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Abstract

A quantitative model of ionization in ultraviolet matrix-assisted laser
desorption/ionization (R. Knochenmuss, J. Mass Spectrom. 37, 867 (2002)) is
extended to include secondary ion-molecule reactions. Matrix-to-analyte charge
transfer reaction kinetics are described by a hard-sphere Arrhenius expression. The
activation energy is derived from the reaction exoergicity using a nonlinear free
energy relationship. The approach is applied to the specific case of proton transfer
reactions. With no adjustable parameters, the model correctly predicts the existence
and characteristics of the matrix and analyte suppression effects, the shapes of the
2-pulse time-delayed vyield curves, as well as the dependence of analyte yields on
laser fluence, molecular weight, relative concentrations and reaction exoergicity.



Introduction

The fist quantitatively successful model for MALDI (Matrix Assisted Laser
Desorption/lonization) with ultraviolet (UV) laser excitation was recently presented.’
That model was concerned with primary ionization in a MALDI sample containing
only matrix. The key microscopic processes involved are energy pooling between
pairs of neighboring or colliding excited molecules. A molecular beam model of the
plume expansion was found to be necessary to account for decreasing collision rates
as the sample expands into the vacuum. Following determination of the pooling
parameters using florescence quenching? and time-delayed 2-pulse data,® the
model was able to reproduce a range of MALDI phenomena: The existence of a
fluence threshold, in the correct fuence range; a fuence rather than irradiance
dependence of the threshold, and a weak irradiance dependence above threshold;
the absorption cross section dependence of the threshold; the magnitude of the ion
yield; plume temperatures; plume expansion velocities; the spot size effect.

While the model describing only matrix ion generation was quite successful, it is of
limited practical use without analyte. That limitation is removed in the present work.
As proposed in detail by Knochenmuss et al.,* and supported by more recent
evidence,*>® analyte ionization in MALDI is often thermodynamically controlled, as the
result of secondary ion-molecule reactions in the plume. During or shortly after the
laser pulse, primary ions are generated. In the ensuing desorption plume expansion,
ion-molecule reactions convert the primary ions to the most favorable secondary
products, which are observed at the detector.

Among the more direct indications for this picture are the remarkable MALDI
phenomena known as the matrix suppression”® and analyte suppression effects.* As
will be shown in detail below, the matrix suppression effect (MSE) occurs when
enough analyte is present in the sample to react with all the primary ions. Ideal mass
spectra are the result: only analyte signal, with no confusing matrix ions. A particularly
remarkable aspect of the MSE is that a single type of analyte ion (e.g. protonated)
can suppress all matrix ions, be they protonated, cationized or radicals. Multiple
suppression is evidence of extensive matrix-matrix ion-molecule reactions in the
plume.*

Analytes can also strongly influence each other, if concentrations are high enough.
Analogous to the MSE it was shown that an analyte suppression effect (ASE) exists,
and that dissimilar analyte ions can suppress each other (e.g. protonated and
sodiated).* Both the MSE and ASE are thermodynamically predictable. They occur if



there is sufficient driving force for the ion-molecule reactions leading to the observed
(suppressing) ion.

Matrix-analyte secondary reactions are integrated into the model of ref. 1 by adding
the appropriate equations to the matrix-only system, which is numerically solved.
Within the thermodynamic picture of the plume, an Arrhenius expression is
appropriate for the secondary reaction rates. A straightforward hard sphere prefactor
is used, and the activation energy is calculated using an established nonlinear free
energy relationship. In addition, the high density early phase of the expansion
requires an excluded volume correction for large analytes. These additions to the
theory do not depend on fitted parameters, yet are able to explain and reproduce key
features of MALDI, particularly 2-pulse experiments, and the characteristics of
suppression effects.

Continuum Model including Analyte

Analyte lon Generation Pathways

Analyte is assumed here to become ionized only via secondary reactions. Two other
potential analyte ion generation pathways are neglected: preformed ions and direct
laser generation.® Preformed ions may exist in the solid sample prior to laser
excitation,®'° although they are also expected to be strongly associated with
counterions. As a result of the latter, "liberation" of preformed ions may be an
energetic process that is too slow at typical plume temperatures to make a major
contribution to the analyte ion yield. A similar conclusion was reached for matrix
disproportionation reactions, which are thermodynamically closely related.!'2

Direct UV laser ionization of analytes is less straightforward. While most common
analytes do not strongly absorb the laser, it has been recently shown that analyte-
matrix interactions can lead to lowering of ionization potentials of appropriately
coordinated matrix.'3® Clusters of matrix with analyte that are 2-photon ionized by
this pathway have been calculated to undergo barrierless secondary intra-cluster
proton transfer to analyte. Strictly speaking this is again a case of primary matrix
ionization followed by reaction with neutral analyte, but the primary step is enabled by
analyte, blurring the distinction between primary and secondary reactions.

Direct UV analyte ionization needs to be further studied, but it cannot be active for all
analytes and matrices, since it depends on special matrix-analyte coordination. Also,
analytes are nearly always present in small amounts compared to matrix, so the ion
current will be dominated by matrix-only primary steps. Consequently the fraction of



analyte which might be directly ionized is expected to be much smaller than that
ionized by reaction with primary matrix ions. For example, if the analyte is present in
10 mole ratio to the matrix, a direct ionization mechanism would need to be roughly
10* times more efficient than reaction with matrix primary ions, just to reach equal
ionization efficiency. Such a high efficiency currently appears unlikely.

Based on these considerations, the reaction model assumed here is that primary
matrix ions are generated via the same mechanisms as when analyte is absent.
Subsequently these ions react with analyte neutrals:

M*+A— M+ A+
Matrix and analyte ions are denoted here as M*and A*, but may be of either polarity
and any type: radical cations, protonated, sodiated, deprotonated, etc. The reaction is
assumed to be reversible, since it may be near thermoneutral.

Implementation of the Secondary Analyte Reaction Model

The rate equation approach''¢'® treats the MALDI sample as a continuous medium
for which local temperature is well defined. These approximations have proven highly
successful, but may in the future need refinement by comparison to molecular
dynamics'®22 to account for non-equilibrium effects, particularly at short times.

The recent matrix-only model' includes rate equations for the matrix ground
electronic state (So), the first excited singlet state (S:), a higher excited singlet state
(Sn, at twice the photon energy, but below the ionization potential), the ion state, and
the matrix internal energy (which is assumed to yield a local temperature). Excitation
energy pooling is accounted for by terms involving the product of two excited states.

Reaction of a single analyte with primary matrix ions is included by adding new
equations for the reactions:

M*+A—> M+ A

d[A)/dt = —ky, [M[A] + k,,, [M][AT]

+ + +
d[AT)/de = Ky, [MT[A] — kyy [M][AT]



Mass balance requires that corresponding terms are also added to the equations for
M and M*. Again, the ionized analyte is denoted as A* for convenience, although the
type of ion is arbitrary. As in ref. 1, both the forward charge transfer reaction rate, K,
and the reverse rate, kav, are scaled by the pressure ratio of the expanding plume to
account for decreasing bimolecular collision rates after desorption starts.

g (EATAGVET
kyg = Ae

The rates kw, and kv are assumed to be of Arrhenius form:

The forward reaction is taken to be exoergic with activation energy EA, so the
reverse reaction activation energy is larger by the exoergicity. Within the hard sphere
approximation, the prefactor is the collision rate:

- I.‘f
A=m(Dy + D)y K1 — Fyny Vy,” + V.~
Where the D; are the molecular radii, F is the mole fraction of analyte in the sample,
and n is the total number density of all matrix and analyte species. The V; are the
sound speeds of matrix or analyte:

V VY RT/(MW)

sound
¥ = G/ Cy

Where MW is the molecular weight and g is the heat capacity ratio of the expanding
plume. Without steric correction factors it is often the case that the hard sphere
prefactor is somewhat too large. It is retained here without modification because
general steric prefactors are not known for MALDI matrices and analytes.

The molecular diameters were taken from a fit to the data of figure 3 of Valentine, et
al.2 These data for singly charged ion mobility cross sections (in A2) were well fit by
the equation:

0=2.38(MW)?3

from which the collision radii (cm) follow:

D=7.58x10°(MW)'"



This expression presumably slightly overestimates radii for the neutral reaction
partner, but was not found to be significantly different from radii estimated from solid
densities.

The MALDI plume begins at very high density, as the solid sample disintegrates. The
hard-sphere picture is therefore not entirely valid at early times, since it is derived for
gas-phase reactions in which molecular excluded volumes are insignificant.
Therefore one of the most important corrections necessary in the MALDI case is for
the relative sizes of the matrix and analyte. Analyte molecular weights can be orders
of magnitude larger than those of the matrix in which they are imbedded. Clearly a
large analyte will have a higher probability of collision with neighboring primary matrix
ions at early times than a small analyte. A surface area correction factor was
therefore included in the rate constant prefactor:

1+[(Da/Dw)? - 1]JP/Po

At the start of desorption the pressure ratio, P/P,, is unity," and the collision rate is
scaled by the relative surface areas of analyte and matrix. At long times, when the
hard sphere prefactor is most valid, P/P, becomes negligible and the correction factor
approaches one, having no effect.

Since no completely general expression for activation energies exists, one was
chosen which has been found to be successful for a number of gas-phase proton
transfer reactions. The Agmon-Levine relationship is a nonlinear function of the free
energy:2+2°

e 1
EA=AG— 4 ln( — e'-*“”-)

Where the AG is the reaction exoergicity, and the factor | is related to the activation
barrier at thermoneutrality: EA(AG=0)=AIn(2). Typical values of A for proton transfer
reactions are 14-19 kd/mol.?* For this work a value of 15 was chosen, from studies of
gas-phase proton transfer reactions of MALDI matrices. This choice is seldom
critical, the reaction exoergicity has a much larger effect, as seen in Fig. 1. If the
reaction is strongly favorable, its rate is collisionally limited. Less favorable reactions
show an increasing lambda dependence, which nevertheless becomes highly
significant only at the lowest AG values.

FIG1 EAvs AG, Lambda



Multiple Analytes

Having developed a method to treat matrix/analyte ion-molecule reactions, it is
straightforward to extend this to more analytes. Each analyte obviously undergoes
reaction with matrix, but they can also react with each other. The corresponding rate
equations are analogous to those for reaction of a single analyte with matrix above.
The same expressions are used for activation energies and plume collision rate
scaling.

Numerical Integration

The primary ionization parameters were as reported in Ref. 1. The rate equations
were numerically integrated using double precision 5th order Runge-Kutta methods,
as included in the Igor data analysis package (WaveMetrics Inc., Lake Oswego, OR,
USA). The number of time points was increased until no further change in the result
was observed. A large number of time steps was particularly important when using
short laser pulses. The depth integration was carried out until the laser was
attenuated to <5% of its initial value. The number of depth slices was typically 100.




Results and Discussion

Model Results and Reaction Time Scales

As intuitively expected, Fig, 2 shows that reaction of matrix ions with neutral analyte
begins as soon as significant amount of matrix ions are present. Secondary reactions
are therefore of the same general time scale as matrix ion generation. Since the
plume becomes dilute relatively rapidly, the bulk of reaction is over in about 10 ns for
the parameters of Fig. 2. The overlapping nature of primary and secondary reactions
minimizes analyte peak broadening in time-of-flight experiments. A significantly
slower reaction, for example due to a less vigorous plume expansion, would not be
consistent with experimentally observed time-of-flight resolution. Slower further
reaction occurs downstream, to and past the right edge of Fig. 2, as observed in
energy deficit measurements by Kinsel et al.?® This picture does not exclude release
of ions by evaporation of matrix-analyte clusters,2”28 which are not modeled here, and
not believed to be major contributors.

FIG 2 example calculation

Effect of Reaction Exoergicity, Molecular Weight and Laser Fluence

As known experimentally and predicted by the earlier matrix-only model, total ion
current increases with increasing laser fuence. To more clearly understand the
effects of analyte on the model, and to facilitate comparison with experiment, it is
therefore often more useful to plot the matrix/analyte (M/A) ion ratio rather than
absolute ion signals.

FIG 3 M/Avs DG

Figure 3 shows the M/A ion yield ratio vs. the exoergicity of the analyte ion generation
reaction, for one analyte. It is notable that the curve is flat over a wide DG range, for
a wide range of parameters. Only above about -30 kJ/mol does analyte signal begin
to decrease significantly due to incomplete reaction. The shapes of the curves in Fig.
3 explain much of the wide utility of MALDI. The reaction of matrix ions with neutral
analyte need only be moderately favorable to yield extensive reaction and a good
analyte signal.

Some other important trends are visible in Fig. 3. More analyte means more matrix
ions are consumed, and the M/A ratio drops, as seen from traces (a) and (b).
Increasing laser fluence increases the amount of primary ions available, and so the
M/A ratio, compare (b) and (c). Also very important is the effect of analyte molecular



weight. Curve (d) shows how a larger analyte more efficiently consumes primary
matrix ions due to a higher reaction cross section, leading to a low M/A ratio. This
effect will be discussed in more detail below. In this case, for AG<-40 kJ/mol, full
matrix suppression is achieved, the M/A ratio is zero. It should also not be noted that
the results presented here do not take into account the usual steep drop in detection
efficiency for larger ions, which will significantly affect all nonzero M/A ratios.*%!

The horizontal axis of Fig. 3 covers an experimentally important range. The gas-
phase basicities of proteins and peptides®23¢ are generally significantly higher than
those of common matrices,'2%7-3° so the reaction exoergicities expected are on the left
side of Fig. 3. Analyte ion generation is facile, and such analytes are known to be
readily observed with MALDI, with high sensitivity. In contrast, metal cation affinities
are as much as an order of magnitude lower (Na*: 150-170 kd/mol, K*: order of 50
kdJ/mol) with correspondingly smaller differences between matrix and analyte.0-43
MALDI experiments where cationization is the primary route to analyte ions (e.g.
many synthetic polymers) are therefore working on the right half of Fig. 3, and
extensive analyte ion production may be difficult to achieve. This is in accord with the
general observation that many synthetic polymers, especially those with few
functional groups, are relatively difficult to analyze with MALDI.#4

Nanosecond 2-pulse MALDI Experiments

Fig 4 ako2p

The time-delayed 2-pulse effect®® was both a key test for and a means to determine
parameters in the original matrix-only rate equation MALDI model.! Two sub-
threshold pulses are combined with a time delay to give a strong MALDI signal. This
remarkable phenomenon has recently also been demonstrated for analyte ions by
Moskovets and Vertes.”®* The 337 nm, 3 ns nitrogen laser pulsewidth limited
resolution compared to the 30 ps matrix-only experiments, but very significant
differences were nevertheless found between matrices. These data are particularly
useful since they are sensitive to plume and matrix-analyte reaction dynamics. Both
early processes in the high density region and later "gas-phase" reactions contribute
to the curves, making them a difficult test of the model.

As seen in Fig. 4, the model is in quantitative agreement with the measured data for
substance P in DHB matrix. Considering only the time points of Moskovets and
Vertes, an exponential curve is obtained. When additional points are calculated at



early times, it becomes apparent that non-exponential structure should be
observable, due to temporal overlap of the two pulses. Excepting the laser
wavelength, this result was achieved with the matrix ionization parameters of ref. 1,
no modification or fitting was performed. The only analyte parameter that was a priori
unknown and hence not fixed was the reaction AG. This was taken to be typical for
peptides, -150 kdJ/mol.

Also shown in Fig. 4 are two-pulse data of Moskovets and Vertes for a-cyano-4-
hydroxycinnamic acid matrix. This curve has the most extreme non-exponential
shape they observed. While the not all necessary physical properties are known for
this matrix, by adjusting parameters such as sublimation temperature, excited state
lifetime, and degree of decomposition (but without fitting) the model is capable of
generating appropriate curves. The characteristics of the plume and hence the 2-
pulse curve are also dependent on non-matrix factors such as the laser spot size.
This result shows that the model may be applicable to matrices other than DHB with
only minor adaptation of parameters, but is not intended to imply that the model is
universal.

lon Signal vs. Analyte Concentration (Matrix Suppression Effect)

FIG 5 M/Avs conc of A

Figure 5 shows the calculated dependence of the M/A ion ratio on analyte
concentration in the sample. The AG is typical of peptides, -150 kd/mol. Over a range
of analyte molecular weights a qualitatively similar curve is observed. From right to
left (increasing analyte concentration) there is a nonlinear drop in the M/A signal ratio
until finally no more matrix ions are observed. In other words the matrix suppression
effect (MSE) is predicted. When sufficient analyte is present in the sample, only
analyte ions are observed, and no matrix ions. Experimentally, a nonlinear
concentration dependence is also observed, but with more structure than in Fig. 5.7 In
particular, a plateau followed by a step to zero M/A is often found.

The [M]/[A] ratio in the sample at which the M/A ion ratio drops to zero is strongly
dependent on the analyte molecular weight (MW). This effect is also observed
experimentally.” For molecular weights near 1000 Da, the concentration ratio for MSE
was found to be in the range 10-100, the calculated value is in good agreement at
100. For large molecules, limited data is available, but experiments do show a
significant increase in the suppression concentration threshold. For 10 kDa a [M]/[A]
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value of 1000-1500 can be extrapolated. The model predicts a weaker MW
dependence, the 10 kDa MSE threshold is only 200.

Apparently the calculated large-molecule reaction rates are not as high as they
should be. The molecular weight effect is due to the hard-sphere prefactor and the
spherical surface area scaling at early expansion times. Since a sphere is likely an
increasingly poor approximation of larger molecules, it is perhaps to be expected that
the model gives a less dramatic molecular weight dependence than found
experimentally.

It is important to note that the matrix suppression effect is easy to understand in the
present model. When sufficient neutral analyte is present to react with all matrix ions,
the reaction is significantly exoergic, and the plume is dense, the reaction runs to
completion. It should also be noted that other qualitative MALDI models cannot
account for the MSE. For example, in a model based entirely on preformed ions,
there is no means for analyte to influence matrix ion yield or vice versa.® Similarly, in
a model based on reaction of analyte with matrix in solid clusters (and subsequent
evaporation),?”?2® matrix ions generated outside clusters must always be observed
and at most a weak analyte concentration effect appears. The cluster model of matrix
suppression also requires that there are in every case fewer ions in every cluster
than analyte molecules, which is implausible. Finally, and most conclusively, no
model excluding secondary reactions has been proposed which can explain the
suppression of all types of matrix ion by one type of analyte ion (for example M+, MH*
and MNa* by AH* or ANa*).

FIG 6 M/A vs fluence

Figure 6 shows another characteristic of the MSE. At lower flences matrix
suppression is observed for appropriately high analyte concentrations. the curve for
the lower analyte concentration serves to show the position of the MALDI threshold.
Above 11 md/cm? ions are generated in both cases, but at an analyte concentration of
0.025, sufficient analyte is present to react with all matrix ions and the M/A ion ratio is
zero. As the fluence is increased, more and more matrix ions are created until they
exceed the amount of analyte available, also at [A]=0.025. The reaction becomes
reagent limited, and the M/A ratio increases above zero.

This behavior is observed experimentally, as shown in Fig. 5 of ref. 8. For
valinomycin (MW=1110 Da) at [A]=0.1 in DHB, matrix suppression was observed for
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laser fluences below 60-75 md/cm? (the fuence uncertainty is due spot size
measurement and spatial inhomogeneity). For valinomycin at [A]=0.1 the model
predicts matrix suppression (M/A ion ratio <1%) below 53-65 mJ/cm?2, depending on
the reaction AG which is assumed (-50 to -150 kd/mol, respectively). The agreement
between calculation and experiment is considered to be very good.

Two Analytes, (Analyte Suppression Effects)

It has been shown that one analyte can completely suppress another, even when the
two ions are of different types (e.g. protonated and sodiated).* Some effort may
required to find the appropriate M:A:B concentration ratios necessary for such a full
Analyte Suppression Effect (ASE), but incomplete analyte suppression effects are
believed to be common. For example it is very rare that all peptides resulting from the
enzymatic digestion of a protein are observed in a MALDI spectrum. A few peptides
are usually dominant, and these often are the most basic. Given the usual
measurement conditions, this pattern is consistent with competition for protons via
secondary reactions in the plume.

FIG 7 synthetic spectra

Analyte suppression is predicted by the present model. It is a function of the total
matrix:analyte ratio, M:(A+B) and of the ratio between analytes, A:B. As for the matrix
suppression effect with one analyte, there must be enough total analyte present to
substantially deplete the primary ions. The ASE is therefore generally accompanied
by matrix suppression.

When the two analytes are present in equal amounts, relative suppression effects are
weak, even if the differences in charge transfer AG are significant (unless one AG is
very small). However, concentration inequalities are found to be magnified. The effect
is present whether analytes react with each other or not, but is somewhat stronger if
they do. Since matrix is normally present in much greater quantities than either
analyte, even a very energetic A'B reaction is unable to have a large effect. Partial
analyte suppression is therefore mostly due to differential matrix ion depletion. When
full ASE appears, the concentrations are generally high enough that analyte-analyte
reactions can contribute significantly.

As seen in Fig. 7, the ASE appears when a moderate excess of the

thermodynamically favored analyte is present. To compare quantitatively with
experiment, in Fig. 2 of ref. 4, substance P suppressed gramicidin S (ion signal ratio
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40:1) in DHB matrix, at concentration ratios of DHB:P:gramicidin of 2000:2:1. The
model predicts the same analyte ion ratio at 2000:6:1, nearly the same. At 2000:2:1
the P:gramicidin ion ratio is predicted to be 4, again the model appears to
underestimate the rate of matrix-analyte reactions.

Fig. 8 A/B vs concentration ratio

Figure 8 shows the ASE more quantitatively. The effect of the A/B concentration ratio
in the sample on the observed ion ratio is stronger than linear, for both strongly (a)
and weakly (b) reacting analytes. The effect is similar at other concentrations and
laser fluences. The ASE is a straightforward extension of the 2-component MSE
(M,A) to a 3 component system (M,A,B), hence the traces of Fig. 5 and Fig. 8 have
similar curved approaches to suppression. Curve (b) shows that the MALDI ion ratios
will not correspond to the pre-irradiation concentration ratios if one or both analytes is
on the right side of Figure 3. The thermodynamically favored analyte will appear more
strongly due to its higher reaction rate. The system becomes kinetically rather than
thermodynamically limited, as has been observed at low fluences,® and is discussed
below.

Fig. 9 detailed log-log A/B concentration plots

Figure 9 shows further predicted characteristics of mixed analyte MALDI
experiments. As the amount of one analyte in the sample is increased, its relative
MALDI intensity vs. the second analyte increases. In the the lower ranges, the
concentration dependence lies, for the present model, between linear and quadratic,
depending on the characteristics of the analytes involved. At higher concentrations,
deviations from the initial behavior are observed. These are smallest when the
analyte which most strongly reacts with matrix is more abundant in the sample, see
trace (b). When the less reactive analyte is more abundant, as in trace (c), deviations
can be larger. A very significant effect appears for analytes of widely differing MW, as
seen in trace (a). Even for equally strongly reactive analytes, the concentration curve
changes shape dramatically as heavy analyte is added. Since it is more reactive due
to the MW effect described above for the MSE, it begins to dominate its smaller
reaction partner. Note that Fig. 9 does not include experimental MW-dependent
detection efficiency effects, which will always skew the observed ion ratios toward the
lighter component.231
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The deviations from the linearity in Figs. 8 & 9 are a composite of two fundamental
effects. First is the thermodynamic competition for charge. As noted above, the
analyte which reacts most favorably with matrix is expected to generate the strongest
ion signal. This is the thermodynamic control model which has been successful in
explaining many MALDI effects.#® Second is the kinetic limitation on the extent of
reaction by the expansion of the plume. As the plume becomes less dense, the
reaction rates slow to the point that they do not reach completion before the collision
free regime is reached.® The model then predicts a signal ratio which is sensitive to
the relative rates of plume dilution and charge transfer reactions. This is illustrated in
Fig 9 (d), which is equivalent to (c) except that an increased gas-phase diffusion rate
in the plume was assumed. This speeds the charge transfer reactions, and hence
moves the ion signal ratio closer to thermodynamic equilibrium. The curve therefore
becomes more linear.

Comparison of curves (c) and (d) reinforces the conclusion from the earlier matrix-
only model that the plume expansion characteristics are a key aspect of MALDI. Both
in that work and here there are indications that the present molecular beam
approximation is indeed only an approximation of the true MALDI situation. Currently
it appears that the plume is calculated to be too fast initially and too slow further
downstream. This limitation must be kept in mind when evaluating the results
presented here, and is under further study by other means.

With the above caveats, Figs. 8 and 9 suggest that calibration curves for quantitation
with MALDI need to be generated with care. Unless the amounts of interfering
substances do not change substantially between samples, the curves may
unexpectedly change slope or shape. Extrapolation outside the high end of a
calibrated range may also be dangerous.

Fig. 10 A/B vs fluence

To avoid nonlinearities or other complications as seen in Figs. 8 & 9, it might be
hoped that a representative A/B ratio could be obtained if an excess of matrix ions
were available. As Fig. 10 shows, the desired improvement does not appear likely for
useful fluences. In spite of equal analyte amounts, the A/B ion ratio does reach the
desired value of 1 at higher fluences. Even at more than 4 times the threshold
fluence (11.5 mJd/cm?), the ratio is still above 1.5. In most MALDI instruments, high
fluences such as these can significantly degrade resolution and so are impractical. In
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external source instruments this is a not a consideration, which may prove to be an
advantage for quantitative applications.

These results lead to some guidelines for practical analysis of mixtures. To the extent
compatible with the required sensitivity, a larger matrix : total analyte ratio is better.
Higher laser power is also helpful, by providing more primary ions for all analytes.
Where possible, large differences in concentration between analytes should be
avoided. When using internal standards, they should have similar charge transfer
thermodynamics compared to the analytes, and they should be present in similar
amounts. In the favorable cases, similar quantities of thermodynamically similar
analytes should be amenable to quantitation.
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Conclusions

The quantitative rate equation model for UV-MALDI has been extended to include
one or more analytes. Using a straightforward model for secondary matrix-analyte
and analyte-analyte ion-molecule charge transfer reaction rates, it was possible to
achieve this extension without fiting of parameters. The model makes no
assumptions about the nature of the ions involved (polarity, cation adduct, etc.), but
was applied specifically to the case of proton transfer secondary reactions.

This model was found to be highly successful in reproducing and explaining a variety
of known UV-MALDI characteristics. General features include the wide utility of
MALDI, which is a result of extensive secondary reactions, except at small AG. The
relative sensitivity of MALDI for different analytes, such as proteins and peptides vs.
synthetic polymers is also explained. Proton transfer secondary reactions with the
former are highly exoergic and fast, while cationization reactions of polymers are
weakly exoergic and slow.

Certain specific MALDI effects are quantitatively or semi-quantitatively reproduced.
Particular success was achieved for the time-delayed two-pulse analyte ion
generation curves. This experiment is an important test because it probes both short
and long time scales.

Also very important are the model predictions for the matrix and analyte suppression
effects. These remarkable phenomena are reproduced with considerable fidelity. In
the case of the matrix suppression effect, the concentration, molecular weight and
fluence dependencies are all at least semi-quantitatively correct. For the analyte
suppression effect, the model correctly shows that the analyte which reacts most
energetically with primary matrix ions is strongly favored when in excess.

The model provides several insights that can help to understand and assist with
quantitation and analysis of mixtures: Direct and indirect analyte-analyte interactions
can lead to nonlinear concentration-dependent intensity effects, but the details are
sensitive to the plume characteristics. These effects are minimized when analytes
are present in similar amounts. Analyte-analyte effects are also minimized when both
react strongly with primary matrix ions and when they do not differ too greatly in
molecular weight. Finally, analyte-analyte effects distort signal ratios less if more
primary ions are available, such as at higher laser fluences.
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Figure 1. Activation energy from the Agmon-Levine free energy relationship?*2® vs.
AG of the proton transfer reaction. Lambda values of 14-19 have been found for gas-

phase proton transfers, and are shown. A lambda value of 15 was used for this work,
on the basis of studies of MALDI matrix molecules.™

20



107

. 3 _ laser pulse

i

o

E matnx &

= exrited state

g

fﬁl 7| neutral analyte

Pt

F \ matii=ions .

S V- analyte ions

1 r _ ______
0

Time, seconds

Figure 2. Example results for the MALDI rate equation model including one analyte.
Matrix parameters are as in ref. 1, corresponding to 2,5 dihydroxybenzoic acid
(DHB). The laser wavelength was 355 nm. The matrix-to-analyte reaction exoergicity
was -150 kd/mol, typical for proton transfer from (DHB)H* to small peptides. The laser
fluence was 24 md/cm?, and the concentration of 1 kDa analyte 0.015 mol/mol. At
about 11 ns, the sample reaches the sublimation temperature of 450 K and begins to
expand, enabling primary and secondary ion generation to accelerate, before slowing
again as the plume expands.
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Figure 3. Matrix-to-analyte ion yield ratio vs. driving force of the secondary reaction.
For most of the MALDI-relevant range shown, the reaction is efficient. Only at AG>-
40 kJ/mol does it slow sufficiently to leave large amounts of primary matrix ion
unreacted, and increase the M/A ratio. (a) Analyte concentration [A]=0.002, MW=1
kDa, 15 mJ/cm2. (b) [A]=0.004, MW=1 kDa, 20 mJ/cm?. (c) [A]=0.004, MW=1 kDa, 15
mdJ/cm?2. (d) [A]=0.002, MW=10 kDa, 15 mJ/cm?2.
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Fig. 4. Time-delayed 2-pulse MALDI data and corresponding calculations using the
present model. The ion yield of substance P in DHB or CHCA (a-cyano-4-
hydroxycinnamic acid) matrix is plotted vs delay time between two 3 ns nitrogen laser
pulses. The data is from ref. 45, and represented by round symbols. For P in DHB,
agreement of model and data is excellent.
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Figure 5. Matrix-to-analyte ion vyield ratio vs. the M/A concentration ratio in the
sample, for 3 analyte molecular weights. The matrix suppression effect is predicted
by the model, as well as the molecular weight dependence of the M/A ratio at which
suppression is reached. The nonlinear approach to suppression is also qualitatively
similar to that experimentally observed.”
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Figure 6. Matrix-to-analyte ion yield ratio vs. the laser fuence, for two analyte
concentrations. The lower concentration makes the MALDI threshold at 12 mJ/cm?
apparent. From threshold to 25 mJ/cm? the higher concentration sample exhibits
matrix suppression (M/A ion ratio =0). As the fluence is increased further, more matrix
ions are generated than consumed in secondary reactions, so the M/A ion ratio
becomes nonzero. This is as observed experimentally.® Analyte MW=1kDa, AG=-150
kd/mol.
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Figure 7. Simulated MALDI mass spectra of a sample containing matrix M and two
analytes, A & B, vs. mixing ratios in the sample. Both matrix suppression and
suppression of B by A are observed. The spectra are all plotted on the same scale,
relative intensities can be compared. The matrix-analyte secondary reactions were
characterized by: AG(A)=-150 kd/mol; AG(B)=-100 kd/mol. The A + B* = A* + B
reaction therefore had AG=-50 kd/mol. See the text for further discussion.
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Figure 8. Dependence of the A/B MALDI ion yield ratio on the A/B ratio in the sample
prior to laser irradiation. The concentration of B was 0.005, the concentration of A
was varied to change A/B. (a) AG(A)=-150 kd/mol; AG(B)=-100 kd/mol. (b) AG(A)=-75
kd/mol; AG(B)=-50 kd/mol. Also shown is the signal ratio expected if A and B ion
signals were linearly correlated with concentration in the sample.
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Figure 9. Dependence of the A/B MALDI ion yield ratio on the [A]/[B] ratio in the
sample, over a wide range. Unless otherwise noted, [B]=0.005, MW(A)=MW(B)=1
kDa. The dashed lines show linear and quadratic dependencies for comparison. (a)
AG(A) = -100, AG(B)=-100 kd/mol, MW(A)=10 kDa. (b) AG(A)=-50, AG(B)=-25
kd/mol. (c) AG(A)=-25, AG(B)=-50 kJ/mol. (d) as in (c), but with increased reaction
rate in the plume (see text).
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Figure 10. Dependence of the A/B MALDI ion yield ratio on laser fluence, for a
sample containing equal amounts of A and B. Analyte A reacts more strongly with
primary matrix ions: AG(A)=-50 kJ/mol; AG(B)=-25 kd/mol. As the amount of matrix

ions increases with laser fluence, the A/B ion ratio drops toward the desired [A]/[B]
ratio of 1, but does not drop below 1.5 at >4 times the threshold fluence (12 mJ/cm?).
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