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Abstract

The Coupled Chemical and Physical Dynamics (CPCD) model of matrix assisted laser
desoprtion ionization has been restricted to relative rather than absolute yield comparisons
because the rate constant for one step in the model was not accurately known. Recent
measurements are used to constrain this constant, leading to good agreement with
experimental yield vs fluence data for 2,5 dihydroxybenzoic acid. Parameters for alpha-
cyano-4-hydroxycinnamic acid are also estimated, including contributions from a possible
triplet state.The results are compared to the polar fluid model, the CPCD is found to give

better agreement with the data.



Introduction

Both thermal and non-thermal primary ionization mechanisms have been proposed for
ultraviolet MALDI, see [1] for a review. The simplest thermal model is perhaps the Polar
Fluid Model (PFM),[2, 3] which was recently revived and cast into quantitative form by the
Ni group.[4] Similar proposals have been made by the Kim group.[5, 6] In the PFM, liquid
matrix acts as a solvent to promote autoprotolysis of the matrix itself to form ion pairs. It
is assumed that this reaction proceeds to equilibrium, and that the matrix fluid is a good

solvent for ions. Several assumptions of the PFM have recently been challenged.[7]

In the Coupled Chemical and Physical Dynamics (CPCD) model proposed by the author,
mobile electronic excitations (excitons) play a key role. Pooling reactions of these excitons
allows sufficient concentration of energy for initial charge separation. A detailed,
quantitative model has been constructed for 2,5 dihydroxybenzoic acid (DHB) and other
matrixes, in which the photochemistry and ablation physics are modeled as a function of

time.[8-12] The key steps in ion formation are:

So+ hv—5 Matrix photoexcitation
S1+S: =S, +Sy Pooling of two excitons

Sh+Si > M"+e+S, Pooling of two excitons, including one higher excited state.

The electron is captured within about 10 nm to form a matrix anion. Matrix radical ions
react rapidly to form protonated/deprotonated ion pairs, which engage in secondary
reactions with analyte. The model may include intersystem crossing (ISC) and reaction of
triplet excitons. As was recently shown for 2,4,6 trihydroxyacetophenone (THAP) matrix,

ISC may be quite efficient in some MALDI matrices.[13]

The CPCD has successfully reproduced a number of MALDI phenomena related to both
primary and secondary ionization.[1, 10, 14-16, 16, 16, 17, 17-24] However, these were
restricted to comparisons which do not depend on absolute ion yields (relative intensities,
for example) since both experimental yields and the rate constant for the last step in the

ion formation process above were poorly known.



The Ni group has recently reported new attempts to measure absolute ion yields (ion
number/neutral number).[25] They conclude that these are in the 10 to 10® range for
DHB, sinapinic acid and ferulic acid, and in the 10® to 107 range for alpha-cyano-4-
hydroxycinnamic acid (CHCA), with standard errors of about an order of magnitude. These
and earlier values were used to argue that the CPCD cannot be correct because it is
claimed to predict yields which are too high.[4, 26-28] Here we use the newest data to
revise the S, + S; pooling rate constants, and to test the revised model against the data
for DHB and CHCA matrices.



Methods

The rate equation implementation of the CPCD[8-10] was used. The set of equations was
implemented in the Igor Pro environment (Wavemetrics, Lake Oswego, OR, USA), and
numerically integrated using double-precision, 5"-order Runge Kutta methods, with
adaptive step size. Mass balance was checked throughout the integration, the maximum

error was typically less than 10

A temporally gaussian 355 nm laser pulse with 5 ns width was used. The vaporization
temperature was taken to be 400 K for DHB and 450 K for CHCA. The sample is modeled
as a stack of layers, with the thicknesses adjusted for constant absorbed laser energy. The
results for the layers are summed. Diffusion and mixing of layers is taken to be negligible,
since layers nearer the surface are ejected with higher velocity than deeper ones. The
matrix parameters were initially taken from earlier studies, particularly the wavelength and

fluence study of ref. [17].



Results and Discussion

DHB is the matrix for which the CPCD was originally developed. Singlet exciton pooling in
DHB has been repeatedly investigated[29-32] and is the key process bringing together
energy for charge separation in the CPCD. Using the original estimated rate constant for
the S, + S; pooling step, 10° s*, the CPCD predicts that absolute yields vs fluence are in

the range of 10%, as seen in Fig. 1, top trace.

The S, + S; pooling rate constant was reduced to 10® s'in the middle trace. The form of
the curve remains virtually identical, there is only a vertical shift. Note that there is also no
change in the ion appearance threshold, at 10 mJ/cm?. The threshold is an ablation effect,
not due to ion formation. If the material does not ablate, ions can not be released. Charge
separation does occur at fluences too low for ablation, as evidenced by electron emission.
[33] Some electrons escape the solid matrix due to their relatively long mean free path.
The phase change temperature for the upper two traces in Fig. 1 was 450 K, as used

previously.

In the lowest CPCD model trace, the S, + S; pooling rate constant was 3x10° s''and the
phase change temperature was decreased to 400 K. The latter shifted the appearance
threshold to 7 ml/cm?, and the former was chosen for best agreement with the data of Lu
et al.,[25] which is also shown in the figure. Agreement between model and data is

essentially exact at all fluences above the threshold.

Also shown in Fig. 1 is the yield prediction of the PFM as implemented by Ni. Only the high
temperature curve is shown. Use of the low temperature g factor in a high temperature
ablation event is considered inappropriate, and the high temperature curve is anyway a
better fit to the data. The PFM prediction crosses the data, but is an order of magnitude in
error on both ends. On the high fluence end it is rising with about double the slope (in the
logarithmic plot) as the data and CPCD.
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Figure 1. CPCD vyield curves for DHB matrix. High and low refer to the S, + S; pooling rate

constants, see the text for details. The experimental fit curve and PFM predictions are

from [25]. The experimental standard errors are an order of magnitude or more.

The matrix CHCA is more complicated than DHB,[30, 34] though it also has been

successfully modeled with the CPCD.[17] At least two emitting excited states, and

photoinduced reaction, possibly dimerization, have been proposed.[30] Even more

extensive photoreaction has been proposed for sinapinic acid, with long-lived products.

[30] This implies that the PFM predictions of matrix fluid solvation properties are incorrect,

since during and after laser irradiation the material is chemically altered.



Fig. 2 shows the CPCD prediction for CHCA matrix, with the S, + S; pooling rate constant
reduced to 107 s*from 2x10° s, indicated by round symbols. This curve represents the
same model as for DHB, only singlet excited states and only singlet pooling reactions are
included. This is expected to be too simple, and this result seems to confirm that.
Nevertheless, the CPCD curve is still a better fit than the PFM model, at all fluences above

the “knee,” or change in curvature in the experimental data.

The CPCD has been extended to include triplet states, as part of the investigation of THAP
matrix.[13] That formalism was used here as a means to include an approximation to the
additional excited states or species that are relevant for CHCA. Since only a single
excitation wavelength is considered here, this is feasible, obviating the need to

characterize species with differing absorption spectra.[17]

The trace with diamond symbols includes intersystem crossing (ISC) to a triplet with a
lifetime of 1.5 ns, in addition to the singlet processes. The singlet lifetime was also
reduced to 35 ps, consistent with photophysical data.[30] The ISC rate of 10° s*is similar
to THAP. Some triplet pooling is included for improved agreement with experiment (3T, —
So + M* + M, rate constant=5x10’ s*). The triplet stores electronic energy longer than the
S;, and converts it mostly to heat. At low fluence, triplet energy storage reduces yield, but
at higher fluences singlet ionization pathways become more efficient, and the curve

flattens toward the singlet-only result.



] _ PFM
% CPCD singlet and
10 S triplet low
1 .
’
o | " .
@ CPCD singlet low
> 7 4
-~ 10
< ]
I.'_U -
[ -
e
g ]
© ]
L
-8
10
. Experiment
] 1
1
-9
10 JI
7] 1

I I I I I I I I I I
2 3 4 5 6 7 8 9 10 11

2
Laser Fluence, mJ/cm

Figure 2. CPCD yield curves for CHCA matrix, see the text for details. The experimental fit
curve and PFM predictions are from [25]. The experimental standard errors are an order of

magnitude or more.

Both the DHB and CHCA vyield data show a distinct drop at the lowest fluences, large in
CHCA, small in DHB. The origin of the “knee” in the curves is unclear, it is not currently
predicted by any model. Since it occurs at the lowest fluences, it must involve material
that ablates easily, at a low temperature. The CPCD model suggests that this would have
to be at less than 400 K in the DHB case, not far above room temperature. A material that
would readily ablate at low temperature would presumably not survive the pumpdown to

MALDI pressures. This suggests that it may represent low molecular weight photochemical



products of the original matrix material, rather than simple contaminants. Since not all of
this material would necessarily vaporize during the ablation event that created it, some will
be present for the next shot, changing the characteristic of subsequent ablation events.
This is consistent with the data on CHCA and sinapinic acid,[30] and with the need to
model two absorbing species.[17] It becomes most apparent at low fluence, when not

overshadowed by the original matrix material.



Conclusions

As noted in earlier CPCD studies,[17] the model can be readily adapted to a range of
absolute MALDI ion yields by variation of otherwise poorly known or unconstrained
parameters, particularly the S, + S; pooling rate. So adapted, the CPCD is found to be in
excellent agreement with the data of Lu et al.[25] for DHB. Relative trends are affected
very little by this rate, which is why earlier such comparisons were consistent with

experiment.

The matrix CHCA can also be well modeled by the CPCD, if a second excited state is
included, consistent with earlier studies of CHCA. Agreement with the measured data is

good, but the interpretation of the second state as a triplet remains tentative.

For both DHB and CHCA, the CPCD results correspond better with the data than the PFM

predictions of Lu et al.[25], particularly at higher fluences.

In both matrices the lowest fluence data are anomalous. The observed change in
curvature at low fluence is not predicted by either theory. A possible explanation could be

photoproducts formed during prior laser shots.
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