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Abstract

The coupled physical and chemical dynamics model of ultraviolet matrix-
assisted laser desorption/ionization (MALDI) has reproduced and explained
a wide variety of MALDI phenomena. The rationale behind and elements of
the model are reviewed, including the photophysics, kinetics, and thermo-
dynamics of primary and secondary reaction steps. Experimental results are
compared with model predictions to illustrate the foundations of the model,
coupling of ablation and ionization, differences between and commonalities
of matrices, secondary charge transfer reactions, ionization in both polarities,
fluence and concentration dependencies, and suppression and enhancement
effects.
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DESCRIPTION OF THE COUPLED PHYSICAL AND CHEMICAL
DYNAMICS MODEL

Matrix-assisted laser desorption/ionization (MALDI) (1, 2) was considered surprising and some-
what mysterious when first introduced. The M in MALDI was sometimes facetiously interpreted
to stand for magic. A logical approach when faced with seemingly magical phenomena is to search
for correlations between performance and possible contributory factors. The matrix is a key part
of the method, so matrix properties such as proton affinity, sublimation temperature, absorption
spectra, and functional groups, among others, were examined and compared. No property by
itself satisfactorily correlated with MALDI performance. At the same time, it seemed clear that
such factors are not completely irrelevant. As a result, the coupled physical and chemical dynam-
ics (CPCD) model was introduced to integrate the various processes believed to be involved in
MALDI using ultraviolet (UV) laser excitation.

General reviews of physical and chemical aspects and models of MALDI can be found else-
where (3, 4). Space limitations allow only for discussion of the CPCD model. In the model (5–7),
ionization is separated into primary and secondary processes. Primary processes are those which
lead to initial charge separation and involve matrix. Secondary processes constitute the cascade of
ion-molecule reactions leading to those ions observed at the detector of the mass spectrometer.
Secondary processes also involve analytes, if present. It is not claimed that the CPCD is necessarily
a universal model of UV MALDI. Different fundamental mechanisms may be active in different
matrices and depend on excitation wavelength. However, to date the model has required only
minor modifications for the matrices and analytes to which it has been applied. The model is
described and explained. Then it is compared with various data to illustrate aspects of primary and
secondary processes, and coupling to ablation.

Primary Ionization Mechanisms

Current debate regarding MALDI mechanisms mostly concerns the initial charge separation step.
Models of charge separation may be described as nonthermal, direct thermal, and indirect thermal.
The CPCD model is nonthermal. Key processes are, at least transiently, far from equilibrium.
Direct thermal models assume that ions are formed by processes that are in thermal equilibrium
or close to it. These include, but are not limited to, the polar fluid model (8, 9), which has recently
received renewed attention (10, 11). Indirect thermal models require heat (or possibly other energy
inputs) not to make ions, but to release ions that are preformed (in some sense) before ablation.
The Lucky Survivor model is probably the best-known example (12–14).

The primary mechanism in the CPCD model was initially motivated by a widely used matrix,
2,5-dihydroxybenzoic acid (typically referred to simply as DHB, although there are six isomers).
In DHB, fluorescence quenching at high excitation density (15–17) and by traps (18) strongly
suggests migration and annihilation (pooling) of excitons. Pooling is a mechanism by which energy
is concentrated, and was proposed very early in the development of MALDI (19, 20).

Energy concentration is required because the ionization energy (IE) of DHB is 8.05 eV or
777 kJ/mol (21). In clusters, this falls to approximately 7.8 eV or 750 kJ/mol (22), although the
photoionization cross section is very low at the threshold. Typical MALDI lasers generate 337 nm
(N2) or 355 nm (tripled Nd:YAG), corresponding to 3.7 eV (357 kJ/mol) or 3.49 eV (337 kJ/mol),
respectively. In both cases, three photons are required to ionize free DHB, DHB clusters, and
probably also solid DHB. Direct multiphoton ionization at typical MALDI irradiances is ineffi-
cient, but mobile excitons, with pooling, provide a mechanism by which the energy of multiple
photons can be stored, transported and concentrated to form ions. This mechanism is consis-
tent with the possibly surprising observation that ion yield depends on fluence (energy deposited,
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J/cm2), not irradiance (rate of energy deposition, W/cm2) (23–25). Recently this has been revised
(26); it is now clear that the photon number, not fluence, is the key quantity, consistent with a
pooling model.

In the CPCD model, the primary ionization process for matrices such as DHB is then:

S0 + hv → S1

S1 + S1 → S0 + Sn

S1 + Sn → M+ + M−,

in which S0 is the ground electronic state, S1 is the first electronic excited state, and Sn is a higher
excited state. The difference between the ionization energy and the final pooled energy is on the
order of 1 eV. The electrons emitted with this energy have a mean free path of approximately 10 nm
in DHB and other matrices (27, 28), so capture by matrix to form the negative counterion occurs
away from the pooling site. This is important, as it limits the rate of recombination and ion loss.

The ionic products may be any that are energetically accessible, but the main possibilities are
proton transfer (PT) and electron transfer (ET) ion pairs. The PT pair may be lower in energy
than the ET pair for matrices with acidic groups (29), but not for those without (30). Evidence
for the ET pair is very direct, in that electron emission from MALDI samples has been observed
at fluences well below the ablation threshold (31). Since low energy protons do not have a large
mean free path in condensed matter, the PT reaction creates a geminal ion pair that undergoes
rapid recombination, with only a few (10−6 of those formed) ions escaping (32). Proton transfer
is therefore an unlikely or inefficient primary ionization step.

The electron affinity (EA) of DHB is 0.42 eV or 40.5 kJ/mol (33), so the formation energy of
the ET ion pair in DHB is IE − EA = 736 kJ/mol. Radical matrix cations and anions have been ob-
served in the mass spectra of DHB, but protonated and deprotonated matrices are typically much
more abundant. This observation is nevertheless consistent with an ET primary ion pair because
conversion to the PT pair is an energetically favorable secondary reaction. The PT pair has a for-
mation energy of 505 kJ/mol (4), or 231 kJ/mol below the ET pair, so the reaction will be efficient.

Numerous matrices proposed for use with analytes of low proton affinity produce only ET
matrix ions: radical matrix cations and anions (30). There do not appear to be any matrices that
produce only PT matrix ions, even though they may be the lowest in energy. This suggests that
in commonly used matrices, the primary ionization process is or includes emission of an electron
from a matrix molecule, as assumed in the CPCD model.

In some matrices, such as THAP (2,4,6-trihydroxyacetophenone), intersystem crossing from
the singlet manifold to triplet states is efficient because a simultaneous orbital and spin flip
transition is symmetry allowed (34). Intersystem crossing is also enhanced in halogenated sub-
stances, such as the matrix α-cyano-4-chlorocinnamic acid (ClCCA), and by proximity to halogen-
containing species, such as alkali halide salts (external heavy atom effect). Triplets of THAP-related
molecules undergo a variety of pooling reactions, including some leading to ionic products (35).
In such matrices, the primary process of the CPCD model is taken to be

S0 + hv → Sn → T1

T1 + T1 → XH+ + (X-H)−,

where X denotes a triplet or a singlet, as either may result. The CPCD model has been extended
to include this process.

There is evidence for more complex photodynamics in some matrices, including α-cyano-
4-hydroxycinnamic acid (CHCA), sinapinic acid, and ferulic acid, possibly including long-lived
metastable species (36–38). The primary step may then need to be further expanded, although the
CPCD model was recently successfully used for CHCA (39).
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Figure 1
State and transition diagram for primary ionization in the coupled chemical and physical dynamics (CPCD)
model. The solid violet arrows represent radiative processes, either absorption or emission, between
electronic states of single matrix molecules. The sigmas denote the respective transition cross sections. The
dashed lines indicate nonradiative relaxation processes. The two pooling events, which are central to the
CPCD, are illustrated in the colored boxes. In both, the total energy of two excited neighboring matrix
molecules is redistributed from a delocalized to a localized state. Not shown is hopping of matrix excitons in
the crystal lattice.

Figure 1 shows an overview of the radiative and nonradiative steps involved in the CPCD
model for primary ionization by singlet pooling. There are a number of parameters, but for simple
matrices such as DHB most are available from experiments or by analogy with other materials (5,
6). It is hard to imagine a reasonable model of UV-MALDI that does not include most of these
steps; pooling is the only special aspect of this scheme. The S1 + S1 rate can be determined or
inferred from various luminescence experiments (17, 18). The S1 + Sn rate is more difficult to
measure directly. Its main effect is to modulate the total ion yield. Fortunately, relative intensities
are largely unaffected over a wide range of S1 + Sn rates. Such experiments are also the easiest
to perform and far more numerous, so uncertainties regarding S1 + Sn rates have not hindered
testing of many aspects of the CPCD model.

The CPCD model exists in two forms. The first is a set of coupled differential rate equations
(5–7). For each species in Figure 1 there is a term corresponding to the arrows connecting it to
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the others. The second-order terms, such as pooling, cation/anion recombination, and secondary
reactions, are dependent on density and temperature. This important fact couples ion formation
and survival to the ablation event and is the basis for the CPCD model name.

In the rate equation approach, ablation is taken to occur upon reaching a specified temperature.
The sample changes to a dense gas and expands from the irradiated area of the sample, which acts as
a virtual orifice. The velocity, temperature, and pressure after vaporization are given by isentropic
expansion equations (40). A key parameter is the Cp/Cv ratio. For polyatomic MALDI matrix
molecules this ratio is near 1, so expansion cooling is considerably less than it is in traditional
molecular beams using monatomic carrier gases.

Matrix absorption cross sections at typical MALDI wavelengths range from 10−18 to
10−17 cm2, and the 1/e depth is on the order of 300 nm. A CPCD calculation proceeds by layers. A
layer nearer the surface reaches a higher temperature and ablates earlier than a deeper layer does
because it experiences a higher laser intensity. Because it is hotter, an upper layer also reaches a
higher axial velocity. As a result, there is negligible mixing or energy exchange between layers.
The layer results are summed, weighted by the mass of each layer. The ablation model of the
rate equation approach appears to reproduce several MALDI phenomena, as described below.
However, the inherent assumptions are significant.

The second form of the CPCD model (41) is based on molecular dynamics (MD) to eliminate
assumptions about ablation. Different layers of the sample may vaporize in different ways, and
some ejected material may not vaporize at all (42). The breathing sphere framework of Zhigilei
et al. (43) was adopted for the MD-based CPCD model. For efficiency, the smallest entity is a
molecule, not an atom. Molecules have one vibrational degree of freedom (the breathing mode),
which allows interchange of intermolecular kinetic energy and molecular internal energy. The
original breathing sphere model does not include the electronic degrees of freedom necessary for
the CPCD model; these were added by the author.

In MD simulations, the parameters are probabilities per time step rather than rates. In a
sufficiently large ensemble, these give the same results, but in MD simulations the possible
occurrence of each kind of event is evaluated at each time step for each molecule. With time steps
of a few femtoseconds, hundreds of thousands of molecules, and simulated timescales of several
nanoseconds, the method is slow, but essential to refining understanding of ablation-related
MALDI phenomena.

Secondary Charge Transfer Mechanisms

After the first ions are created, the material is still dense, so ion–molecule reactions can be extensive.
The system tends toward local thermal equilibrium (LTE), but LTE is not reached in MALDI.
MALDI spectra often show direct evidence of this. In positive ion mode, matrix radical cations
and protonated, sodiated, and potassiated matrix often are observed simultaneously with roughly
comparable intensity. The relative formation energies of these ions span hundreds of kJ/mol, so
LTE predicts far larger differences in relative intensities than observed.

Secondary reactions of matrix ions may involve adduct formation:

M+ + XY → MX+ + Y−

M− + XY → MY− + X+.

An important special case is the conversion of ET ions to a PT pair (or the inverse):

M+ + M− ↔ MH+ + (M − H)−.

The energies of these pairs may differ substantially, as for DHB, or only moderately for other
species. If XY is a salt, such as an alkali halide, ions such as the commonly observed sodium or
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potassium adducts with matrix are formed. In negative ion mode, anion adducts are also observed,
though halide adducts are rare due to the low matrix affinities for them.

Direct ionization of analytes (or preformed analyte ions) is not included in the CPCD model.
This is not to imply that the pathway cannot exist. For example, some matrix–analyte complexes
may be two-photon ionizable (44, 45). Some authors also have suggested that preformed and
CPCD-like mechanisms coexist (13). But matrix is normally so much more abundant than analyte
(typically at least a factor of 1000), and it is so highly energized by the laser, that matrix ionization
is expected to dominate (46).

Secondary reactions include charge transfer between matrix and analyte in both polarities, and
between analytes. These reactions are assumed to be reversible. If the dominant matrix ions are PT
pairs (reaction products of ET primary ions), secondary reactions with analyte are predominantly
PT reactions. Many biologically important analyte classes are most easily observed in protonated or
deprotonated form. To estimate PT reaction rates for a wide range of analytes, the CPCD model
uses activation energies derived from reaction free energies (47). In the case of ET secondary
reactions, a similar free energy relationship may be used, but a different one may sometimes be
more appropriate, as found for recombination.

Loss Mechanisms

In addition to primary ionization and secondary charge transfer reactions, recombination of ions
to neutrals must be included. As noted above, geminal primary PT pairs suffer high loss rates
immediately after formation because the proton cannot diffuse away quickly. MD simulations
show that nongeminal recombination is slow until the material melts and ions become mobile
(41). At melting, a surge of recombination liberates a considerable amount of heat. This heat
pulse accelerates the ablating material, which paradoxically reduces recombination in the plume
by accelerating the expansion.

Ion recombination is very exothermic, but therefore also possibly rate limited. For radical ion
pairs, and possibly for PT pairs, the initial recombination step is ET. In the case of PT pairs,
ET may occur before PT because the range of ET is greater. ET charge neutralization is then
followed by hydrogen atom transfer to complete the reaction. Highly exothermic ET is in many
cases slower than the collisional rate limit, due to reorganization energy. This is known as Marcus
inverted behavior. During the dense period of the MALDI event, when recombination is most
extensive, even a moderately reduced recombination rate can result in significantly more ions
reaching the detector (48, 49).

RESULTS AND EXAMPLES

The CPCD model is fundamentally simple. It includes laser excitation, ion formation, ion-
molecule and ion-ion reactions, and coupling to ablation. These are elements of MALDI that
clearly cannot be neglected. The remainder of this review compares model results with experiment.

General Example: Yield Versus Wavelength and Fluence

A significant test of the CPCD model was provided by the two-dimensional dataset of Soltwisch
et al. (26). They measured matrix and analyte ion yields versus wavelength and fluence for several
matrices including DHB, CHCA, and ClCCA.

As shown in Figure 2 and described by Knochenmuss (39), the CPCD model reproduces
the CHCA data well. (Results for DHB and CLCCA matrices are shown in Supplemental
Figures 1 and 2. Follow the Supplemental Material link from the Annual Reviews home page
at http://www.annualreviews.org). In CHCA, analyte yields are highest at wavelengths that are
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Figure 2
Matrix and analyte MALDI ion yields versus laser wavelength and fluence for CHCA matrix. The left panels
show the data reported by Soltwisch et al. (26); the right ones show the corresponding CPCD model
predictions. The trace in the top left panel shows the solid-state absorption spectrum (39). Abbreviations:
CHCA, α-cyano-4-hydroxycinnamic acid; CPCD, coupled chemical and physical dynamics model; MALDI,
matrix-assisted laser desorption/ionization.

the least efficient for matrix, whereas the region where matrix signals are highest corresponds to a
dramatic dip in the analyte yield. Neither matrix nor analyte yields correspond straightforwardly
with the solid-state absorption spectrum nor with the predicted temperature distribution.

These results illustrate several aspects of UV MALDI that are reflected in the CPCD model.
The major differences in matrix and analyte patterns show that they are ionized by separate mech-
anisms. Maximum matrix yield is found near 315 nm and at maximum fluence. Here, ablation is
fastest due to strong absorption and the large excess energy of each photon above the S1 vibra-
tionless level. Analyte yield is reduced in this region because secondary reactions are kinetically
limited by the fast expansion of the plume. Higher analyte yield is found at long wavelengths
despite lower matrix yield, partly because more photons are required to reach the same fluence.
Because primary ionization is dependent on exciton density, photon number rather than fluence
or irradiance is the key parameter. This example shows how the various aspects of MALDI are
intertwined and the necessity of including them together in a single model.
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Results Relating to Primary Ionization

The varied phenomena illuminate or are a consequence of primary ionization mechanisms.

Evidence for pooling. Evidence for pooling in MALDI matrices has been found in optical
emission experiments. If fluorescence in the solid state is moderately efficient, and if pooling affects
the fluorescent state, it may be detected by increased quenching at high excitation densities. This
has been observed in a number of matrices. See Supplemental Figure 3 for an example.

Other tools include time- and wavelength-resolved emission (36, 38), pump-probe, and trap-
ping experiments. These show that CHCA, sinapinic acid, and ferulic acid photophysics include
more than one active excited state and possibly metastable photochemical products.

Trapping by fluorescent dyes doped into matrix materials provides evidence for exciton hopping
and pooling, and also allows confirmation by mass spectrometry. As seen in Figure 3, even at a mole
ratio of 5 × 10−9 in DHB, sensitized fluorescence of the laser dye DCM [4-(dicyanomethylene)-2-
methyl-6-(4-dimethylaminostyryl)-4H-pyran] is easily observed (18). At a mole ratio of 4 × 10−6,
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Figure 3
Luminescence spectra of DHB crystals doped with DCM. The spectra have been normalized to the DHB
fluorescence maximum. The dashed line corresponds to an undoped DHB crystal. The solid traces are
labeled with the mole ratios of DCM to DHB in the crystals. The inset shows the corresponding effect on
the MALDI ion yield. Adapted with permission from Reference 18. Abbreviations: DCM,
4-(dicyanomethylene)-2-methyl-6-(4-dimethylaminostyryl)-4H-pyran; DHB, 2,5-dihydroxybenzoic acid;
MALDI, matrix-assisted laser desorption/ionization.
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Figure 4
Comparison of experimental and CPCD relative total MALDI ion yields for all DHB isomers. The CPCD
error bars reflect the uncertainties in the pooling rate constants estimated from luminescence decay
experiments. The experimental values are the average of two sets of measurements. Adapted from Reference
51. Abbreviations: CPCD, coupled chemical and physical dynamics model; DHB, dihydroxybenzoic acid;
MALDI, matrix-assisted laser desorption/ionization.

its fluorescence is stronger than that of the DHB host. These results and others can be quantita-
tively explained by exciton hopping and trapping in the DHB crystal.

The MALDI relevance of exciton trapping is evident in the mass spectra of the doped crystals.
Already at 3 × 10−8 mole ratio, the ionization efficiency was strongly reduced (18). Jaskolla &
Karas (50) have reported similar results for CHCA matrix.

Isomeric matrices. Pooling is mediated by intermolecular interactions. Kirmess et al. (51)
proposed that the same interactions may lead to quenching if only one, rather than both, of
the interacting molecules is excited. Then relative pooling rates are inversely proportional to the
quenching rates at low excitation density. With this hypothesis, the CPCD model reproduced the
relative MALDI yields of the six DHB isomers (Figure 4).

Extrapolation from the well-studied 2,5-DHB isomer to the other isomers required only the
solid-state absorption spectra and the luminescence decay curves. The wide variation in DHB
isomer MALDI performance has long been a puzzle. Attempts to find a correlation with various
properties, such as proton affinities or sublimation temperatures, were not successful. A thermal
model was also compared to the data, and was found to deviate by many orders of magnitude, in
a manner uncorrelated with the pattern found in Figure 4 (51).

Absolute ion yield and yield versus fluence. The DHB isomer comparison used relative ion
yields, as few measurements of absolute yields exist. The absolute yield is strongly dependent on
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the second pooling step, which is difficult to measure or estimate. Fortunately, it has little effect
on relative comparisons, enabling tests of the CPCD model.

The S1 + Sn pooling rate in 2,5-DHB was originally set to reproduce available yield data, in
the 1 × 10−4 range, and to fit time-delayed pump-probe experiments. Primary ion yield peaked
at a delay of approximately 2 ns (5, 52). The CPCD model predicts the delayed peak as a conse-
quence of the kinetics of ion formation, loss, and plume expansion (see Supplemental Figure 4).
Electron emission versus fluence from MALDI samples was also found to follow the CPCD pool-
ing prediction, as discussed below. Evidence was later reported for lower absolute yields in the
10−6 to 10−8 range (10, 11). Such experiments are difficult, and the results are therefore open to
question, but were used to argue that the CPCD model must be incorrect (10, 53–55). However,
simply reducing the S1 + Sn pooling rate constants gives excellent agreement with the data for
DHB and CHCA matrices (Supplemental Figure 5) (56). The alternative thermal model did not
provide a good fit.

Crystal morphology and MALDI sample variability. The variability of MALDI mass spectra
and their dependence on sample preparation methods are two significant drawbacks of the tech-
nique, for reasons not fully understood. The inhomogeneous distribution of the analyte in the
matrix can play a significant role (57), but even pure matrix can be highly variable.

The CPCD model provides a simple explanation based on the mobility of excitons and on
pooling. Both are a consequence of intermolecular interactions, which are in turn dependent on
molecular packing in the solid. Packing is also reflected in macroscopic morphology. Differently
prepared samples, or even crystals within one sample may exhibit different morphology, which
has been correlated with MALDI performance (58).

Morphologically different THAP crystals are an example (Supplemental Figure 6) (59). Fluo-
rescence, intersystem crossing, and phosphorescence rates vary in samples prepared from different
solvents. Triplet-related properties were found to correlate with MALDI performance (59), con-
sistent with the pooling aspect of the CPCD model.

Two-photon ionization of matrix-analyte complexes. A wide variety of analytes are amenable
to MALDI analysis, suggesting that analytes are mostly inert with respect to primary ion formation.
This is not always true; for example, DHB interacts strongly with proline in 1:2 or 1:4 complexes.
Their ionization potentials (IP) are reduced to within the two-photon range (44, 60–62).

If analyte is present in high concentration (several percent), ionization of matrix-analyte com-
plexes can be a non-negligible contributor. However, high concentrations are normally avoided
because of suppression effects. At typical concentrations, matrix pooling remains the dominant
pathway (Supplemental Figure 7) (46). This is significant, because analyte type has not been
found to correlate with total ion yield. The CPCD model is thus consistent with experimental
data, in that ionization is overwhelmingly a matrix-related phenomenon.

Primary ionization and the supporting surface. MALDI ion production tends to decrease as
a function of laser shots on a single spot (63). But if ablation continues down to the supporting
substrate, a significant increase in ion production can be observed in many cases. By comparing
thick and thin samples on different metals, Knochenmuss and colleagues (63, 64) proposed that
this increase is a consequence of matrix excited states interacting with the metal. Ionization with
two photons becomes possible in a sequential two-step process.

The CPCD model is easily modified to handle this. The initial S1 + S1 pooling step leads
directly to ions, and the subsequent S1 + Sn step is omitted. A mixed calculation is also possible
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(Left) The enhancement on steel is consistent with the excited-state ionization mechanism of the CPCD model, modified to account for
the interaction with the metal conduction band. See also References 63 and 64. Abbreviations: CPCD, coupled chemical and physical
dynamics model; MALDI, matrix-assisted laser desorption/ionization. (Right) MALDI image of a sprayed track of sinapinic acid,
(M-H)− ion. The track was approximately 1 cm wide and crossed the boundary between the steel substrate and a region where the steel
was coated with 40 nm of gold. The enhancement is largest on the thinner upper and lower edges of the track.

by combining the two models as a function of sample thickness. The modified model predicts
enhancements in ion yield of two or more orders of magnitude, as observed (63, 64).

Also very well predicted is electron emission versus fluence of thin samples, the form of which
verifies the sequential two-photon nature of the process (Supplemental Figure 8). This effect
depends on the metal and matrix. For matrices with a high-lying LUMO, the work function of the
metal must be low for enhancement. This is reflected in MALDI images of sinapinic acid across
a steel-gold interface (Figure 5). Neither the thermal nor the optical properties of the substrate
explain the effect (63, 64).

Results Relating to Ablation

Because it modulates ionization processes, ablation is an important part of MALDI and of the
CPCD model.

Plume characteristics. The MD-based CPCD model has provided insight into ablation/
ionization coupling (65). Although “desorption” appears in the name, MALDI is generally a
violent ablation with various subregimes. The energized matrix may initially be either stress or
thermally confined. Surface layers generally vaporize completely, but phase explosion or rapid
expansion in less-energized lower layers causes ejection of chunks of condensed material that only
partially vaporize downstream. These chunks have been observed (42), and are central to models
that require clusters (12–14, 66–68). However, MD simulations suggest that few analyte ions are
released from such clusters. Short or intense laser pulses may also lead to spallation of large, cold
chunks. Plume temperatures, pressures, and velocities vary strongly and systematically with depth
from the original surface. Models that assume these are constant are clearly oversimplified. See
Supplemental Video 1 for an example of a MALDI MD simulation.

www.annualreviews.org • The CPCD Model of MALDI 375

Supplemental Material

http://www.annualreviews.org/doi/suppl/10.1146/annurev-anchem-071015-041750


Downloaded from www.annualreviews.org.

 Guest (guest)

IP:  52.15.59.163

On: Wed, 01 May 2024 22:22:36

AC09CH17-Knochenmuss ARI 14 May 2016 7:52

First emission of electrons and ions. Electrons have been observed from MALDI matrices at
fluences well below the ion emission threshold (31). This phenomenon arises naturally in the MD-
based CPCD model, as a consequence of the electron capture cross section (27, 28). Electrons
from primary ionization can escape from the top sample layer, which thereby becomes positively
charged. Matrix ions are then ejected by electrostatic repulsion, even before melting begins. This
finding is consistent with the data of Bökelmann et al. (69), who found two populations of matrix
ions: early and fast and later but slower (see Supplemental Figure 9).

In the MD-based CPCD model, analytes that are significantly larger than the matrix are not
emitted early, unlike matrix ions. The ratio of electrostatic forces to cohesive energy is lower for
analytes, so they remain in the condensed phase until it disintegrates (65). This too is consistent
with the Bökelmann data, which show analyte ions appearing later and with lower velocities than
the early matrix ions.

Spot size. MALDI yield depends on the laser focus at constant fluence (70–73). More ions are
generated by larger spots, but the fractional yield is lower (ions/neutrals). The effect is particularly
evident for small spots.

In the CPCD model, the plume is a molecular beam emitted from the irradiated spot. It may
be a nearly ideal beam because the ablated layer is only a few hundred nanometers thick, while
the diameter is usually greater than 100 μm. Expansion is determined by the ratio of diameter to
downstream distance. The plume density at a given distance is thus modified by spot diameter.
Bimolecular reactions such as pooling and neutralization depend on the plume density. MALDI
ion yield is thus also a function of spot diameter. The dependence is predicted to be nonlinear,
as observed (Supplemental Figure 10). Also in agreement with experiment are ion yields versus
fluence, for different spot sizes (72).

Initial sample temperature. The temperature of the sample before irradiation is rarely con-
trolled but is relevant for MALDI performance (74). As demonstrated with DHB over a range
of 150◦C, total yield does not change monotonically but exhibits a broad maximum (75). The
CPCD model reproduces this effect (Supplemental Figure 11). It is another manifestation of
the interaction between plume expansion and bimolecular reaction kinetics. Heating the sample
initially increases ion yield because recombination losses are lower if the plume expands slightly
faster. At high initial temperature, ablation begins too early, cutting off primary ion formation. In
a thermal model, ion yield must increase monotonically, because the peak temperature increases
with the starting temperature.

MALDI from restricted volumes. In conventional MALDI, the plume can freely expand, but
variants use structured substrates such as high-aspect-ratio silicon pillars (76–78). The plume
emitted from the capillary volume between such pillars is initially subject to radial confinement.
This directs and axially accelerates the plume, changing the density-versus-time and distance
profiles. Perhaps counterintuitively, the overall effect is to hasten approach to the collision-free
regime. The CPCD model predicts this is favorable for matrix yield but not for analyte ion yield
(79). Matrix yield is affected by recombination losses, which decrease in capillary ablation. Analyte
ion yields depend on secondary reactions, which benefit from increased matrix ion concentration,
but the simultaneous reduction in secondary rates is a larger effect, causing a net drop in analyte
ion yield (Supplemental Figure 12). The utility of MALDI from structured substrates will
therefore mostly depend on improvements unrelated to secondary plume reactions. This may
include substrate-enhanced ionization, or better laser absorption, using structures as antennae (76).
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Figure 6
Positive ion MALDI spectra of substance P in DHB matrix at two different molar mixing ratios. If sufficient analyte is present, as in the
lowest traces, all matrix ions can be suppressed, including protonated matrix, other cation adducts, and photochemical products (80).
Panel (a) shows the corresponding CPCD predictions at 20 mJ/cm2 and secondary reaction energy −150 kJ/mol; panel (b) shows
experimental data. Note that all matrix ions should be summed for comparison to predictions from the model. Abbreviations: CPCD,
coupled chemical and physical dynamics model; DHB, dihydroxybenzoic acid; M:A, matrix:analyte molar ratio; MALDI, matrix-
assisted laser desorption/ionization.

Results Relating to Secondary Reactions

The most analytically important aspects of the CPCD model are those involving secondary reac-
tions, because they generate analyte ions.

Matrix suppression effect. An interesting MALDI phenomenon is the disappearance of matrix
ions at higher analyte concentration in the sample (80, 81). In Figure 6, at a matrix:analyte
molar ratio of 1,000:1 both protonated peptide substance P and a variety of DHB matrix ions are
prominent in the mass spectrum. If more substance P is added, to a ratio of 100:1, no matrix ions
are observed. A similar effect can be observed for negative ions (81). This is the matrix suppression
effect (MSE). MSE is believed to be very general, and has been observed with a variety of different
matrices and analytes (82). It is associated not only with PT secondary reactions, but also with ET
and reactions to form other ion adducts (30).

In addition to analyte concentration, laser fluence is the major experimental parameter that
affects MSE. At a given analyte concentration, MSE may be observed at low fluences, but a matrix
signal can reappear if the fluence is sufficiently increased. Similarly, at higher fluences, more
analyte is required to induce MSE.

The molecular weight of the analyte also plays a role in MSE. Higher-molecular-weight an-
alytes are effective at lower matrix:analyte ratios (81) (Supplemental Figure 13). MSE is also
correlated with the thermodynamics of secondary charge transfer reactions. MSE requires at
least one favorable reaction and occurs more readily if the reaction free energy is more favorable
(Supplemental Figure 14).
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All characteristics of the MSE are predicted by the CPCD model. The most important is
simply the existence of the effect. MSE results from depletion of matrix primary ions by secondary
reactions with analyte. The existence of the MSE implies that the model of separate primary
and secondary steps is correct, and that primary ion yields and secondary reaction rates are in
the correct ranges. Both the analyte concentration and fluence dependencies reflect the relative
amounts of primary ions and secondary neutrals. At low fluence there are fewer of the former, and
at high analyte concentration there are more of the latter. The kinetics of bimolecular secondary
reactions leads to the observed behavior. The analyte molecular weight effect appears because
secondary charge transfer rates in the expanding plume depend on the collision cross sections of
the matrix-analyte pair. In MALDI the molecular weight range of analytes is large, so this effect
is readily apparent (Supplemental Figure 13).

In the CPCD model, the conditions for MSE (analyte concentration, fluence) are correlated
with the exoergicity of the forward secondary reaction via the reaction rate. A more negative �G
value implies a lower activation energy and a faster forward reaction. This is likely to be widely
valid for adduct (e.g., H+, Na+) transfer reactions but may not always apply to ET secondary
reactions, as noted by Knochenmuss & Zhigilei (48). The reaction rate effect is most apparent at
small �G values, as illustrated in Supplemental Figure 14.

MSE can occur even when analyte and matrix are observed as different types of ions, such as
proton and alkali metal adducts. This implies that the corresponding ions can interconvert in the
plume. Interconversion of free ions and neutrals is energetically accessible at MALDI temperatures
(83), but most interconversions undoubtedly take place in the early dense period, where solvation
modulates the energetics somewhat.

Analyte suppression effect. Secondary reactions are not limited to matrix and analyte. They also
occur between analytes, as shown in Figure 7 for an equimolar mix of five analytes undergoing
ET secondary reactions (30, 83).

As for MSE, concentrations, relative concentrations, and reaction energetics are key factors
for ASE. As demonstrated in Figure 7, the relative intensities of the analytes are never com-
pletely correct, and they become less representative of the original sample composition as the
matrix:analyte molar ratio decreases. In this example, ASE is correlated with the IP value. The
species with the highest IP value (7.06 eV) is suppressed most, whereas the species with the lowest
IP value (6.04 eV) is always observed. Although it is tempting to invoke direct charge exchange
between analytes, this rarely, if ever, reflects the true mechanism of ASE.

In addition to ASE, MSE is seen in Figure 7, and it becomes strong before ASE is fully
developed. ASE is always accompanied and preceded by MSE because analyte concentrations in
normal sample preparations are too low for direct analyte-analyte reactions to play a significant
role. Instead, analytes are indirectly coupled by reactions with matrix.

Although coupling could occur via the reverse of secondary reactions (which are included in the
CPCD model), this usually plays a small role. For most analytes and common matrices, secondary
reactions are sufficiently favorable that the reverse reactions are too slow to allow extensive charge
exchange on the MALDI timescale. Instead, the kinetics of the forward reactions are limiting.
If analyte A reacts faster with M+ than analyte B does, and concentrations are high enough for
MSE, then formation of analyte B+ is limited because analyte A depletes available M+. Further
evidence that the reactions include intermediate steps is that ASE, like MSE, occurs between ions
of different types. See Supplemental Figure 15 for an example. CPCD predictions for analyte
reaction kinetics also were validated by time-resolved data (Supplemental Figure 16).

The effect of a forward kinetic limit may be similar but not identical to reversible exchange.
Forward rates are correlated with reaction free energy but not identically so. Analytes D and C
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The analyte suppression effect in an equimolar mix of five analytes in DCTB matrix. All analytes are
observed as radical cations; secondary reactions involve electron transfer. Analytes with low ionization
potential (IP) values suppress those with higher IP values. The IP values for analytes A–E are 6.04, 6.28, 6.45,
6.50, and 7.06 eV, respectively. The IP of the DCTB matrix is approximately 8.2 eV. See also Reference 30.
Abbreviations: DCTB, trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]malononitrile; M:A,
matrix:analyte molar ratio; MALDI, matrix-assisted laser desorption/ionization.

in Figure 7 are an example. The IP value of analyte D (6.50 eV) is higher than that of analyte C
(6.45 eV), but analyte C is suppressed slightly more than analyte D. The effect in this case is not
large; it plays a bigger role in the ratio of positive to negative ions, as discussed below.

Coupling of positive and negative ionization pathways. The importance of a full kinetic
treatment of MALDI is demonstrated by studies of positive/negative analyte ion ratios (PNAIRs).
Some peptides were measured in a series of matrices in both polarities. Even though the gas-phase
basicities of the matrices, and hence the secondary reaction energetics, varied by 150 kJ/mol,
the resulting PNAIR remained near unity (84, 85). CPCD calculations show that this is to be
expected over relatively wide ranges of matrix–analyte secondary reaction energies (7, 86). Fast
forward reactions form analyte ions at similar rates in both polarities. Reverse reactions have
unfavorable �G values and are too slow to approach local equilibrium. PNAIRs remain near
unity, unless reaction �G values and rates become very unequal in the two polarities.

If forward and reverse secondary reactions are not very different, the polarities are more strongly
coupled, and the PNAIRs vary more. This has consequences for quantitation. Unless all analytes
in a sample have sufficiently favorable secondary reaction energetics in both polarities, relative
intensities will not reflect initial sample concentrations. It has been proposed, for example, that
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(a) CPCD predictions of MALDI analyte positive ion ratios as a function of negative ion secondary reaction energies, in kJ/mol. The
positive-mode secondary reaction energies were taken to be identical for both analytes. (b) MALDI image of a dried drop spot of
caffeine and yohimbine in a DHB matrix. Green pixels exhibited the correct 0.25 ion ratio of the preparation solution, within a factor of
2. In blue pixels, the caffeine signal was more than two times too high, and in red pixels, it was more than two times too low (less than
0.125). Red pixels dominate, comprising 61% of all usable pixels. See also Reference 82. Abbreviations: CPCD, coupled chemical and
physical dynamics model; DHB, dihydroxybenzoic acid; MALDI, matrix-assisted laser desorption/ionization.

deprotonation reactions of many peptides with common matrices may be only weakly favorable
(85), making quantitation of peptide mixtures more difficult in positive ion mode.

Figure 8 is an example of secondary reaction effects which are straightforwardly explained
by the CPCD model. The measured analyte ion ratios are incorrect compared to the sample
composition by more than a factor of 2 in 78% of the pixels. Of these, 61% are wrong in the same
direction; the errors are not randomly distributed about the correct value. As shown in panel a,
even if positive-mode energetics is equally favorable for both analytes, negative-mode energetics
can determine whether the correct ion ratios are observed. Only a narrow range would give the
expected result.

Quantitation with MALDI has long been regarded as problematic, and the CPCD helps to
understand both why and when it is possible. The Kim group (87) proposed some techniques for
better quantitation, as well as some rules for interpreting those methods in terms of a purely thermal
equilibrium ionization model. Subsequently, Knochenmuss (88) showed that the techniques are
fully consistent with the CPCD predictions and the effects discussed above. CPCD predictions
were made for the ranges of parameters in which the rules will hold, many of which have been
confirmed by MSE, ASE, and other studies. The Kim methods are effectively variants of spectral
quality filters, selecting spectra within certain ranges of primary and secondary reaction extent.

Kinetic limitations in electron transfer ionization. For adduct ion transfer reactions, the
CPCD secondary kinetics are nonlinearly but monotonically dependent on the reaction �G via
the activation energies. As noted above, ET may slow at large negative �G values. Forward
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secondary reactions may be affected, but ion recombination is the most energetically favorable
reaction in MALDI. Marcus ET rate inversion therefore reduces ion losses more than it modulates
ion formation (48). Evidence for this was found in MALDI analysis of ionic liquids, in that the
liquids with the highest binding energy gave the strongest signals (49, 89).

CONCLUSIONS

The CPCD model includes primary ionization, secondary ion-molecule reactions and coupling
of these processes to the spatially inhomogeneous and dynamic ablation event. It was initially
developed for the 2,5-DHB matrix, in which primary ionization by singlet pooling occurs. It has
been successfully extended to eight matrices, including some with strong intersystem crossing and
probable triplet pooling. It has also been extended to matrix–substrate electronic coupling and
confined ablation. The CPCD model exists in two forms depending on whether a microscopic
picture is needed or local averaging is sufficient. It has encompassed PT, cation adduction, and
ET.

Data of many types have been compared with CPCD predictions over many years. The CPCD
model has proved consistent, qualitatively and often quantitatively, with the data. Many of the
data are not consistent with alternate models, particularly those invoking thermal equilibrium. The
CPCD is a framework that is expected to continue to evolve as information emerges on MALDI
phenomena and matrix properties. Perhaps most importantly, the CPCD model has provided a
means for rationally planning and interpreting MALDI data, making it relevant for analysts in
their daily work.
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