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Abstract

Thermal models of ultraviolet MALDI ionization based on the polar fluid concept are
rexamined. Key components are very high solvating power of the fluidized matrix and
consequent low reaction free energy, attainment of thermal equilibrium in the fluid, and
negligible recombination losses. None of these are found to hold in a MALDI event. The
reaction free energy in the hot matrix must be near the gas phase value, ion formation is too
slow to approach equilibrium, and geminate recombination of autoprotolysis pairs greatly
increases the initial loss rate. The maximum thermal ion yield is estimated to be many orders
of magnitude below experimental values.
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Introduction

Models for MALDI ionization postulate widely varying roles for both the matrix and the laser.
In the Lucky Survivors model, ions present in the preparation solution remain in the solidified
sample and are merely liberated by the ablation process.[1-3] At the other end of the
spectrum, the Coupled Chemical and Physical Dynamics (CPCD) model suggests that pooling
reactions of electronic excited states leading to matrix primary ions are the main ionization
pathway in ultraviolet MALDI.[4-7] In the middle are thermal models, in which matrix primary
ions are formed due to laser heating of the sample. Electronic excitations are not necessary in
these models, they are merely a means to convert laser energy to heat.

Thermal models of MALDI are not new.[8, 9] Most relevant here is the polar fluid model
(PFM) which was proposed in qualitative form some time ago.[10, 11] It is based on the idea
that, for a short time during ablation, the matrix is a dense, hot fluid, which facilitates ion pair
separation by mechanisms similar to those in aqueous solutions. Examination of the
fundamental energetics suggested ion yields would be far too low to be consistent with
available data at the time the model was proposed.[12]

The PFM received little attention until recently, when MALDI ion yields were revisited. The
Kim group reported yields in the 107 range,[13-17] as well as a series of systematic
observations, formulated as a set of MALDI “rules”, which they concluded must exclude non-
thermal models.[18] The non-thermal CPCD has since been shown to be fully consistent with
these rules, so they are are not proof of thermal ionization.[19] This group also argued for a
thermal autoprotolysis mechanism, without necessarily invoking a polar fluid.[20]

Yields in the 10 to 10 range were also reported in ref. [21], supporting the Kim results. This
group also proposed a purely thermal ionization mechanism, and recently presented a
detailed implementation of the polar fluid model.[22] The central aspect of the PFM, solvent
stabilization of ion pairs, was calculated using dielectric response theory to estimate the
matrix fluid dielectric constant, the key factor in reducing the energetics of ion pair formation.
If reaction equilibrium is assumed, the expected ion concentration is then easily determined,
at a given temperature. Since the MALDI plume cools as it expands, the ion yield might be
expected to reflect the final temperature, but it was argued that the neutralization reaction
rate must be negligible, so that the yield rather reflects the peak temperature reached during
the ablation event. With this framework and assumptions, and taking the matrix 2,5
dihydroxybenzoic acid (DHB) as an example, yields were calculated which were reasonably
consistent with the newest measurements, but lower than older ones.

In the present work, matrix fluid ion stabilization, reaction equilibrium and recombination
kinetics are reexamined theoretically. The results show that the PFM must play a very minor
role in ultraviolet MALDI ion generation.



Methods

Ab initio molecular polarizability calculations were performed with the TDHFX package in the
GAMESS suite.[23, 24] The molecular geometries were fully optimized at the RHF 6-31G(d,p)
++ level before the polarizability calculations.

Results and Discussion

Ion Formation Energetics and Dielectric Screening

Creation of ion pairs from two matrix neutrals is a very energetic process in the gas phase.
Radical cation/anion pair generation requires 720 kJ/mol for DHB while autoprotolysis to a
protonated/deprotonated pair requires less, about 502 kJ/mol.[25]

As noted in ref. 22 the equilibrium yield of positive matrix ions from the reaction 2M - M* +
M is below the recently reported yields unless the free energy of reaction can be reduced to
100-200 kJ/mol. Most, but not all, of the energy required for ion pair formation is in
electrostatic charge separation. The electrostatic energy E is reduced if separation takes place
in @ medium with a relative permittivity, €x, greater than 1:

E
E (electrostatic )= €R€00 (1)

Where Eo is the energy in vacuum, and € is the permittivity of free space. Hereafter we refer

to €r as the dielectric constant of the material.

Low Temperature Dielectric Constant

Because of the reduction of reaction free energy it brings, a high dielectric constant of the
matrix fluid is a critical part of the PFM. Being solid at room temperature and in many cases
decomposing at high temperature,[26] the dielectric properties of matrix fluids at MALDI-
relevant temperatures and pressures are not easily measured. One approach is to use the
theory of ideal dielectrics, in particular the Clausius-Mossotti and Kirkwood-Frohlich
relationships.[22]

The Clausius-Mossotti equation relates the molecular polarizability to the "optical" dielectric
constant. The permittivity at high frequency, £(opt), is determined only by the response of

the fastest part of the system, the electron cloud:

(2K+1)

(1-K) K=4mr/(3ap) (2)

e(opt)z

The material density is denoted by p and the polarizability by a. For nonmagnetic materials,
the optical dielectric constant is also directly related to the index of refraction:

e(opt)=n" (3)



The Kirkwood-Frohlich equation connects the high frequency dielectric constant and the
molecular diplole moment, u, to the static dielectric constant €. Both fast and slow responses

are included. (The orientation factor, g, which normally multiplies p on the left hand side, is
here taken to be unity, since MALDI is a high temperature process):

2:9kT(e—e(0pt))(2e+e(0pt))
4:rce(e(0pt)+2)2
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Where k is the Boltzmann constant and T the absolute temperature. Polarizabilities are not
yet experimentally known for MALDI matrixes, instead one may try to calculate them with ab
initio theory, as in Ref. 22. A sufficiently high frequency must be specified such that only
electronic polarization occurs. The polarizability of DHB calculated at several wavelengths
(frequencies) using the GAMESS package is shown in Fig. 1.

Figure 1 here

While there is a small dependence of the polarizability on basis set, there is a large
dependence on frequency, especially at short wavelengths, on the left side of Fig. 1. As is
evident, essentially any polarizability larger than the zero frequency value can be obtained.
The consequences of this for the dielectric constant at high and low frequency (static) are
shown in Fig. 2.

Figure 2 here

The dielectric constants diverge at 4.3x10% cm?®. From the Kramers-Kronig transform, which
connects the absorption spectrum with the frequency dependent dielectric constant, the cusp
in Fig. 2 must correspond to an absorption band. Since the ab initio calculations were carried
out for the ground state, no electronic transitions are included. The absorption band
corresponds to the plasma frequency of the material. From Fig. 1, the corresponding notional
absorption band center lies somewhere below 250 nm.

The absorption spectra of MALDI matrix materials are well known, and intense singlet-singlet
absorptions begin in the near UV, typically well above 300 nm. The DHB S; electronic origin is
at 357.69 nm in the gas phase, for example.[27] To correctly model DHB, Fig. 1 should
exhibit peaks for every absorption band in the spectrum, not just a single one at the plasma
frequency. Each of these will affect the dielectric constant across the spectrum, including at
zero frequency. This is the basis for the widely used Sellmeier equations for refractive
indexes, which include an explicit term for each absorption band.[28]



As is evident, ab initio calculations of molecular polarizability at optical frequencies are
unsuitable for accurate estimation of static dielectric constants of MALDI matrix fluids. Not
only is the method physically incomplete, but arbitrary and very large dielectric constants can
be obtained by choice of frequency at which to calculate the polarizability.

Nevertheless, it is instructive to consider what the method predicts if the polarizability is
calculated as far as possible from absorption bands, at zero nominal frequency. Some results
are collected in Table 1. Measured static dielectric constants of some substances related to
MALDI matrix materials at or near room temperature are: phenol 10, methyl salicylate 9,
acetophenone 17, cinnamaldehyde 17.[29]

Table 1 here

The reason for the factor of two difference between the DHB static dielectric constants
calculated using GAMESS and Gaussian is unknown. More remarkable are the high to
extremely high values calculated for the other matrices. As tables of dielectric constants
show, values of 30 are uncommon, while 75 or higher is quite rare. The calculated values do
not seem reasonable, confirming that this procedure for estimating dielectric constants is
insufficient for evaluating thermal ionization models.

High Temperature Dielectric Constant

The PFM requires both strong solvating ability and high temperature to achieve relevant ion
yields. It is therefore necessary to estimate the dielectric constant of a putative matrix fluid at
high temperatures, not just at room temperature.

At 1000 K, the Clausius-Mossotti and Kirkwood-Fréhlich equations predict €=5 for DHB,

assuming no change of density. In Ref. 22 the matrix fluid was taken to expand as a normal
liquid with a thermal expansion coefficient typical of fluids near room temperature, with no
phase change. Since all useful matrixes are volatile at relatively low temperatures[30] this
approximation seems open to question.

Molecular dynamics suggests that a MALDI ablation event can often be described as a “phase
explosion” in which the material undergoes rapid, inhomogeneous (frothy) conversion from
solid to gas.[31] The material clearly expands more than if it remained a simple liquid. Before
it cools significantly from the peak, simulations show the volume increases by at least a factor
of two, depending on the depth of the ablated layer under consideration.[32-34] This reduces
the predicted 1000 K dielectric constant of DHB to <2.2.

At least as important as these theoretical estimates are comparisons to real materials. In the
pressure range predicted by molecular dynamics simulations of MALDI, a few MPa, the
dielectric constant of water at 850 K is 1.01 (1 MPa) to 1.10 (10 MPa).[35] (P{(water)=22
MPa). The low temperature dielectric constant of DHB fluid is certainly well below that of



water, so it appears extremely unlikely that it's dielectric constant under MALDI conditions is
larger than 1.1.

Further, predicted peak MALDI temperatures and pressures exceed the critical point of many
substances.[33] Compare benzene, 562 K, 4.9 MPa; benzoic acid, 752 K, 4.5 MPa; and
phenol, 694 K, 6.1 MPa.[36] It is possible that DHB matrix fluid also becomes supercritical in
a MALDI event. A common characteristic of supercritical fluids is a very low dielectric
constant, and a consequent poor ability to solvate ions. The expected dielectric constant in
that case would presumably lie even below the 1.1 value noted above for subcritical water.

Both theoretically and by comparison to experimental data, the conclusion seems unavoidable
that the PFM is unable to explain MALDI ion yields for DHB because the reaction free energy
remains much too high. Instead of the necessary 100-200 kJ/mol, the screened reaction
energy will be at least 450-500 kJ/mol. The equilibrium ion yield is then in the 10?* to 103
range, at 1000 K.

Ion Formation Reaction Rate

Evidence for lack of in equilibrium MALDI is routine, but this fact is seldom noted. For
example, in the case of DHB matrix, M*, MH* and Mm* (m=alkali cation) are often observed
with similar intensities. Since the energetics of these ions vary by hundreds of kJ/mol,
equilibrium is certainly not achieved, the intensities would otherwise differ by orders of
magnitude. More systematic studies of this effect also exist. The weak dependence of analyte
ion ratios on matrix, and hence proton transfer reaction free energy, were noted by Dashtiev
et al[37] and Hillenkamp et al[38]. The data differed from equilibrium predictions by several
orders of magnitude. Shortly thereafter, it was found that the data are consistent with the
CPCD model, which predicted a kinetic limit for the ratios.[6, 39] In this section, we explore
the kinetic limitations of the thermal PFM model.

Although there is strong reason to doubt that a matrix fluid could have a high solvating power
under MALDI conditions, consider the case that it is as predicted in Ref. [22]. The reaction
free energy might then be reduced to as low as 150 kJ/mol, during the high density, low
temperature period of the ablation event. The equilibrium ion yield at the peak temperature
might then reach the range of some experiments, see Fig. 2 Ref. [22]. However, equilibrium is
only achieved when forward and reverse rates become equal, and MALDI is a fairly rapid
event, so it is important to consider the kinetics of ion formation. Specifically, we wish to
determine the integrated yield of the autoprotolysis ion formation reaction during the MALDI
event:

2M — MH* + (M-H)
Where M is a matrix molecule.

The forward rate was given by a collisional (transition state) reaction model, as used in Ref.
22 for the gas phase plume. (There it was used only to model recombination in the plume,



not for the matrix fluid, in which equilibrium was assumed at all times.):
kﬁ’mfard:Ae_E/(kT) (5)

Where the prefactor A depends on density and temperature. The activation energy E is taken
to the be the reaction free energy, AG.

In tandem with the expression for reaction equilibrium:
K:efAG/(RT) (6)

the fundamental paradox of all thermal MALDI models slowly becomes apparent. Both yield
and rate drop as AG/(RT) increases. Thermal equilibrium yields in the seemingly feasible 10~
to 10° range[22] necessarily imply that the ion formation rate is too low to approach
equilibrium on the necessary time scale of a few nanoseconds. Thermal models are, in
principle, not just in detail, incapable of accounting for MALDI ion formation, unless both yield
and temperature are much higher than in Ref. 22.

This is illustrated in Fig. 3. Although the CPCD model can easily be modified for this task,
simulations were performed using only the assumptions, parameters and reaction models of
Ref. 22. This included thermal expansion, heat capacity, plume gas expansion, and
modulation of the reaction free energy by expansion. No recombination or ion loss was
included. Even if the reaction free energy is assumed to go as low as 100 kJ/mol (before
expansion), and the sample does not vaporize, and there are no ion losses, the integrated ion
production remains well below the lowest experimental ranges. Ion formation was numerically
integrated to a time of 25 ns after the peak of the laser pulse, which substantially exceeds
the time at maximum temperature in a real MALDI event. Two sets of simulations were
carried out, one assuming no change of phase from solid to vapor until after maximum ion
formation, and one assuming that the sample vaporizes completely at 450 K.[30] In all cases,
the formation rates are too low to reach or even approach equilibrium on the MALDI time
scale.

In the much more realistic case that the sample does indeed vaporize at a temperature in the
vicinity of its sublimation temperature, the yields are even lower, since the sample expands
faster. The yield even drops slightly at higher fluence because the phase change occurs
earlier in the ablation event.

Figure 3 here

Ion Recombination Rate
In Ref. 22 it was suggested that homogeneous ion recombination reaction rates at the
concentrations predicted in the MALDI plume would be too low to affect the observed vyield.




However, the homogeneous model is not correct for a proton transfer ionization mechanism.
Cations and anions are not formed at uncorrelated locations, but rather as fully correlated
geminal pairs. Particularly at low ion concentration, this results in different recombination
kinetics than in the homogeneous case.

Geminate recombination is a key concept in studies of phenomena such as excited state
proton transfer (ESPT),[40] or reactions between defects in irradiated solids.[41] Within the
Onsager or Debye radius, where the Coulomb energy is equal to or less than thermal energy,
the geminate recombination rate is high. Outside it asymptotically approaches the diffusion
limit.[40] Note that the low dielectric constant means that the Debye radius in matrix fluid will
be large:

2

e
R.=

Where e is the electron charge, and k the Boltzmann constant. A Debye-Smoluchowski
equation including the electrostatic force between the ion pair needs to be solved for the
survival probability of the ions after formation. The kinetic equation takes into account the
relative diffusion constant of the ions with respect to each other. Certainly a matrix fluid will
not allow protons to diffuse nearly as fast as in low molecular weight, highly networked protic
solvents like water. The large Rp and slow diffusion mean that a new ion pair will remain in
near-contact for a long time, increasing the recombination rate and reducing the survival
probability.

In the "black sphere" model, geminate recombination is assumed to take place immediately
and irreversibly at an intermolecular radius Ro. Obviously, if ions are initially formed at or
within this radius, none can escape. If they are formed at a larger radius (but possibly still
within the Debye radius), some will escape by diffusion. The larger the formation radius, R,
the larger the escaping fraction. The total fraction of isolated geminate pairs which separate
and survive, S, integrated from the time of formation to infinity, at temperature Tis:[41]
R,IR, __

e e
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The quotient of differences in the left bracket varies from 0 to 1, as R increases. The
exponent in the rightmost factor includes the Coulomb energy of the ion pair at the formation
distance. The Coulomb energy is the largest part of the reaction free energy, but not all of it,
so we can take to be slightly less than AG. The exponential factor dominates the left bracket,

at all R not extremely close to Ro.

To extend Fig. 3 to include geminate recombination, the curves should be convolved with
S(R, T, t) for some R distribution. Since the infinite time survival fraction S(R, Tt=c0) is larger
than all S(R, T't<co) we overestimate the total ion formation rate if we multiply the curves in



Fig. 3 by Spax=S(R=large, T=Tnma, t=00). At 1000 K, and AG=100 kJ/mol, Sp.= 6x10°.

Even without ion recombination, the thermal formation rates in MALDI are too low to be
compatible with experimental yields. With geminate recombination, and assuming favorable
parameters, the rates drop by at least 6 orders of magnitude. The corresponding yields
during the few nanoseconds of a MALDI event are obviously similary impacted.

Conclusions

Three aspects of the polar fluid model of MALDI ionization were reexamined: reduction by
dielectric screening of the energy required for ion formation, thermal ion equilibrium vs
formation rates, and ion recombination rates.

The ab initio Clausius-Mossotti/Kirkwood-Frohlich approach to estimation of matrix fluid
dielectric constants is physically incomplete in neglecting the absorption spectrum, and makes
arbitrary and implausible predictions. Even applying it at low frequency, where errors should
be minimized, the upper estimate for the dielectric constant of a DHB fluid at high
temperature is about 2. This is too low to explain MALDI yields, even in an equilibrium model.

Probably much more relevant, however, is comparison to real materials. Even subcritical
water at temperatures and pressures below those in a MALDI event has a dielectric constant
below 1.1. Comparison with related substances also suggest it is likely that DHB fluid would
be supercritical, reducing the dielectric constant further. Given such dielectric constants, and
at MALDI peak temperatures, the equilibrium ion vyield is several orders below the lowest
experimental values, in the range of 10*2to 10,

The fundamental yield/rate paradox of thermal models shows that equilibrium on the MALDI
time scale is not achievable. Using rate theory previously applied only to the reverse,
recombination, reaction in the plume, the ion yield during the short MALDI event is found to
be far below the thermal equilibrium values. Even at a very low reaction energy (100 kJ/mol),
with no recombination, no phase change/drop in density and integrating over an
unrealistically long time at high temperature, the yield is in the range of 10™". Including the
phase change reduces the expected yield to 10, again at 100 kJ/mol reaction energy. At a
AG of 450-500 kJ/mol, consistent with probable values of the dielectric constant, the
predicted yield is in the range of 10 to 10 instead of 10**to 10" at equilibrium.

Finally, geminate recombination strongly limits possible ion yields in a proton transfer thermal
ionization model. Since protonated/deprotonated ion pairs must be formed in close proximity,
and proton mobility in a matrix fluid must be low, most ions recombine before they escape by
diffusion. Ion formation rates, and therefore yields on the MALDI time scale, fall by at least
another factor of 10°.

When all factors are considered together, the most probable thermal ion yield in the PFM
model is less than 10, In contrast to the conclusions of refs. 22 and 20, no remotely



significant role for thermal ionization under typical MALDI conditions seems to be possible.

These results are also of interest for models of so-called ambient ionization mechanisms. If
thermal mechansims are incapable of predicting ion yields in the high-temperature MALDI
case, they would seem to be definitively excluded for ambient ionization. In turn, this means
that some form of non-thermal local energy concentration mechanism must take place. The
lowest energy degree of freedom not populated at ambient temperature is that of electronic
excitations. This degree of freedom also has the right magnitude for storing and releasing
sufficient energy for ionization, a few electron volts. Models related to the CPCD might
therefore be the most promising for exploring mechanisms of ambient ionization.
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Figures
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Figure 1. Ab initio DHB polarizability, at the RHF 6-31G(d,p)++ level, as a function of the
wavelength of the applied field. No electronic absorptions have been taken into account.
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Figure 2. High frequency and static dielectic constants of DHB as a function of molecular
polarizability and dipole moment, as calculated using the Clausius-Mossotti and Kirkwood-
Fréhlich equations. The density was as in ref. 22.
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Fig. 3. Thermal ion yield calculated by integration of the proton transfer ion formation rate
equation, for DHB. The laser pulse was 5 ns FWHM, 355 nm. All matrix properties were as in
Ref. 22. The recombination rate was taken to be zero. Including geminate recombination, the
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curves must be divided by a factor 1/S,..x >=10°. See the text for further details.
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Table 1. Dielectric constants for some MALDI matrix molecules calculated using the
Clausius-Mossotti and Kirkwood-Frohlich equations. The polarizabilities and dipole
moments were calculated using the 6-31G(d,p)++ basis in GAMESS. The density was
held constant as in Fig. 1, the temperature was 300 K. CHCA=cyanohydroxycinnamic
acid, CICCA= 4-chloro-cyanocinnamic acid,[42] THAP=trihydroxyacetophenone.

matrix dipole, Debye a, 102 cm®  ¢(opt) e(static)
DHB 2.17 1.28 2.6 11
DHB* 2.8 1.84 3.3 22
CHCA 3.55 2.63 5.8 76
CICCA 2.87 2.03 3.7 27
THAP 3.84 1.45 2.5 30

* From Ref. 22, Gaussian09, MP2/6-31G(d)+, frequency unknown.
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