combined model  of  excitation energy migration in the matrix,  followed by 
concentration of this energy in "pooling" events has been developed.  

Pooling was one of several energy concentration possibilities imagined in early work.24 

It is a phenomenon in which the electronic excitation energy of two nearby molecules is 
redistributed. Consider neighboring molecules which are both individually raised to the 
first excited singlet state (S1) by photoexcitation. If these excited states have significant 

interaction due to  wavefunction overlap,  the coupled system may distribute the total 
energy in various ways. In addition to the nominal 1 quantum / molecule (S1 : S1), an 

isoenergetic state formally has 2 quanta on one molecule and none on the other (Sn: 

S0). When this has nonnegligible probability, high energy processes become possible 

via pooling. 

Pooling would be of limited importance for MALDI if it were necessary to rely on excited  
pairs randomly created by the laser. For these to be sufficiently numerous, rather high 



intensities are needed.39 However, if excitations can move in the matrix, this limitation is 
lifted.  Mobile  excitations  can  be  treated  as  pseudo-particles  and  are  known  as 

excitons.109,  110 This  form  of  energy  transport  depends  on  similar  wavefunction 
overlap of packed chromophores as does pooling, but here the overlap is between one 
excited molecule (S1) and one in the ground state (S0).

Exciton migration and pooling have long been known in solid-state aromatics,111, 112 

but  have  been  studied  and  demonstrated  in  only  one  MALDI  matrix,  2,5 
dihydroxybenzoic  acid  (DHB).  The  onset  of  pooling  is  reflected  in  fluorescence 

quenching, as recognized early by Ehring & Sundqvist.113, 114 The topic was taken up 

again by Lüdemann, et al.,38 but the fluence range covered did not allow unequivocal 
characterization of the pooling. Later studies covered a larger range, demonstrating that 
quenching by pooling stopped at low fluence, and also used time-resolved emission and 
trapping  by  dopants  to  show  that  S1 excitons  are  mobile  and  undergo  pooling 

annihilation reactions in DHB.39 The time per hop is about 50 psec, so excitons can 
migrate a substantial distance within the 0.5-1.5 nsec excited state lifetime. It was also 
shown that analytes with excited states below those of the matrix can be efficient exciton 
traps,  reducing  MALDI  efficiency,  another  indicator  of  the  involvement  of  matrix 
excitations in MALDI ionization. 

Two photons from N2 or tripled Nd:YAG lasers are not sufficient to ionize free DHB 

molecules or many other matrices,115, 116 so a S1 + S1  pooling event is not expected 

to generate ions. Instead this leads to a higher excited state, Sn (which may also be 

reached by photoexcitation).  Pooling of  an S1 with  an Sn excitation is  energetically 

sufficient for ionization. This sequential pooling model has been expressed in the form of 

coupled differential equations, and used for quantitative MALDI predictions.60 The intra- 
and intermolecular processes involved are sketched in Fig. 4. The second pooling step 

was characterized by a time-delayed 2-pulse experiment,117 in which a delay of 2-3 ns 
between subthreshold pulses yielded the maximum matrix ion yield. 

Fig 4 

A key aspect of this model is the interaction between excited state processes, including 
ionization, and the physical expansion. Since exciton hopping, pooling, quenching and 
recombination  are  all  second  order,  their  rates  are  strongly  dependent  on  the 
intermolecular  collision  rates.  These  in  turn  depend  on  the  local  temperatures  and 
pressures in  the plume.  The expansion in  turn  is  determined by  the rate  of  energy 
conversion  from excited  electronic  states  (including  ions)  to  heat,  and  the  resulting 
pressure gradient. The plume can then be described as a  molecular beam emitted from 
an aperture defined by the laser spot. It is a pre-accelerated expansion because thermal 
expansion causes significant forward motion prior to the phase change.

Fig. 5



Given local near-equilibrium, the molecular-level processes can be described by rate 
equations,  which  are  integrated  numerically.  An  example  result  is  shown  in  Fig.  5. 
Clusters and particles are relevant in this model only to the extent that this fraction of  
ejected material is taken to create no free ions, and is deducted from the final result. A 
potential weakness of this approach is the transition from dense solid to an expanding 
plume. Since this happens within nanoseconds, non-equilibrium conditions may briefly 
exist. These are outside the range of validity of the expansion equations.

To evaluate this difficulty and to better investigate the physical/chemical interactions in 
MALDI, the pooling model of ionization was added to the molecular dynamics method of 

Zhigilei and Garrison to form a complete molecular-level MALDI model.59 This allows 
better insight into coupling of ionization with the expansion in desorption, ablation and 
spallation  regimes,  all  of  which  can  coexist  in  different  layers  of  the  sample.  As 
expected, the role of excited states in storing energy, and thereby moderating the phase 
transition is particularly important.

Because the photoexcitation/pooling model is quantitative, it can be compared in detail  
with a variety of experimental data, if the matrix is sufficiently characterized. Currently 
the only such matrix is DHB, but many other matrices exhibit very similar phenomena,  
so more general applicability  seems possible or even probable.  Some of  the data it 
reproduces or explains for DHB are:

The most important correctly predicted quantity is the ion yield. The ratio of ejected ions 

to neutrals in a MALDI event is in the range of 10-4 to 10-3, depending on fluence, 

corresponding well with experiment.45, 55, 118-120  

The fact that MALDI is laser fluence (J/cm2), not irradiance (W/cm2) dependent, within 

the range of typical laser pulse lengths32, 35, 121-123 (although activation of analytes 

may be more sensitive to the rate of energy deposition.124) This is a general feature of 
many matrices. For DHB it clearly stems from the excited state energy storage effect 
noted above. However, irradiance independence is only valid to a certain point. When 
the time scale for enery deposition becomes much longer than the excited state lifetime, 
MALDI  efficiency decreases for  a  given fluence,  as shown by time-delayed 2 pulse 

expeiments.117 

A characteristic of MALDI which is quickly apparent to users of all matrices is the fluence 
"threshold." MALDI ion generation has a high-order (approximately 6-th power) empirical 

dependence on fluence.55, 120 This means that ions may be observed even at very low 
fluences,  given  sufficient  detection  sensitivity.  However,  strong  ion  signal  is  only 
observed when significant material is ejected, leading to a perceived threshold effect. In 
most instruments it appears as if no signal is generated up to some laser intensity, after 
which it is easily observed. Although ion yield has a higher than linear dependence on 
fluence via the density of excited states, the model predicts that many ions are formed at 
relatively low fluence, but most are simply not emitted because little material vaporizes. 
In the absence of ablation, only the few that escape in desorption events at the sample 



surface  can  be  detected.  Because  the  apparent  threshold  is  not  dominated  by  ion 
formation,  positive  and  negative  ions  have  the  same  fluence  threshold,  as  found 

experimentally.125 Similarly,  the  ion  yield  as  a  function  of  elevated  initial  sample 

temperature is largely a matter of desorption/ablation efficiency.52 This indicates that the 
plume-ionization  interaction  is  largely  correct  in  the  model,  since  the  expansion 
characteristics change considerably over the temperature range studied. However, the 
steepness of the fluence dependence of ion yield is not well predicted by the model, and 
is in the range of 2-3.

Also connected with material ablation is the positive correlation of the solid state matrix 
absorption spectrum with MALDI efficiency. A higher absorption coefficent gives a lower 

threshold,2, 126 so a relatively small change in wavelength can disporportionately affect 
efficiency, although the nature of the ions observed remains the same (i.e. the ionization 
processes do not change). Higher absorption coefficents lead to higher energy density in 
the upper  sample layers.  This  has two beneficial  effects.  First,  since ionization is  a 
nonlinear function of excited state density, many more ions are created in the top layers. 
Second, greater heating leads to larger material  ejection and ion release from those 
layers.  The  337  and  355  nm  fluences  where  the  thresholds  appear  are  correctly 
predicted for DHB.

The  MALDI  yield  is  dependent  on  the  degree  of  laser  focusing,  in  a  nonlinear 

manner.55, 121, 127 This is also a physical rather than chemical effect. and is readily 
understood from the expanding jet picture of the plume. The key parameter in adiabatic  
expansions is the x/d ratio, where x is the distance downstream, and d is the orifice 
diameter. In MALDI this "orifice" is the laser spot. This means bimolecular processes 
"freeze-out" faster in a plume emitted from a small spot due to lateral expansion. Yield 
per ejected volume is higher for a small spot as a result of less extensive recombination 
in the plume, but since the ablated volume increases quadratically with increasing spot 
diameter, total yield per laser shot is nevertheless larger from bigger spots. 

Other possible contributors to MALDI primary ionization
While the above two primary ionization models currently appear to be the most widely  
discussed, this does not mean that other mechanisms do not contribute to MALDI, they 
probably do. We next  briefly discuss some of these.

- Direct multi-photon ionization of matrix or matrix-analyte complexes 

The ionization potentials (IPs) of matrix molecules lie in the 3-photon region for typical  

MALDI lasers, compare that of DHB, at 8.054 eV.115 Most matrices are aromatics with 
similarly  sized  conjugated  pi-systems,  and  so  have  similar  IPs.  IPs  can  also  be 

calculated with reasonable accuracy by ab initio methods (within about 0.2 eV).116, 128-

131 See Table 1 for some selected values. Three photon processes are normally very 
inefficient  at  MALDI-like  irradiances,  but  could  become  significant  if  picosecond  or 
femtosecond lasers are used.

However, it is not free molecules which are ionized in MALDI, but matrix and analyte in a 



matrix  environment.  Collective  effects  such  as  charge  delocalization  nearly  always 
reduce IPs compared to isolated molecules. The IPs of matrix clusters have received 
limited study, but only insignificant reductions (a few tenths of eV) were found in DHB 

clusters.132 While the "IP" (work function) of bulk matrices remains unknown, it appears 
that  even  large  reductions  would  not  be  important  in  practice,  because  a  severe 

decrease in photoionization efficiency was observed for clusters at low energy.132 

Potentially  much more important  for  MALDI  are  IP reductions due to  matrix-analyte 
interactions. Especially if electron or proton accepting groups are present, intermolecular 
charge transfer can lead to facilitated photoionization of the coupled system, via the 
matrix chromophore. The Kinsel group has performed several studies showing this effect 

in  clusters.133-136  Not  only  were  strongly  reduced  IPs  found  for  DHB-proline 

complexes  (down  to  7  eV),133  post-ionization  fragmentation  leading  to  protonated 

analytes was observed in matrix-biomolecule clusters.135, 136 

Ab  initio  calculations  have  reproduced  both  IP  reductions  and  ion-state  proton 

transfer.129, 137 Study of DHB/valine-proline-leucine (VPL) clusters provided particular 
insight into the proton transfer event. Although the 3,5 isomer of DHB is 18 kJ/mol more 
acidic in the gas phase than the 2,5 isomer, it is less able to transfer a proton to VPL in  
the ionized complex.  This  is because intermolecular coordination is via the carboxyl 
group in both cases, which is not the site of the globally most acidic proton. Considering 
only  the carboxyl  groups,  the  2,5 isomer is  indeed more acidic,  by 56 kJ/mol.  This 
determines the cluster reactivity since this proton is coordinated to the VPL acceptor. If 
confirmed by experiment,  this would represent an important exception to the general 
principle  that  global  gas  phase  thermodynamics  can  predict  MALDI  spectra.  At  the 
moment  it  is  not  clear  that  such clusters  remain  in  one configuration  in  the plume, 
thereby precluding other reaction channels. On the other hand, this result is consistent 
with the general experience that 3,5 DHB is a much less effective MALDI matrix than the 
2,5 isomer.

In spite of the favorable energetics of two-photon complex ionization, it is not believed to  
be a dominant mechanism in typical practice. This is because the matrix/analyte mole 
ratio is generally high, 1000 or higher. The bulk of the incoming laser energy is therefore  
absorbed by the matrix, and matrix-only mechanisms will generate the large majority of  
ions. Reaction of these primary ions with analyte neutrals  dominates over the direct 
ionization  of  complexes.  Using  a  modified  pooling  photoionization  model,  direct 
ionization was found to contribute only a few percent to the analyte ion yield, and then 

only at matrix/analyte >10, and at high fluences.102

- Excited state proton transfer (ESPT)

ESPT is an attractive ionization pathway since it can occur in the first electronic excited  
state, and is therefore a one-photon event with UV excitation. Some molecules undergo 

a large pK jump upon excitation, of up to 9 units.138 Since some MALDI matrices are 
related  to  (putative)  ESPT molecules  like  salicyclic  acid,  this  has  been  a  recurring 



theme.3, 139-143, 143, 144 Unfortunately for MALDI, ESPT is highly dependent on an 
environment which efficiently stabilizes charge separation. Known ESPT systems are 
often only active in water or amine environments,  for example. As noted in the next  
section, the MALDI plume is not likely to be equally solvating. ESPT molecules have 

also not generally been very successful in MALDI24 and efforts to find direct indicators 

of ESPT in matrices like DHB were not successful in either solution or clusters.115 This 
mechanism  therefore  appears  to  be  rare,  perhaps  only  active  if  matrix-analyte 
complexes are predisposed to proton transfer via strongy asymmetric hydrogen bonds 
and stabilizing neighbor substituents.

- Polar fluid model

In this model50, 145 the vaporizing matrix exists for a short time as a dense, polar fluid 
which behaves like a polar bulk solvent, enabling separation of previously associated 
ions. For example, a matrix with carboxylic acid groups might liberate protons, which 
then diffuse in a hydrogen-bonded network to analytes with basic groups. Alternatively, if 
the analyte itself is acidic or a salt, the fluid could provide an environment suitable for  
separation of the respective ions. 

This picture was originally motivated by the strong qualitative similarity of MALDI spectra 
regardless of excitation wavelength from the UV to the IR (although the matrix still must 
have a substantial absorbance). Clearly it would be attractive to have a unified model of  
UV and IR MALDI, but this similarity need not be a consequence of identical primary 
ionization mechanisms. As shown above, it  is sufficient that secondary reactions are 
extensive. Then the final ions are simply the most stable, regardless of what the initial 
primary ions were. Another motivation was occaisonal observation of analyte ions but no 
matrix  ions in  the same spectrum,  but  this matrix  suppression effect  has also been 
shown to be a consequence of secondary reactions.

Although the plume is often a dense fluid for a significant time (at least in the ablation 
regime, not necessarily in desorption) it is not likely that its properties are sufficiently 
polar for significant ionization via direct ionic dissociation. Put another way, matrix gas is 
not sufficiently like water in its solvating abilities. Aromatics with polar substituents tend 
to have low dielectric constants, around 10 at room temperature (phenol 9.8, methyl 

salicylate  9.4,  acetic  acid  6.1).146 Dielectric  constants  also  drop  with  temperature, 
reduction of  at least a factor of 2 could be expected at typical plume temperatures. 
Compare 1-butanol, which has a dielectric constant of 15 at room temperature, but only 

7 at  400 C.146 In such a poorly solvating fluid,  autoionization of acidic matrices, or 
separation  of  ionic  substances  will  be  extremely  limited.  The  energetics  of  matrix 
autoionization are addressed below, and the ion yield from such reactions would be too 

low at MALDI temperatures.147  Further, the autoionization pKa of the matrix should 

determine the ion yield in this model, which must then be the same in IR or UV MALDI  
for a given matrix. This is not the case, IR yields (ions / neutrals) are about 1000 times 

lower than in UV.145, 148 Such a mechanism would certainly also not be relevant for 
MALDI with non-polar matrices. Finally, since the plume temperature does not change 



dramatically vs. laser fluence,56 it is hard to rationalize the high order ionization fluence 
dependence of MALDI yield in this model.

This is not to say that matrix solvation properties are irrelevant for MALDI. Screening of  
ions, even with low dielectric constant materials, reduces the range at which Coulomb 
forces exceed collisional  energies, and therefore decreases recombination losses. In 
this sense the polar fluid picture continues to be a part of modern models such as the 
MD simulations noted above, but it is not the fundamental basis for ion separation.

- Pneumatic assistance

The pneumatic assistance or expanding bubble model149-154 may be considered a 
variant of the cluster model, in that it is based on rapid disintegration of the matrix and 
associated mechanical separation of preformed ions. The general picture of subsurface 
nucleation  inducing  ablation  of  upper  melt  layers  is  also  already  familiar  from  the 
molecular  dynamics simulations.  It  is  also  similar  to  the "bubble chamber"  model  of 

FAB/SIMS,155 which apparently traces its ancestry to early ideas of Vestal.156

In  the  pneumatic  assistance picture,  the  mechanical  force  for  rapid  disintegration  is 
provided by low molecular weight gaseous fragments of matrix, generated by thermal 
decomposition at typical melt temperatures. This model is therefore not applicable to 
those matrices which do not efficiently thermally decompose. It could be more widely 
relevant for IR MALDI, where residual solvent is a ubiquitous source of low molecular  

weight gas, as well as possibly efficiently absorbing laser energy.157

Many UV-MALDI matrices are carboxylic acids that thermally decompose, and laser-

induced CO2 emission from matrices in vacuo has been confirmed and measured.151 

Rapid gas generation can lead to bubble nucleation and a pressure pulse which causes 
sample ablation. The bursting of subsurface bubbles creates microdroplets, or clusters 
and particles in the language of other models.

A quantitative rate equation implementation of the model has been mentioned,151, 153, 

154 but details have not appeared. The calculated bubble pressure was reported to be 
10-100 atm, depending on estimated decomposition rate parameters. This could cause 
ablation-like cluster ejection at laser fluences which would otherwise induce only smooth 
desorption. This also leads to a relatively steep dependence of ion yield on fluence, 
which is a characteristic of MALDI. At fluences which already suffice to ablate matrix 
without bubbles, decomposition fragments increase the gas pressure by a small factor,  
around 2, vs.  non-decomposing matrices.  This is minimal  compared to the range of 
pressures  that  can be sampled  by  shortening  the  laser  pulse  length,  as  shown by 
simulations.  Nevertheless,  MALDI  ion  yields  are  quite  similar  regardless  of  pulse 

length,32-36 so the bubble contribution is apparently not decisive for MALDI, even if it  
must have some effect for certain matrices. 

Secondary Processes



Regardless  of  whether  ions  are  created  free  or  in  clusters  or  particles,  they  must 
become free  to  be  mass-analyzed.  Given  the  large  excess  of  neutral  matrix  in  the 
(typical)  plume,  it  is  therefore  nearly  always  the  case  that  the  last  intermolecular 
encounters  of  an  ion  are  bimolecular  collisions  with  neutral  matrix.  The  possible 
reactions in these encounters are thus the "bottom line" in defining which ions survive to 
the detector.  This has the fortunate consequence that  one generally  need not  have 
detailed  information  concerning  reaction  cascades  in  changing  particle/cluster  and 
dense plume environments. One example might involve electron transfer:

m •+ + A ↔ m + A •+

Others would concern proton transfer (including deprotonated negative ions), or cation 
transfer.  Given  approach to  local  equilibrium under  typical  conditions,  the  observed 
mass spectrum can be predicted from the free energy change of the matrix-analyte and 
analyte-analyte  reactions  taking  place  in  the  plume,  kinetic  information  is  not 

needed.158 This useful concept can be tested by inverting the question and verifying 
that the mass spectrum reflects the reaction thermodynamics according to:

 ΔG  = -RTln(K)

Where K is calculated from the relative abundances of ions in the spectrum which are  
proposed to be involved in charge transfer plume reactions. The reaction free energies 
are known or  can be readily  calculated in  many cases.  Kinsel,  et.  al  have recently 
performed this test and found excellent agreement for the proton transfer reaction of 

CHCA matrix to a series of amino acids, as shown in Fig. 6.159

Fig. 6 

Because of near-equilibrium, the observed ion distribution normally remains independent 
of  laser  fluence.  At  low  fluence,  however,  so  little  material  may  be  released that  it 
expands to the collision-free regime before all reactions approach completion. The mass 
spectrum  is  then  more  reflective  of  initial  primary  ions  than  preferred  secondary 
products. At higher fluence, secondary ions dominate. This fluence-dependent transition 

has been observed, as seen in Fig. 7 for a simple case.147 More complex curves are 

also possible when multiple ion species are involved.147

Fig. 7 

There have been many other, less direct, consequences of the thermodynamic model of 
the plume which have been successfully tested, but before these are examined it  is 
necessary to consider the types of ions and reactions which should be expected in the 
plume. 

Matrix Ions
Considerable thermodynamic information is now available for several matrices and their  

various clusters, fragments and ionic forms.115, 116, 128-134, 137, 159-167 Experiment 



and theory are generally in quite good agreement, and both are represented in Table 1.

Table 1 

Matrix  ionization potentials  were  discussed above,  and are mostly  over  775 kJ/mol. 
Electron affinities are 100 kJ/mol or less. Neutral matrix proton affinities are 850 to more 

than 900 kJ/mol (mH+ → m + H+), while the acidities are around 1300 kJ/mol (m → (m-

H)-  + H+), reflecting the Coulomb contribution. The acidities of the radical cations (m •+ 

→ (m-H)  + H+), are considerably less, about 850 kJ/mol, so electron transfer ionization 
increases subsequent proton transfer reactivity. 

Matrix adducts with alkali cations are often observed. The affinities of neutral matrix for 

these ions are in the range of 95-105 kJ/mol for K+168 and 140-170 kJ/mol for Na+.169, 

170 

This information makes it possible to evaluate the autoionization energetics of several 
matrix ion pairs:

  2m   →   m   •+    +  m   •-  
DHB 7.5 eV

2m   →   mH  +    + (m-H)  -  
DHB 5.24 eV
3HPA 5.18
NA 5.10
THAP 4.89

Clearly  these  are  all  within  the  2-photon  range  of  typical  UV  lasers.  This  is  not 
necessarily a photoinduced process, but if autoionization contributes substantially to UV 
MALDI, it cannot be purely thermal in nature. Otherwise UV and IR MALDI ion yields 
would be about the same and, as noted above, this is not the case. IR MALDI is about 

1000 times less efficent than UV.145, 148

When no analyte is present, a single MALDI event might give rise to strong m •+, mH+, 

mNa+,  m •-,  and  (m-H)- signals.  In  addition  various  thermal  or  non-thermal  decay 
products of the matrix might be formed, such as m-H2O, or m-CO2. Further, depending 

on the  matrix,  rather  surprising  species  are  sometimes  found,  such as  (m-nH)+,  or 

(m+2H)+. These are seldom dominant, but clearly present. In addition, rather unusual 

species  have  been  identified  in  the  plume,  such  as  H  atoms,171 which  make  the 

existence of radicals like (m-H)•  likely, although these and similar species can also be 

generated by dissociative electron capture.100, 172 Some of these reactions may be 

highly analgous to those proposed for SIMS.173, 174



In the dense plume, the various ion types, which seem at first glance to be independent  
classes, must interconvert if local equilibrium is to be achieved. It has been shown for  

DHB that interconversion of m •+, mH+ and mNa+ is thermally possible under typical 

plume conditions.130, 158 These reactions are mediated by neutral matrix. Although the 
protonated matrix is the most stable in this case, the energy needed to reach the other 
ion types may be as low as 30 kJ/mol, well within kT in the plume. This would explain 
why all  may be observed in the mass spectrum at the same time. A similar situation 
apparently holds for many other matrices, as will be shown from the matrix suppression 
effect. 

Matrix-Analyte, Analyte-Analyte Reactions and Suppression Effects
Matrix Suppression Effect
One of the more dramatic MALDI phenomena, and one which clearly points to extensive 
matrix-analyte  reactions  is  the  matrix  suppression  effect  (MSE).  It  was  sporadically 

noted,95, 175, 176 but the full implications were not realized until it was placed in the 
context  of  the  two  step  picture  and  interpreted  as  a  consequence  of  secondary 

reactions.177, 178

As  the  name  implies,  matrix  ions  can  be  completely  suppressed  by  analytes  at 
appropriate  concentration  ratios,  as  shown  in  Fig.  8.  It  is  a  rather  general 

phenomenon,179 and  suppression  includes  all  matrix  ions,  not  only  protonated  or 
cationized matrix or radical cations. This observation shows the connection to secondary 
reactions. If, for example a strongly basic analyte depletes protonated primary matrix 
ions, depletion of other matrix ions must occur via interconversion, as noted above. 

Fig. 8 

Note that the preformed/cluster model cannot explain the MSE, even though it includes 
secondary reactions in clusters. In that picture preformed matrix ions can donate their 
charge  to  analytes  in  the  same  cluster,  if  any  are  available,  and  the  reaction  is 

favorable.30 However,  attaining  MSE would  then  require  that  there  are  never more 
charges  than  analyte  molecules  in  any randomly  formed  cluster-  a  statistical 
impossibility,  especially  since the  analyte  is  known to  be  unevenly  distributed  on  a 

macroscopic scale in many MALDI samples.180-183 In the gas, mobility is much higher 
than in clusters, so mixing is comparatively good, and minor sample inhomogeneities 
less  relevant.  Combining  this  mixing  with  the  interconversion  reactions  above,  a 
straightforward explanation emerges for the MSE.

If  the analyte reacts efficiently with matrix ions of one polarity,  it  is  unlikely (but not  
impossible) that reaction in the opposite polarity will also be favorable. As a result MSE 
typically appears only in one polarity. The polarity of MSE is usually easily predicted.  
Basic analytes strongly deplete protonated matrix, for example, so suppression occurs in 
positive mode, but all predictions must use gas-phase properties, not solution phase. 
For full suppression, it is necessary that sufficient analyte be present to react with all  
primary  matrix  ions.  The  MSE  is  therefore  concentration  dependent,  as  well  as 
dependent on the laser fluence (concentration of primary ions). Further characteristics of 



the MSE will be discussed below in connection with detailed models.

Analyte Suppression Effect
Secondary reactions modify not only the matrix signal in the presence of one analye, but 
can also strongly affect the relative intensities of multiple analytes. Consider the case 
where analytes A and B are present. They can undergo reaction with matrix ions, and 
with each other:

 m•+ + A → m + A•+

 m•+ + B → m + B•+

A•+ + B →  A + B•+

There are then two pathways for analyte-analyte suppression: First,  if B reacts more 

efficently with m•+ than A, then A•+ will appear less strongly than it would in the absence 
of B. Second, charge transfer reactions may take place directly between analytes. Note 
that ASE implies sufficient analyte to deplete matrix (otherwise both of the top reactions 
can occur), so ASE is accompanied by MSE. An example of both effects is shown in Fig.  
9.

Fig. 9 

Once again, the ion types are unimportant if matrix interconversion reactions are facile,  

so it is possible to observe suppression of one type of analyte ion by another. 158

The ASE is merely the most extreme example of a general problem in MALDI, that of  
varying sensitivity factors for analytes depending on the nature of the mixture under 
study.  The  secondary  ionization  model  shows us  what  parameters  are  important  in 
understanding and controlling these effects: the reaction exothermicities (and possibly 
kinetics) of the various charge transfer reactions, and the relative concentrations of the 
reactants. These will be quantitatively revisited below, but first it is necessary to expand 
on matrix-analyte reactions.

Proton Transfer
One of the most important applications of MALDI is to protein and peptide analysis, 
these are typically observed as protontated molecules. Gas-phase proton affinities for 

amino acids range from 885 kJ/mol for glycine to 1025 kJ/mol for arginine.184 As seen 
fromTable 1, proton transfer from typical matrices to glycine will be weakly exothermic to 
endothermic,  while  arginine  can  easily  abstract  a  proton  from all.  This  reflects  the 
common experience  that  peptides  containing  more  basic  residues  are  preferentially 

observed in MALDI (even if basicity is not the sole factor).185-189 In addition multiple 

coordination of attached protons increases the total  affinity.184,  190-192 In contrast, 
oligonucleotides are weakly basic and measured much more readily in negative polarity 

as deprotonated molecules.193 In this case it is the comparatively high proton affinity of 
deprotonated matrix anions which gives high analyte anion yield. 

Cationization



Proton transfer reactions of analytes with matrix are often the most exoergic available, 
and determine the ions observed. This is not always the case,  and there are major 
analyte classes, most notably synthetic polymers, which are often better analyzed as 

other  adducts,  typically  with alkali  (e.g Na+,  K+)  or  transition metal  (e.g.  Cu+,  Ag+) 
cations.  Since these substances may have no polar  groups,  it  is  not  surprising that 
proton affinities or acidities can be lower than those of most matrices. At the same time, 
there may be good affinity for some cations, transition metal ions may make relatively 

strong d-π complexes with aromatic side chains, for example.194

Sodium affinities of common matrices are in the range of 140-170 kJ/mol, while for most 

amino acids they are above 150 kJ/mol (for dipeptides >160).195-197 Affinities of both 

nucleobases and carbohydrates lie higher, 164-190 and >160 kJ/mol, respectively.195 

From this we can conclude that analyte-Na+ complex formation may or may not  be 
competetive with the corresponding matrix reaction. Or to put it another way, one should 
chose a matrix with a low cation affinity to significantly enhance analyte cationization. 
Dithranol  (1,8  dihydroxyanthrone),  for  example,  has  become  favored  for  polymer 
analysis, and has been found to have a cation affinity below that of sinapinic acid, DHB 
and THAP.  Other  matrices  also show trends in  cationization,  suppression and other 

behaviors which are  consistent with the thermodynamics of cation transfer.25, 198

Since cationization  obviously  requires  presence of  the  corresponding  cations  in  the 
sample, the question of preformed ions is more acute than with de/protonation, which 
can  occur  without  additives.  Several  studies  support  a  predominantly  gas-phase 

process,94,  96,  199-201 but this remains a difficult  topic to investigate in a decisive 

manner.202 The MALDI efficiency of finely ground (but not cocrystallized) matrix and 

analyte203, 204 may also point to plume cationization. To whatever extent preformed 
ions exist, their stability in the plume, and hence appearance in the mass spectrum, 
remains determined by reactivity in collisions with matrix, so the spectrum should remain 
predictable using gas-phase thermodynamics. 

Adding  an  appropriate  salt  to  MALDI  samples  can  increase  analyte  adduct  signal 
substantially,  if  these  cations  are  not  naturally  present  (commercial  matrix  is  often 

significantly contaminated with salts205). Adding excess of one cation can also simplify 
the spectrum by ensuring dominant  ionization with the desired cation,  if  several  are 
naturally present.  

Too much salt can lead to signal loss, often due to crystallization effects that vary with 

preparation method,205,  206 or  due to  dilution of  matrix.  Ideally  then,  the optimium 
amount  of  salt  would  be  stoichiometrically  equivalent  to  the  amount  of  analyte. 
Unfortunately,  competition  of  matrix  and  analyte  for  cations  can necessitate  above-
stoichiometric salt quantities for strongest analyte signal, especially when deprotonated 

matrix is expected for many matrices via the photochemical mechanism. Since (m-H)- 

will  have a higher  cation affinity  than all  neutral  molecules,  it  efficiently  reduces the 

amount of cation available for analytes.207 Neutral matrix is also a competitor, as can 



be directly verfied by observation of matrix adducts in the spectrum.205

Electron Transfer
The third main type of ion observed in MALDI after de/protonated or cationized species 

is  the  radical  cation  or  anion.208-213While  matrix  radical  ions  are  not  uncommon, 
analyte radicals are unsually only observed for low polarity molecules with few or no 
functional groups. 

Electron transfer (ET) from neutral analytes to matrix ions is the secondary step leading 

to radical analyte cations.209, 210 The difference in ionization potentials (IPs) of matrix 
and analyte or between analytes is the relevant thermodynamic parameter explaining 

the features of the mass spectra.210 An analagous picture has been demonstrated for 

generation of radical anions of fullerene derivatives in LDI and MALDI.211, 214 The 
corresponding quantity in negative polarity is the difference in electron affinities. It was 
also  shown  that  the  matrix-analyte  ET  exoergicity  is  strongly  correlated  with 

fragmentation of fluorofullerenes.211

As seen in Fig. 9, ET reactions lead to the same kind of suppression phenomena (MSE 
and ASE) due to secondary reactions as are known from protonation and cationization. 
The only unusual aspect found so far is that ET reactions between partners with very 
different ionization potentials (difference > 1.5 eV) appear to become rather slow, to the 

point  that  the  reaction  is  incomplete  on  the  MALDI  time  scale.116 This  raises  the 

question of a kinetic effect similar to Marcus inversion,215 but many questions remain 
regarding gas-phase electron transfer reactions, especially regarding encounter complex 
formation. Matrix choice becomes more difficult in this situation, since it must have a 
higher IP than all analytes, but not more than about 1.5 eV above the lowest IP analyte.

One kind of ET that is frequent in MALDI concerns multivalent cations. Salts of  Ca2+, 

Cu2+ or similar cationizing agent can be added to the sample, but only singly charged 

adducts  are  observed.  The metal  ions  are reduced to  +1,85,  97,  216-218 or  H+ is 

ejected from the complex.219, 220 This can be understood from the electrostatic energy 
of multiple charges on a single molecule in the gas phase. This is highest when the 

charge is concentrated on the cation itself. The first IP of Cu (Cu → Cu+) is 7.7 eV while 

the second (Cu+ → Cu2+) is 20.3 eV.221  Reaction with neutral matrix (IP about 8 eV) 

can reduce the metal to the +1 state, but not neutralize it. In the other route, H+ ejection, 
the excess charge is exported in a different way, but the net effect is to transfer an 

electron to the M2+ site, again reducing it to +1.  The approximately 10 eV decrease in 
electrostatic  energy  is  far  more  than  enough  to  compensate  for  the  loss  of  a  R-H 
covalent bond.

Multiply Charged Analytes
Similar to the reduction of multivalent cations, the prevalence of multiply charged ions of 
all types should be predictable from their stablity with respect to plume reactions. The 
higher the charge state, the more difficult it is to create because of internal electrostatic  



energy.  This  is  reflected  in  the  basicities  of  biomolecules,  which  drop  steadily  and 

steeply as a function of increasing prior protonation.222 The internal repulsion energy of 
a multiply charged ion is decreased if  the charges can be widely  separated,  so the 
MALDI tendency to generate +2 or higher charge states increases with molecular size.  

For multiply protonated analytes, the available data is consistent with limitation of charge 

state via exothermic H+ abstraction by matrix.158, 191, 223, 224 The lower limit for dual 
protonation of peptides has been estimated to require a separation of >0.9 nm between 

protonation sites,158 simlar to that of gramicidin S.225 Multiple charging may also be 

kinetically  limited  even  if  thermodynamically  favorable,108 as  noted  above  in  the 
discussion of the cluster model. 

The Quantitative 2-Step Model Including Analyte
There  is  currently  only  one  comprehensive  MALDI  model  capable  of  quantitative 
predictions of matrix and analyte ion yields, and which includes experimentally relevant 
factors such as laser  characteristics,  matrix/analyte ratio,  and physical  and chemical 

properties of matrix and analyte.226 This model builds on the matrix-only pooling model 

noted above,60 and therefore assumes that primary ions are derived only from matrix. 
Analyte signal is solely a consequence of secondary reactions:

mH+ + A ↔ m + AH+

AH+ + B ↔ A + BH+

The rates were taken to have Arrhenius form, and the activation energies were derived 

from non-linear free energy relationships developed for proton transfer reactions.227, 

228 This is the only aspect of the model which specifies the ion type, otherwise it is  
general. The activation energy is highest at low reaction free energy, dropping to near 
zero for  large exoergicity,  above 60-90 kJ/mol.  The Arrhenius  prefactor  is  the hard-
sphere collision rate, which introduces an analyte molecular weight dependence into the 
secondary rates via the molecular radius, which was obtained from ion mobility studies.

A positive feature of this model is that it has no adjustable parameters. The properties of  
matrix, analytes and laser fully define the result. The necessary matrix parameters are 
well-determined quantities such a proton affinities, making the secondary aspect of the 
model  applicable  to  many  matrices,  not  only  DHB.  A  number  of  experimental 
phenomena are well reproduced as is briefly summarized next. 

The matrix suppression effect is well reproduced, as shown in Fig. 7 & 8, as a function of 

matrix/analyte ratio, reaction exoergicity, and laser fluence.177 The MSE also occurs at 

a lower concentration for high molecular weight analytes,178 because bigger molecules 
have a higher probability of collision with primary matrix ions. 

The analyte suppression effect is also correctly predicted as a function of secondary 
reaction exothermicities. The dependence of relative analyte signals on matrix/analyte 



ratio  compares  well  with  experimental  examples.158 Analyte  intensity  ratios  can be 
brought closer to the concentration ratios in the sample by generating more primary ions 

at higher fluence, but this does not reach the correct values at any fluence.116 Because 
of the size-dependent collision probabilities, analytes of similar reactivity but different 
molecular  weight  may  exhibit  different  intensities,  as  has  recently  been  shown 

experimentally.189

Since both the MSE and ASE are dependent on secondary reaction free energies, highly 
exothermic reactions like proton transfer more readily induce suppression (it appears at 
lower analyte concentration) than do less energetic reactions like cation transfer.

There  is  a  2-pulse  time  delay  effect  for  analytes  as  well  as  matrix,  but  a  delayed 

maximum was not found for analytes.229 The model gives quantitative agreement with 

the data.226 

Some practical  implications of the model  involving the choices available in a MALDI 
experiment are implied in these results, but worth describing explicitly. Most importantly,  
the response factor for each analyte depends significantly on the other analytes, and the 
suppression can be predicted by the thermodynamics of the corresponding secondary 
reactions. Responses also depend on analyte/analyte concentration ratios and the ratio 
of  total  analyte  to  matrix.  Generally,  dilution  with  matrix  leads  to  a  better  relative 
intensities, at a cost in overall sensitivity. The response factor for any analyte will be  
higher, more stable and more reproducible if it is the one which has the most favorable 
secondary reaction thermodynamics. 

Increasing the quantity of primary matrix ions by increasing the laser intensity reduces 
selective suppression effects, giving more accurate intensity ratios. This is an advantage 
for  atmospheric  pressure  MALDI  over  vacuum  MALDI-ToF,  where  mass  resolution 
suffers from an extremely dense plume at high fluences.

Favorable plume reactions (producing strong analyte signals) depend on matrix choice. 
There is now enough thermodynamic information available on matrices that it should 
seldom be necessary to try them at random, if analyte properties are known or can be 
estimated. Similarly, cationization can also be strategically planned, based on knowlege 
of the analyte and which cations might better bind to it compared to the chosen matrix.

Surface Effects
While the main thrust of MALDI mechanistic investigation has been directed toward bulk 
samples, the sample support can affect the experimental outcome if the sample is thin 
enough. Because this can involve the matrix itself, this relatively new research topic is  
briefly  mentioned  here.  Note  that  this  does  not  include  particle  substrate  or 
nanostructured surface methods, since the substrate dependence in those cases may 
be more due to thermal effects, not ionization behavior involving matrix.

The penetration depth of typical lasers in UV matrices is no more than a few 100 nm,59 

so this is the upper sample thickness limit for direct laser effects involving the substrate. 



Sample  morphology  is  known  to  affect  MALDI  response,183,  230-232 possibly  by 
modifying desorption/ablation behavior, so surface-induced modification of matrix crystal 
habit may be a complicating factor. However, this does not seem to be an issue for 

comparison of metal substrates.233 

Free  electrons  are  central  to  the  lucky  survivor  model.  Recently  it  has  also  been 

reported that electrons from the metal under thin samples reduce positive ion yield.234 

Yield was also reported to be better from a gold substrate vs. stainless steel, due to 

differences in the photoelectron energy and capture cross section.235 From measured 

matrix capture cross sections,172 the mean free path of low energy electrons, around 1 
eV, is on the order of 10-50 nm. For this type of substrate effect "thin" must therefore 
refer to layers of less than about 100 nm. The samples in these studies were made by 
the dried drop method, however, and so did not have a uniform thickness. They were 
characterized as "thin" if a closed surface of matrix crystals was not formed. The areas 
between the macroscopic crystals was taken to be covered in a very thin matrix layer.

Matrix on the surface is proposed to dramatically lower the work function of the metal so 

that 1-photon photoemission becomes possible.235 The required decrease is as much 
as  2  eV  versus  the  bare,  clean  metal.  Such  reductions  have  not  been  previously  

reported in well controlled experiments.236 Reductions of less than 1 eV are much more 
typical,  especially  if  the  metal  was  not  extensively  cleaned  in  ultra  high  vacuum 

beforehand.237 Electron  yield  measurements235 were  interpreted  as  supporting  1-

photon emission,238 but were later shown to be better reproduced by a model which 

includes pooling and sequential two-photon ionization. 102, 235, 239

Compared to dried drops, good control of sample thickness is provided by electrospray 
deposition. Recent MALDI/ToF imaging studies of electrosprayed DHB spots down to a 
few 100 nm thickness have shown dramatic enhancements (not reductions) of matrix 

and analyte signals for the last layers near a stainless steel substrate surface.233, 239 

Drilling  experiments  and  varying  the  laser  power  to  achieve  partial  or  total  ablation 
corroborated  increased  ionization  efficiency  for  the  last  layers  near  the  steel.  The 
images showed that the enhancement was greatest in the thinnest parts of the samples. 
Example images are shown in Fig. 10.

Fig 10 sprayed spots 

A gold substrate gave a much smaller enhancement, which is consistent with a two-
photon ionization model based on interaction of matrix orbitals with the conduction band 
of the metal. The ion yield vs. laser fluence was quantitatively shown to predict the yield 

of thick vs. thin samples.233 Consistent results were obtained over many samples and 
overy many points on each sample. 

The apparent conflict between reports of enhancement vs. suppression of MALDI signal 
from thin samples on metals may be partly associated with instrumental methods. The 
experiments showing suppression were mostly (but not entirely) performed with an in-



magnet  FT-ICR  source.  Those  showing  enhancement  were  all  performed  in  ToF 
instruments. In the magnet, charged species are confined to the same magnetic field 
lines, which increases the probability of recombination compared to the ToF, where ions 
are rapidly separated by polarity.

It is not necessary for the metal-matrix interface to be at the bottom of the sample. A thin 

metal layer can be sputter-coated on the top of a normal MALDI sample as well.240 

Much of the benefit of a toplayer is no doubt associated with reduced surface charging 
of insulating samples, but probably not all. The layer needs to be very thin, so that laser  
light reaches the underlying matrix. Nominal thickness are usually a few nm, but the 

metal may form islands which aid desorption.241 Gold is easy to sputter, and moderate 

enhancement effects similar to a gold underlayer were observed.233

Summary and Outlook
The two step framework for UV-MALDI ionization, especially the concept of extensive 
secondary reactions in the dense plume, is gaining acceptance. The primary ionization 
step remains somewhat controversial, but the range of opinion is less wide than just a 
few years ago. There are now two main viewpoints: one advocating preformed ions in 
clusters  and  one  advocating  (pooling-mediated)  photoionization  of  matrix.  The 
pooling/photoionization picture has been coupled with a model for the plume expansion, 
leading to quantitative predictions for many observables. While only the matrix 2,5 DHB 
is  currently  modeled  in  detail,  other  matrices  behave  similarly  in  many  respects, 
suggesting that the basic concepts could be more general.

Understanding  of  the  secondary  reactions in  MALDI  has  developed considerably  in 
recent years. The recognition that local equilibrium often is approached in the plume has 
made  it  increasingly  important  to  measure  gas-phase  thermodynamic  properties  of 
matrices and analytes, since these have a major, even definitive, impact on the final 
spectrum. Secondary reactions, which are dominated by the matrix as the most common 
collision partner, also lead to a certain commonality of MALDI behavior for all ion types.

Mechanistic  theory  and  models  are  helping  to  better  understand  those  factors 
influencing relative and absolute analye signal intensities, and where the limits of MALDI 
may lie. For example it cannot be expected that uniform response for all peptides in a 
protein digest will be achieved using a typical MALDI preparation. On the other hand,  
quantitation  appears  to  be  fundamentally  and  generally  possible,  but  subject  to 
significant potential complications depending on the range of substances present, both 
in concentration and type. 

Seen  as  a  kind  of  chemical  ionization  process,  MALDI  applications  can  usually  be 
addressed by asking what are the gas-phase thermodynamics of the possible reactions 
in the plume, and how much of the reactants are available. Better analytical results will 
be obtained by making experimental choices that favor formation of the desired analyte 
ions over other potential competitors. 

That  practically  applicable  frameworks  for  planning  and  interpreting  UV-MALDI 
experiments  exist  is  a  step  forward.  This  is  not,  however,  to  imply  that  MALDI 



mechanisms  are  fully  known.  There  are  numerous  indications  that  many  unusual 
species and processes are involved, so the current picture of plume reactions may be 
too simple.  For example, unexpected or unexplained ions are often found in MALDI 
spectra, but fortunately these are not typically dominant. There are also undoubtedly 
interesting neutrals involved, they are simply silent in the mass spectrum. Only relatively 
few matrix molecules have been extensively characterized, none as fully as could be 
desired, and it is still not clear why one matrix is good and another not. Only 2,5-DHB is 
known sufficiently to be used in quantitative models of primary ionization, although the 
secondary reactivities and thermodynamic properties of several others are well studied. 
Strongly oriented matrix-analyte complexes may significantly modify or limit the available 
ionization  reaction  channels.  The  chemical  physics  of  the  coupled  phase  change, 
primary ionization and subsequent expanding, reacting, hot material are still under active 
investigation.  The  ternary  systems  used  in  polymer  analysis  (matrix,  polydisperse 
analyte and cationizing reagent) are also a continuing challenge. 

In  short,  understanding  of  UV-MALDI  ionization  has  advanced  past  an  emprical,  
descriptive phase, and can aid in practical applications, but there is still  much to be 
learned about this complex and multifaceted method.
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Figures

Figure 1. The origin of the 2-step model: expansion of the MALDI plume compared to 
the  laser  pulse  and  excited  state  decay.  Density  is  plotted  vs.  time  for  a  plume 
expanding as an adiabatic free jet. A density of 1 is approximately that of a gas at 1 atm.  
The expansion stops when the gas reaches the environmental background pressure, 
which may vary in practice from 1 atm. to  high vacuum. The inset  shows the early 
behavior, along with a 3 ns N2 laser pulse (blue) and the typical lifetime of matrix excited 

states (green). Only during the time when energy and material densities are high can 
significant ionization occur. The solid line represents the density if the sample vaporizes 
smoothly.  The dashed line  represents  an explosive phase change for  which a well-
defined solid-gas boundary may not exist at short times.



Figure 2. Snapshots of simulated MALDI events in the desorption (a) and ablation (b)  
regimes. Both generate ions, but the latter also generates condensed fragments of the 
original solid (clusters). These cool in the entraining gas and do not evaporate in the 
simulation. Adapted from ref 59.



Figure 3. Sketch of the major processes proposed in cluster models of MALDI ionization. 

m=matrix,  A=analyte,  R-=generic  counterion.  Preformed  ions,  separated  in  the 
preparation solution,  are contained in  clusters  ablated from the initial  solid  material.  
Some clusters contain a net excess of positive charge, others net negative (not shown). 
If analyte is already charged, here by protonation, cluster evaporation may free the ion. 
In other clusters charge may need to migrate from its initial location, e.g. on matrix, to 
the  more  favorable  location  on  analyte  (secondary  reaction).  For  multiply  charged 
analytes,  hard  and  soft  desolvation  processes  may  lead  to  different  free  ions. 
Neutralization  by  electrons  or  counterions  takes  place  to  some  degree,  but  is  not 
complete.



Figure  4.  Unimolecular  and  biomolecular  matrix  processes  included  in  the  MALDI 
ionization model of refs. 60, 226. Pooling reactions of matrix excited states are key steps 
in energy concentration and ionization.



Figure  5.  Example  of  the  time-dependent  evolution  of  a  MALDI  sample  in  the 
photoionization/pooling  model.  Pooling  of  abundant  S1 excitations  leads  to  higher 

excited  Sn matrix  molecules.  Pooling  of  S1 and  Sn leads  to  matrix  ions  (primary 

ionization). These react with analyte neutrals to yield analyte ions (secondary ionization), 
depleting the matrix ion signal. 



Figure 6: Equilibrium plot for the MALDI ion signals of the amino acids G, A, V, I, and F 
in the matrix CHCA, versus the amino acid basicity, and hence the matrix-analyte proton 
transfer reaction free energy. The linearity indicates that near equilibrium is reached in 
the plume for charge transfer reactions of matrix and analyte. Adapted from from ref. 
159.



Figure  7.  Normalized  intensities  of  positive  MALDI  ions  obtained  from a  sample  of 
glycyl–glycyl–histidine in 2,4,6-trihydroxyacetophenone matrix (1:1 molar ratio) vs. laser 
fluence.  Matrix  suppresion  is  essentially  complete  at  most  fluences,  but  not  near 
threshold. This is a consequence of incomplete secondary reactions of primary matrix 
ions with neutral analytes. Adapted from ref. 147.



Figure 8. MALDI-TOF mass spectra of caffeine, in CHCA matrix. When more analyte is 
present  than  primary  ions,  suppression  occurs  as  a  consequence  of  secondary 
reactions. This ratio is affected by both the analyte concentration and the laser intensity. 
Matrix suppression is nearly complete in spectrum A, where the matrix/analyte ratio is 
low (M/A=3). At higher ratio, M/A=27, more matrix signals appear, as seen in spectrum 
B. In panel C, the matrix:analyte mole ratio was again 3 but more matrix signals appear 
as a result of much higher laser pulse energy. Adapted from ref. 179.



Figure 9. Positive mode MALDI spectra vs. matrix/analyte mole ratio (DCTB matrix) for 
an  equimolar  five-component  mixture. A= M-Tdata,  ionization  potential  (IP)=6.04 eV 
(CAS number: 124729-98-2), B= TTB, IP=6.28 eV  (76185-65-4), C=NPB, IP=6.45 eV 
(123847-85-8), D=rubrene, IP=6.50 eV (104751-29-9), E=D2NA, IP=7.06 eV (122648-
99-1).   The molar mixing ratios of matrix to analyte are indicated for each spectrum. 
These  analytes  are  observed  exclusively  as  radical  cations,  and  exhibit  matrix  and 
analyte suppression effects analagous to those known from proton or cation transfer 
secondary reactions. Low ionization potential (IP) analytes suppress high IP analytes 
and matix. Adapted from ref. 116.



Figure 10. Electrosprayed MALDI spots of reserpine and substance P in DHB matrix, on 
stainless steel. Spray times are shown on the optical image of the spots after MALDI 
measurement. The thickness was estimated to be 100 nm per second of spray time, and 
the distance between laser craters is 0.1 mm. The traces in the lower panel show the 
substance P signals summed over five vertical columns. The traces with symbols are the 
measured values. In the regions where it is not zero, the solid line is the average value 
of the most uniform central region of each spot.  The significant enhancement of signal 
for the thinnest spots and thin edges is apparent. Adapted from ref. 233.



Table 1.Selected thermodynamic quantites relevant to MALDI primary and secondary 
ionization.

Substance
number of 
prior protons PA (kJ/mol) GB (kJ/mol)  Reference

Gramicidin S n=1  916.7 ± 11.7 225 

n=0 >1018.0 225

Bradykinin n=1  968.2242

n=0 >1025.1 242

Leucine-enkephalin n=0   967.8 ± 2.1 242

Cytochrome C n=5  735243

n=4 722243

n=3 673243

Gly   885 ± 13  244

859.9 863244

His  955 ± 9 244

969.2 937184

Arg >1016. 244

1025 992184

1037 (H-bonded) 184

Gly-Gly-Pro   908 184

Gly-Pro-Gly 908 184

Pro-Gly-Gly 916 184

Gly-Gly-His 948-959 184

Gly-His-Gly 943-946 184

His-Gly-Gly 948-953 184

Gly-Gly-Arg 1015 184

Gly-Lys-Lys-Gly-Gly 995 184

Gly-Lys-Gly-Lys-Gly 998 184

Lys-Gly-Gly-Gly-Lys 1015 184

Matrix PA (kJ/mol) GB (kJ/mol)
GB((M-H)-) 
(kJ/mol) Reference 

a-cyano-4-hydroxycinnamic 
acid (4HCCA) 841 161

 765.7 ± 8.4 163

 933 ± 9  900.5 ± 8.5 164

841.5 167

4HCCA-H2O  854 ± 14  822.5 ± 15.5 164

4HCCA-CO2  894.5 ± 13.5  860.5 ± 11.5 164
Dihydroxybenzoic acid 
isomers:

2,5-DHB  855 ± 8  822 ± 8 160

 853.5 ± 16.7 163

 854 ± 14  822.5 ± 15.5 164

850.4 819.8 129

855.8 167

1329165

 129

2,6-DHB  864 ± 6  830 ± 6 160

855.2 823.6 129



1284128

Ferulic acid 879 161

 765.7 ± 8.4 163

Sinapinic acid (SA) 887 161

 894.5 ± 13.5  860.5 ± 11.5 164

875.9 167

SA-H2O  933 ± 9  900.5 ± 8.5 164

SA-H2O-HOCH3  854 ± 14  822.5 ± 15.5 164

Nicotinic acid 907 161

 899.6 ± 16.7 163
3-Hydroxypicolinic acid 
(3HPA) 896 161

898.5 167

1365165
2-(4-
Hydroxyphenylazo)benzoic 
acid (HABA) 943 161

 765.7 ± 8.4 163

950 167
trans-3-Indoleacrylic acid 
(IAA)  899.6 ± 16.7 163

893.9 167
Dithranol (1,8 
dihydroxyanthrone)  874.5 ± 8.4 163

885.5 167
3,5-
Dimethoxyhydroxycinnamic 
acid  853.5 ± 16.7 163
2,4,6-
Trihydroxyacetophenone 
(THAP) 882 165

893 167

1324165

Matrix IP(eV)   Reference

2,5 DHB 8.054 115 

8.14 129

8.19 116

7.86 131

2,6 DHB 8.3 129

HABA 8.32 116

IAA 7.75 116
Dithranol (1,8 
dihydroxyanthrone) 8.17 116

4HCCA 8.5 116

SA 8.67 116

THAP 8.44 116

Nicotinic acid 9.38 245

9.63 116

9.21 131

3HPA 8.95 131


